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The Southern Ocean Biological
Response to Aeolian Iron Deposition
Nicolas Cassar,1* Michael L. Bender,1 Bruce A. Barnett,1 Songmiao Fan,2
Walter J. Moxim,2 Hiram Levy II,2 Bronte Tilbrook3

Biogeochemical rate processes in the Southern Ocean have an important impact on the global
environment. Here, we summarize an extensive set of published and new data that establishes the
pattern of gross primary production and net community production over large areas of the
Southern Ocean. We compare these rates with model estimates of dissolved iron that is added to
surface waters by aerosols. This comparison shows that net community production, which is
comparable to export production, is proportional to modeled input of soluble iron in aerosols. Our
results strengthen the evidence that the addition of aerosol iron fertilizes export production in the
Southern Ocean. The data also show that aerosol iron input particularly enhances gross primary
production over the large area of the Southern Ocean downwind of dry continental areas.

The rate of organic matter export from the
surface waters of the Southern Ocean has
an important impact on distributed prop-

erties of the environment. First, it influences
the residual nutrient burden of waters that flow
northward in the subsurface to supply nutrients
to much of the extrapolar ocean (1). Second,
carbon export removes CO2 from surface wa-
ters, thereby influencing the atmospheric CO2

concentration over both glacial-interglacial
and anthropogenic time scales. There is com-
pelling evidence that iron supply from a num-
ber of sources (such as coastal sediments,
aerosols, upwelling, ice melting, and enhanced
mixing over high topography) influences rates
of both gross production and carbon export by
Southern Ocean ecosystems. Ocean color data,
for example, show that biomass is elevated
downwind of aeolian iron sources, and extra-
ordinary “patch” experiments have shown that
iron addition enhances primary production

and new production in several representative
regions (2).

To understand the potential for aeolian iron
fertilization, we compared a large number of net
community production (NCP) measurements
in the Southern Ocean (3, 4) to a modeled Fe
deposition (5). NCP and gross primary produc-
tion (GPP) are calculated as the production rates
required to maintain the observed biological O2

supersaturation (derived from O2/Ar) and O2

triple-isotope anomaly against equilibration by
gas exchange (parameterized in terms of wind
speed) (6). NCP from O2 is the stoichiometri-
cally equivalent rate of organic carbon produc-
tion in excess of respiration; it approximates
carbon export from the mixed layer. Our data set
establishes the pattern of this fundamental rate
process in the Southern Ocean at a scale here-
tofore accessed only for chlorophyll, which re-
flects biomass. We implemented these methods
with samples of water from the upper-ocean
mixed layer. Samples were collected by us or
collaborators on cruises of opportunity and
returned to the laboratory for analysis; in this
way, it was possible to assemble a very large
data set.

Our approach to determining NCP and GPP
has distinct attributes and limitations. The meth-
od accesses production over times on the order
of 1 week, corresponding to the mixed-layer
depth divided by the piston velocity. We as-

sumed steady-state mixed-layer depth and pro-
ductivity (clearly a simplification). We ignored
exchange between the mixed-layer and underly-
ing waters. The analysis of Wang et al. (7) sug-
gests that, in the Polar Front Zone and the
Subantarctic Zone, this process is of minor im-
portance in the summer and in the spring. When
the flux of O2 is into the ocean, we report nega-
tive values of NCP. Although we refer to the air-
sea biological O2 flux as NCP, we were unable
to determine whether negative values reflect net
heterotrophy in the mixed layer or upwelling of
O2-undersaturated waters.

Figure 1 shows summer NCP values superim-
posed on Southern Ocean properties (8). Most
of the Southern Ocean can be considered a
high-nutrient low-chlorophyll region, with the
caveat that the area north of the Antarctic Polar
Front (APF) is depleted in silicate during sum-
mertime. The strong westerlies around the
Antarctic continent drive a northward Ekman
transport of nutrient-rich circumpolar deep wa-
ters that upwell south of the APF. From the
south, the Antarctic Zone lies between the
Southern Boundary of the Antarctic circumpolar
current and the APF, the Polar Frontal Zone
stretches from the APF to the Subantarctic
Front, and the Subantarctic Zone extends from
the Subantarctic Front to the Subtropical Front.
The Subtropical Front is the boundary between
the warm and salty subtropical waters and the
relatively cooler and fresher waters of the South-
ern Ocean. The summertime chlorophyll distri-
bution is shown by the background colors of the
map (Fig. 1).

We observed that, in general, NCP rises toward
the north (Figs. 1 and 2), with considerable spa-
tial heterogeneity. Visual inspection, along with
the statistical analysis of Reuer et al. (4), shows
that NCP is weakly correlated with climatolog-
ical satellite chlorophyll estimates. Our results
also show higher NCP and GPP in the spring
than in the summer over most of the Southern
Ocean (9) (Fig. 2). Our approach underestimates
NCP in upwelling areas, where mixing to the
surface of O2-depleted waters lowers the bio-
logical O2 supersaturation. For this reason, the
apparent poleward decrease in NCP could par-
tially be driven by upwelling of upper circum-
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polar deep water south of the APF. However, we
believe that part of this poleward decrease accu-
rately reflects the gradient in mixed-layer fertility
because chlorophyll concentration, as well as our
17D-based estimates of GPP (which are less af-
fected by upwelling), show a similar trend (Fig. 2).

We considered three properties that, indi-
vidually and in combination, influence spatial
variability of summertime Southern Ocean pro-
ductivity: Si(OH)4, light, and iron. Si(OH)4 un-
doubtedly limits diatom production at certain
times but cannot account for the pattern of GPP
and NCP that we observed: It is replete only in
southern waters, but production is highest in the
north (4). In addition, because of diatom Si:C
plasticity, limitation of Si(OH)4 uptake does not
necessarily entail carbon-specific growth limita-
tion (10). The mixed layer is sometimes light-
limited because deep mixed layers, with lower
mean irradiance, are typical of the Southern Ocean.
However, a comparison of our summer NCP mea-
surements to climatological photosynthetically
active radiation within the mixed layer shows no
statistically significant correlation (fig. S1).

Iron might account for meridional variability
in open ocean production in one of three ways.
First, if the source of iron is upwelled subsurface
waters, production should be elevated near the
zone of upwelling—mainly around and south of
the APF. Indeed, there is some evidence for
higher production at the APF. However, as water
upwells south of the APF and flows northward in
the Ekman Drift, we do not observe the predicted
decrease in production, which theoretically would
be caused by removal of iron by scavenging and
carbon export. Furthermore, studies from the Aus-
tralian and Pacific sectors of the Southern Ocean
agree that the mixed-layer Fe concentration in-
creases, rather than decreases, toward the north
(11–13). This iron increase to the north is ac-
companied by rising relative variable fluorescence
as measured by fast repetition rate fluorometry
(14, 15). Relative variable fluorescence is positive-
ly correlated to in situ Fe concentration in the
Southern Ocean (14). In addition, phytoplankton
communities north of the APF do not respond as
strongly in Fe enrichment experiments as the ones
south of the APF (15).

Second, if the source of iron is seasonal or
annual aerosol input, production should be
correlated to long-term average Fe deposition.
Given a plausible residence time on the order of
5 months (calculated for the Subantarctic Zone
assuming soluble iron deposition = 0.06 mmol
m−2 day−1, mixed-layer depth = 30 m, and
mixed-layer [Fe] = 0.3 nmol kg–1), the dissolved
Fe concentration will reflect aerosol deposition
somewhat upstream of the sampling point, a
complication we neglect here. In Fig. 3A, we
plot NCP versus the annual iron deposition rate
at the sampling location computed by Fan et al.
(5). Their model, driven by analyzed meteoro-
logical properties, simulates chemical changes
occurring in aerosols that increase Fe solubility
with atmospheric transport time (Fig. 4A). This

increase in Fe solubility exerts a first-order control
on aerosol Fe input to the oceans (16). Relative
to a model assuming that a constant fraction of
iron dissolves, models invoking chemical trans-
formations predict diminished soluble Fe addi-
tion near dust sources and enhanced delivery in
remote regions (Fig. 4B). Uncertainties in the
entrainment rates of dust in the source areas and
the fraction of soluble iron in settling aerosols
introduce important errors into rates of soluble
iron deposition simulated by the model. There is
clearly a strong correlation between NCP and an-
nual Fe deposition (r = 0.60, df = 381; Fig. 3A).

Third, if the source of iron is synoptic-scale
deposition, production should be correlated with
the deposition rate during some recent period.
The correlation coefficient between NCP and
soluble iron deposition is a maximum when iron
deposition is averaged for a period of 14 days
before sampling (r = 0.53, df = 381; Fig. 3B),
decreasing only slightly with longer averaging
times (6). This period may be shorter than the
average residence time. Nevertheless, synoptic-
scale events would lead to variability of about
25% in the ambient iron concentration given tran-
sient doublings and halvings of the soluble iron
input with a 30-day cycling time. Such changes
appear feasible based on the comparison of aver-
age Fe deposition at sampling sites during the
2-week period before collection and the average

annual Fe deposition at the sites (fig. S2), and the
variability would of course be greater if the res-
idence time were <5 months. Fe excursions might
raise NCP by inducing transient increases in phy-
toplankton growth that would eventually be cur-
tailed as grazers respond. Alternatively, recently
added iron might be more available to phytoplank-
ton than iron that has resided for a longer time in
the mixed layer. A large proportion of Fe in the
mixed layer is organically chelated (17, 18), and
the bioavailability of this ligand-complexed Fe is
poorly understood (19). Similar analyses demon-
strate the influence of soluble Fe deposition on
GPP as well (fig. S3).

Thus, our data are compatible with either an-
nual iron deposition or synoptic-scale iron deposi-
tion that has a significant influence on variability of
NCP, as well as GPP, in the Southern Ocean. Sta-
tistical tests confirm the link between increasing
iron deposition and increasing NCP and GPP (6).
Some of the variability in NCP versus Fe deposi-
tion can be explained by other sources of Fe (such
as meltwater, sedimentary, and upwelling sources),
variable phytoplankton Fe:C quotas, light and
silicate limitations, parameterization of the atmo-
spheric Fe dissolution kinetics, aeolian transport
model errors, and wind parameterization of the
piston velocity.

To explore the potential and nature of atmo-
spheric Fe fertilization, we performed a model

0        0.2       0.4       0.6       0.8         1         1.2       1.4       1.6       1.8        2

Subtropical front (STF)
Subantarctic front (SAF)
Polar front (APF)
Southern ACC front (SACCF)
Southern Boundary of ACC (SBACC)

0°
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Fig. 1. Austral summer NCP measurements in the Southern Ocean. Yellow circles indicate locations of
summertime O2/Ar samples from which we calculated air-sea O2 fluxes and NCP values. Open circles
denote O2-undersaturated waters and O2 fluxes into the ocean. Closed circles reflect net autotrophy,
with the circle size proportional to its magnitude. The largest filled circle represents 168 mmol O2 m

–2

day–1. Sea-Viewing Wide Field-of-View Sensor (SeaWiFS) summer chlorophyll a climatology is also
shown (color bar, bottom, in mg m–3). (Inset) Color-coded sampling sites with summer, spring, and fall
in blue, green, and orange, respectively. Dashed lines indicate the climatological locations of fronts that
separate the main water masses associated with the Antarctic circumpolar current (ACC) (35).
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II least-squares bisector regression analysis (20)
to calculate the Fe/Corg ratio (aerosol Fe input/
NCP) implied by our data (Fig. 3B). We adopted
an O2/C molar photosynthetic quotient of 1.4
for NCP (i.e., NCP is assumed to be mostly
nitrate-derived) (21). The resulting Fe/Corg

ratio for the spring and summer seasons is

2.5 mmol mol–1. This number is markedly sim-
ilar to the oceanic Fe/C ratios in Southern Ocean
phytoplankton (22) (1.5 and 2.1 mmol mol–1 in
the Ross Sea and Drake Passage, respectively).
For comparison, Fe:C in laboratory cultures of
Thalassiosira oceanica varies between 2.5 to 34
mmol mol–1 depending on Fe availability (23).

In the Southern Ocean, where Fe is highly lim-
iting, phytoplankton species are at the lower end
of this range (24–28). Deriving our estimates for
the cellular Fe quota based on NCP is reason-
able if, in the mixed layer, Fe is stoichiometri-
cally cycled along with organic carbon, rather
than independently exported (28). Stoichiomet-
ric cycling is supported by the Fe/C remineral-
ization ratio, which is also about 2 mmol mol–1

(22). Hence, our results show that photoauto-
trophs may rely on aeolian input of Fe over a
broad area of the Southern Ocean.

Our work, together with other recent studies,
provides a comprehensive picture of the ways
in which iron fertilization and iron limitation
influence the biomass and fertility of Southern
Ocean ecosystems. There are five sources of
bioavailable iron to surface waters of the Southern
Ocean. First, melting of sea ice can release ac-
cumulated iron that contributes locally to spring-
time blooms along the ice edge (29). Second,
the release of dissolved iron or resuspension of
sediments can supply iron to waters overlying
shallow sea floor, accounting for high produc-
tivity in continental shelf environments (along
the Antarctic coast, for example) (30). Third,
upwelling supplies iron and accounts for ele-
vated productivity in some areas of the APF (31)
and along the continental slope. Fourth, vertical
mixing, induced by rough bottom topography,
supplies iron to surface waters and enhances pro-
ductivity in regions such as the Scotia Sea east
of the Drake Passage, and the Kerguelen Plateau
in the center of the Indian Antarctic sector (32).
Finally, as we discuss, delivery of soluble iron
by aerosol deposition supplies that element to
the Southern Ocean, particularly areas down-
wind of substantial dust sources, accounting for
elevated chlorophyll and/or productivity to the
east of Patagonia and to the south and south-
west of Australia, New Zealand, and Africa.
Regions lacking all sources are the least fertile
in the Southern Ocean, despite their high bur-
dens of NO3

–, PO4
3–, and Si(OH)4. These in-

clude waters overlying the Enderby Abyssal
Plain (western Indian sector), South Indian Basin
(eastern Indian sector), and the Bellingshausen
abyssal Plain (Pacific sector), all in the Antarctic
Zone of the Southern Ocean.

Both data and models support the idea that
the flux of dust to the Southern Ocean was
much higher during the last ice age than during
the present or preindustrial times (33). In the
Subantarctic region, lower d15N of sedimentary
nitrogen in glacial sediments (34), along with
more rapid biogenic SiO2 accumulation, indi-
cates higher rates of export production. Increased
iron delivery is certainly a plausible explana-
tion for faster export. According to the model
of Robinson et al. (34), the resulting depletion
of subantarctic waters in nutrients and TCO2

would have led to an atmospheric CO2 draw-
down of up to 40 parts per million, accounting
for nearly half the glacial lowering of atmo-
spheric CO2. Our work shows that delivery of

Fig. 3. Spring (16%)
and summer (84%)
NCP measurements ver-
sus corresponding mod-
eled annual (A) and 2-
week (B) Fe deposition
rates. Gray pluses, circles,
and triangles represent
individual observations,
regional averages for
each transect, and re-
gional averages of all
samples, respectively. The
blue line represents a
model II least-squares bi-
sector regression analysis.
The red line represents
an Fe requirement of 1.4
mM Fe/MO2 [compatible
with Sunda’s (22) South-
ern Ocean phytoplank-
ton’s Fe:C ratio estimate
and a photosynthetic quo-
tient of 1.4 (21)].
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airborne Fe increases production of subantarctic
waters, strengthening the link between enhanced
Fe delivery and lower CO2 during the ice ages.
Our work also underscores the importance of
understanding the implications of the large
change in dust transport to the ocean simulated
for the coming centuries (33).
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The Evolution of Selfing in
Arabidopsis thaliana
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Unlike most of its close relatives, Arabidopsis thaliana is capable of self-pollination. In other members
of the mustard family, outcrossing is ensured by the complex self-incompatibility (S) locus, which
harbors multiple diverged specificity haplotypes that effectively prevent selfing. We investigated the
role of the S locus in the evolution of and transition to selfing in A. thaliana. We found that the S locus
of A. thaliana harbored considerable diversity, which is an apparent remnant of polymorphism in the
outcrossing ancestor. Thus, the fixation of a single inactivated S-locus allele cannot have been a key
step in the transition to selfing. An analysis of the genome-wide pattern of linkage disequilibrium
suggests that selfing most likely evolved roughly a million years ago or more.

The transition from outcrossing to selfing is
amajor theme in the evolution of flowering
plants, having occurred independently in

numerous lineages (1). Although it leads to

inbreeding depression, the ability to self can be
advantageous when colonizing new territory and
is therefore associated with weedy and invasive
species.A. thaliana, a member of the Brassicaceae,
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