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Chasing iron bioavailability in the Southern Ocean:
Insights from Phaeocystis antarctica and iron speciation
Marion Fourquez1,2*, David J. Janssen3, TimM. Conway4, Damien Cabanes2, Michael J. Ellwood5,6,
Matthias Sieber4,7, Scarlett Trimborn8, Christel Hassler2,9,10

Dissolved iron (dFe) availability limits the uptake of atmospheric CO2 by the Southern Ocean (SO) biological
pump. Hence, any change in bioavailable dFe in this region can directly influence climate. On the basis of Fe
uptake experiments with Phaeocystis antarctica, we show that the range of dFe bioavailability in natural samples
is wider (<1 to ~200% compared to free inorganic Fe0) than previously thought, with higher bioavailability found
near glacial sources. The degree of bioavailability varied regardless of in situ dFe concentration and depth, chal-
lenging the consensus that sole dFe concentrations can be used to predict Fe uptake in modeling studies.
Further, our data suggest a disproportionately major role of biologically mediated ligands and encourage re-
visiting the role of humic substances in influencing marine Fe biogeochemical cycling in the SO. Last, we de-
scribe a linkage between in situ dFe bioavailability and isotopic signatures that, we anticipate, will stimulate
future research.
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INTRODUCTION
Our understanding of the link between iron (Fe) utilization by phy-
toplankton in surface waters and carbon storage in the deep ocean
has evolved from the Fe hypothesis (1) over 30 years of investiga-
tions. This motivation to better understand the role of the micronu-
trient Fe in global biogeochemical cycles has led to an explosion of
research, including rapid modeling developments (2–4) and en-
hanced global sampling initiatives at the international level such
as GEOTRACES (5). These efforts have resulted in large scale
maps of the distribution of dissolved Fe (dFe; operationally
defined as size range < 0.2 μm), the discovery of a multitude of
oceanic Fe sources, and better understanding of the processes that
control the marine Fe cycle (6). However, in environments such as
the surface Southern Ocean (SO), where Fe is the limiting factor for
large-scale ecosystem processes and carbon dioxide (CO2) draw-
down (7, 8), the capacity of the phytoplankton community to take
up dFe—rather than the absolute concentrations of dFe in surface
waters—is what ultimately matters to understand surface
productivity.

To date, describing the bioavailability of dFe in the surface SO
relies on the accuracy of chemical methods that quantify dFe at van-
ishingly low concentrations [e.g., 10 to 50 pM; (9)]. Although the
international GEOTRACES program has made tremendous
strides in mapping the distribution (10, 11) and speciation (12–
14) of dFe, the concept of “bioavailability” itself remains uncertain

because the correlation between in situ dFe concentration and bio-
logical uptake is not straightforward. This uncertainty stems from
the fact that only a small fraction of the dFe, defined as the free in-
organic Fe (Fe0), is thought available to be directly taken up by mi-
croorganisms to support their metabolism and growth (15–17). In
fact, dFe is mostly bound to natural organic ligands (FeL) in sea-
water (18, 19). In SO waters, the concentration of Fe0 is generally
insufficient to satisfy biological demand (20), so that phytoplankton
must acquire Fe from the ligand bound pool (>95% of dFe) to satisfy
their growth requirements (21–25). Biological Fe uptake thus
depends not only on dFe and Fe0 concentrations in the immediate
surroundings of the cells (15) but also on the chemical nature and
the strength of the Fe-binding organic ligands (16, 21, 25, 26).
Diverse groups of organic ligands are regarded as critical players
in Fe speciation (12, 13, 27, 28), but the exact role of many of
these complexes remains unclear. For instance, few studies have
stressed the role of electroactive humic substances (eHS) (29, 30)
or products of phytoplankton degradation (31) on Fe speciation.
Further, the potential contribution of different compounds to the
complexing pool of ligands is mostly unresolved for most of the
SO and for the oceans as a whole.

For microorganisms, a combination of biological (membrane
transport), chemical (metal-ligand dissociation kinetics), and phys-
ical (diffusion) reactions are at play to overcome Fe limitation (16,
32), resulting inmany confounding effects in field studies. Strategies
of Fe uptake in states of Fe deficiency are well documented for phy-
toplankton [e.g., (33–35)], but large variations of observed in situ Fe
uptake measurements cannot be fully explained by variations in dFe
concentrations. Despite this, dFe bioavailability in the ocean is often
either described by reference to in situ dFe levels or Fe uptake mea-
surements. In addition, it remains difficult to draw comparisons
between studies as different microbial assemblages—in terms of di-
versity, abundance, and physiology—are investigated. To overcome
this issue, recent studies have instead aimed to assess dFe bioavail-
ability using the ratio of Fe uptake rate to phytoplankton cell surface
area (S.A.) and dFe concentrations (3, 36, 37). This approach in-
volves conducting Fe uptake bioassays to determine the
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bioavailability of dFe in natural seawater samples drawn from the
observation that several Fe-limited eukaryotic phytoplankton taxa
acquire Fe0 at identical rates for a given dFe concentration when ac-
counting for their S.A. (36, 38, 39). Other studies (40, 41) suggest
that rates of Fe uptake by phytoplankton are driven by Fe chemistry
(i.e., Fe speciation) and that phytoplankton have uptake rates that
can be satisfied by Fe0 diffusivity and kinetic supply rate (including
FeL dissociation). This would indicate that dFe bioavailability can
be predicted on the basis of Fe speciation. These findings were re-
cently extended to modeling (3) by introducing the use of Fe uptake
rate constants (kin-app) computed by combining data on cellular Fe
to carbon ratio (Fe:C), growth rates, and dFe concentration. Under
these circumstances, one can assume that similar phytoplankton af-
finity for Fe exists for SO phytoplankton species and that a single
model organism can serve to determine the bioavailability of dFe
in natural seawater samples.

Here, we used the model organism Phaeocystis antarctica, an
ecologically and biogeochemically important species across the
SO (42–44), to evaluate dFe bioavailability in natural seawater
samples. Our data complement the limited information available
to date in the SO, allowing a critical evaluation of the emerging
global consensus on dFe bioavailability and the prominent role of
eHS for this specific ocean region. We determined dFe bioavailabil-
ity in a comparable way across different sites using six high depth
resolution profiles from the upper 500 m of the water column. The
selected sites for the vertical profiles include three locations near the
Balleny islands, two inside the Mertz glacier polynya, and one in the
Ross Sea. The high-resolution nature of our shallow subsurface
dataset enables us to investigate the influence of Fe speciation and
various physicochemical drivers on dFe bioavailability in contrast-
ing sites in the SO.

RESULTS
Contrasting environments are evidenced by variations in
dFe concentrations and the nature, binding constants, and
concentrations of Fe ligands
In the Pacific sector of the SO, below the Antarctic Circumpolar
Current (ACC; Fig. 1), levels of macronutrients, such as nitrates
(Fig. 1A), were consistently high across all six sites, and dFe concen-
trations in the surface did not exceed 0.08 nmol/liter (Fig. 1B and
Table 1), typical for the high-nutrient low-chlorophyll area. While
chlorophyll a (Chl a) concentration (45) was above 1 μg/liter at two
sites within the Mertz glacier polynya (TMR11 and TMR12, with
1.9 and 1.6 μg/liter, respectively), it was relatively low at the other
sites, ranging from 0.08 μg/liter (TMR13) to 0.58 μg/liter (TMR14),
with open ocean sites sitting in the middle with an average value of
0.24 μg/liter (0.09 for TMR15 and 0.39 for TMR16). Nutrients and
dFe concentrations and dissolved δ56Fe for the six different stations
are reproduced from (9, 46). These measurements are implemented
with Fe speciation data and dFe bioassays to evaluate dFe
bioavailability.

Across all water column samples, concentrations of dFe and total
ligand (LT = L1 + L2 + L3) ranged between 0.02 and 0.59 nmol/liter
and 0.41 and 15.7 nmol/liter, respectively, with ligand conditional
stability constants (logK0Fe0L) from 10.2 to 12.4 (Table 1). In general,
dFe profiles are nutrient type (9, 46), with surface depletions and
subsurface enrichments (fig. S1). However, the ferricline was
found below the nutricline, indicating that insufficient Fe is

supplied by vertical mixing relative to macronutrients for phyto-
plankton growth in surface waters (46). In the euphotic zone (0 to
100 m), dFe concentrations varied between 0.02 nmol/liter (stations
TMR15 and TMR16) and 0.33 nmol/liter (station TMR14) and
showed a near-linear trend with values reaching 0.27 nmol/liter
(station TMR12) to 0.47 nmol/liter (station TMR15) at 500-m
depth (Table 1). Three operationally defined ligand classes were
identified: L1 (logK0Fe0L > 12, n = 2), L2 (11 < logK0 Fe0L < 12, n =
22), and L3 (logK0Fe0L < 11, n = 22), and Fe0 concentrations were cal-
culated as just 0.01 to 6.76 pmol/liter across the dataset. The stron-
gest ligands (L1) were only measured at stations TMR16 (open
ocean) and TMR13 (islands) at 15- and 75-m depth, respectively.
Ligands from the weakest class (L3) were found at all stations but,
particularly, at TMR12 (Mertz glacier polynya), where they were
found in 9 of the 11 sampled depths. Overall, LT constantly exceeded
dFe concentrations (Table 1). The highest excess ligand concentra-
tions (ligands not bound to Fe) were found at TMR14 just below the
ferricline (40 m) with an excess reaching up to 15.7 nmol/liter.

Our study also explored the composition of this bulk ligand pool
by looking at the variability of eHS and hydrolysable carbohydrate
(referred to as TPZT). During this transect, eHS concentrations
were generally high (>10 μg/liter) and ranged between 4.1 and
329 μg/liter, corresponding to Fe-binding ligand contribution of
0.07 to 5.56 nmol/liter LT [1 to 188% of LT, considering that eHS
behaves as minimum Fe-binding capacities for terrestrial standard
Suwannee River fulvic acid (SRFA) and that SRFA (100 μg/liter) can
bind 1.69 nmol/liter Fe (29, 30)] (Fig. 2). The average LT contribu-
tion of eHS was 36 ± 40% (n = 33). Further, and despite large var-
iability between samples, we found a positive and significant
correlation between LT and eHS [correlation coefficient (r) =
0.425, P = 0.01, n = 33], further indicating the relative importance
of eHS to the Fe-binding ligand pool to these samples. To constrain
the contribution of eHS to the Fe-ligand pool as in (29), we plotted
an envelope that encompasses the maximum [Suwannee River
humic acid (SRHA)] and minimum (SRFA) Fe-binding capacity
for eHS (as nanomolar per liter Fe equivalent) together with profiles
concentrations of dFe and LT (Fig. 2).

We find that, on average, dFe concentrations regularly fall below
the lower limit of the mean Fe-binding capacity of eHS (Fig. 2), with
few values falling just within the lower end of the envelope. We cal-
culated the ratio of dFe to eHS (as nanomolar per liter Fe equiva-
lent) following (29). At TMR11, we found a strong and significant
correlation between dFe/eHS and depth (r = 0.92, P = 0.001, n = 7),
suggesting undersaturation of eHS with Fe at depth. Given that the
nature of eHS is still unknown (29) and that it might vary with depth
due to the activity of the microbial pump (24, 28, 47), implications
for these observations are not straightforward. However, as carbox-
ylic groups—largely present in humic substances and inmarine dis-
solved organic matter—can bind other metallic cations, this
undersaturation suggests that eHS has the potential to bind
several key trace elements and modulate their marine cycle and res-
idence time. No significant correlation between dFe/eHS and depth
was found at any other stations, although nearly all data also show
undersaturation of eHS with Fe at depth. By contrast, TPZT concen-
trations decreased with depth across all stations, consistent with
these compounds being labile organic carbon likely rapidly trans-
formed with depth as dissolved organic carbon (48) or polysaccha-
rides (21).
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dFe bioavailability to P. antarctica varies widely and is
related to proximity to Fe source
We estimated dFe bioavailability based on Fe uptake experiments
using the radiotracer 55Fe and the Fe-limited cultures of single-
celled P. antarctica (see Materials and Methods). More than 200 in-
cubation experiments with 55Fe were conducted to compare rates of
Fe uptake by P. antarctica in the presence of natural Fe-ligand as-
semblages for 47 seawater samples. The first result is an unexpect-
edly wide range of dFe bioavailability that is not related to depth
(Fig. 3). Across all samples, the calculated bioavailability ranged
from less than 1% to more than 150% of dFe available (relative to
Fe0). Note that values greater than 100% indicate Fe uptake at higher
rates than expected if dFe were entirely inorganic (i.e., dFe = dFe0),
which supports the idea that several Fe uptake mechanisms are used
by P. antarctica to access dFe (49). These enhanced Fe uptake rates
have been repeatedly reported for monosaccharides, polysaccha-
rides, and exopolymeric substances (EPS), pointing toward addi-
tional transporter route rather specific to dissolved organic
carbon than to Fe. Because EPS can attach to cell surface, they
also have the potential to increase Fe diffusive supply at the cell
surface (16, 50). However, the mechanism at play is still not
understood.

When considering each station separately, we observed that the
Fe uptake rates by P. antarctica show some relationship with in-
creasing in situ dFe (but no clear relationship with Fe0) at certain
stations. In addition, different linear trends were observed from
station to station (Fig. 4). However, when all samples are considered
together, the correlation between dFe or Fe0 concentration and Fe
uptake rates is weak (r = 0.41 and 0.18 for dFe and Fe0, respectively).
This suggests a high disparity between samples in terms of bioavail-
ability, which cannot be solely attributed to differences in dFe or Fe0
concentrations. This finding is clearly illustrated by upper ocean
data (0 to 100 m) where similar dFe concentrations (0.04 ± 0.02
nmol/liter, n = 20) were found; yet markedly, Fe uptake rates
varied by three orders of magnitude (Fig. 4). Notably, station
TMR12 also showed intriguingly low Fe uptake rates (2.2 ± 1.5 ×
10−22 mol Fe cell−1 hour−1, n = 27 all replicates included). Last,

all values falling above the boundaries of 50% bioavailability
belong to stations that were directly under the influence of a
glacial or sediment dFe source, as inferred from distinct δ56Fe sig-
natures at these stations [TMR11, TMR13, and TMR14;
Fig. 4A; (9)].

dFe bioavailability cannot be inferred from conventional Fe
speciation measurements
To better understand the large range observed in dFe bioavailability
among our samples, we further explored what factors are correlated
in our dataset. The magnitude, direction, and significance of the
correlation between selected variables are summarized in Fig. 5.
Overall, we did not obtain any significant correlation between Fe
uptake by P. antarctica and additional variables listed in table S2
other than a spurious correlation with dFe concentration (compu-
tationally related; see Material and Methods for Fe uptake calcula-
tion). However, we did obtain a significant negative correlation
between dFe bioavailability and eHS concentrations (r = −0.33, P
= 0.04, n = 33). The absence of correlation between depth and Fe
uptake rates further supports the argument that dFe bioavailability
was not primarily driven by dFe concentration but instead was more
strongly related to the nature of Fe sources and ligands. Intriguingly,
in the first ever direct comparison of dissolved δ56Fe and Fe-binding
ligands, we found a negative correlation between LT concentration
and δ56Fe (fig. S2) but a positive correlation between δ56Fe and eHS
(Fig. 5A). To investigate this relationship between LT and δ56Fe
further, we also used principal components analysis (PCA; Fig. 5B).

The two first principal components (PCs) explained, respective-
ly, 36.5 and 24.1% of the total variance. The first component (PC1)
separated the variables in two categories. Negative values of PC1
correspond to TPZT and eHS concentrations, and positive values
were related to all other variables. The variables contributing
mainly to PC1 are dFe concentration and δ56Fe signature. The
second component (PC2) mainly separated ligands from Fe speci-
ation and Fe uptake. The variables contributing mainly to PC2 are
total ligands, TPZT, and eHS concentrations. These results, descrip-
tive as they are, open up several lines of discussion, including the

Fig. 1. Station sampling locations from the Antarctic Circumnavigation Expedition (GEOTRACES Compliant Cruise GSc01) leg 2 in austral summer December
2016 to March 2017 for the study. (A) Orthographic projection of the SO. Representative positions of the subtropical front, subantarctic front, polar front, and Antarctic
Circumpolar Current southern boundary are shown in white, light gray, dark gray, and black dashed lines, respectively. Surface nitrate concentrations are taken from the
World Ocean Atlas, 2013 (59). (B) Close-up map of the sampling area. Stations are identified individually by color and group by sector: Mertz glacier polynya, Balleny
islands, and Ross Sea with bathymetry as background. Size of dots is proportional to dFe concentration (nmol/liter) in surface waters.
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role of biologically mediated molecules acting as Fe-binding ligands
(see Discussion).

DISCUSSION
Using metrics of dFe bioavailability for ocean-wide
comparisons
Despite the conceptual utility of the term bioavailability, many
poorly constrained factors are involved in its determination. In
the natural environment, light, temperature, Fe speciation and

kinetics, microbial interactions, and adaptations are all intertwined
into its definition, and it is challenging to tease apart the role of each
process separately. Here, we aimed to overcome this complexity by
using one ecologically relevant phytoplankton species (P. antarcti-
ca) to enable a unique diagnostic of dFe bioavailability in the SO
and to investigate the connection between assessed dFe bioavailabil-
ity and in situ Fe speciation.

To compare our results with other studies that used different
phytoplankton species, the apparent Fe uptake rate constantkin-app

Table 1. Summary of Fe speciation and ligands properties. Range of dFe concentrations and Fe speciation results, including total Fe-binding organic ligand
concentrations (LT), log-conditional stability constants (logK0Fe0L), and concentrations of carbohydrates (TPZT) and eHS (expressed in equivalent of terrestrial
standard SRFA). Data represent ranges for Fe speciation from surface down to 500-m depth.

Station dFe
(nmol/liter)

Fe0

(pmol/liter)

LT
(nmol/
liter)

LogK0Fe0L
TPTZ

(μmolC/liter)
eHS (μg/liter
eq. SRFA)Latitude

(°S)
Longitude

(°E)

Polynya
TMR11 −67.1036 144.9204

0.036
to 0.410

0.32 to 6.76 0.99 to 6.22
10.3
to 11.6

1.36 to 8.01 20 to 42

TMR12 −67.1895 145.7209
0.042
to 0.300

0.71 to 4.49 1.35 to 8.15
10.2
to 11.3

6.73 to 17.5 4 to 329

Islands
TMR13 −65.9917 159.0120

0.028
to 0.387

0.01 to 0.53 6.83 to 13.7
10.7
to 12.4

4.14 to 9.65 11 to 183

TMR14 −67.2897 163.5360
0.085
to 0.456

0.06 to 2.65 3.97 to 15.7
10.4
to 12.0

2.82 to 9.65 17 to 268

Open
ocean

TMR15 −67.0999 167.3602
0.024
to 0.585

0.16 to 0.50 6.27 to 7.89
11.0
to 11.7

3.52 to 6.28 14 to 230

TMR16 −71.6993 −143.983 0.023
to 0.294

0.11 to 2.66 0.92 to 2.30
10.5
to 12.1

1.87 to 2.77 7 to 117

Fig. 2. Combined data for eHS, dFe, and LT. Individual profiles for stations TMR11 to TMR16 of dFe (green triangle) and total Fe-binding organic ligand (LT, purple
square) concentrations with an envelope (gray) for eHS, encompassing the maximum and minimum Fe-binding capacities reported for terrestrial International Humic
Subtances Society (IHSS) standards. Each plot represents one measurement from seawater samples collected in the Mertz glacier polynya (TMR11 and TMR12), down-
stream of the Balleny islands (TMR13 and TMR14) and in the open ocean near the Balleny islands (TMR15) or the Ross Sea (TMR16).
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(36) was calculated as

kin� appðliter � cell� 1�day� 1Þ ¼
Fe uptake rate ðmolFe � cell� 1 �day� 1Þ

dFe conc:ðnmol � liter� 1Þ

The kin-app calculation implies that Fe-limited phytoplankton
cells access Fe primarily from the ligand-bound pool, which was
the case in our experiments (see Materials and Methods). These
kin-app values were further normalized to the cell surface area
(S.A.) of P. antarctica (S.A. = 28.71 μm2 per cell). To facilitate com-
parison with previous investigations, we combined our average dFe
bioavailability proxy (kin-app/S.A.) calculated per station [using the
data from (37)], with the “dFe bioavailability envelope” proposed by

(36). This envelope is delimited by the highly bioavailable inorganic
Fe0 as its upper boundary and the very bio-unavailable Fe com-
plexed to the strong siderophore desferrioxamine B (DFB) as its
lower boundary (Fig. 6). We excluded station TMR12 from the fol-
lowing analysis because extreme values measured at this stationmay
hinder comparisons across studies. On average, the kin-app/S.A.
(1.30 × 10−10 liter μm−2 day−1) was 18-fold lower than for Fe0
(2.4 × 10−9 liter μm−2 day−1) and 54-fold higher than for the
FeDFB complex (2.4 × 10−12 liter μm−2 day−1). It was also 3.4-
fold higher than the only value reported so far for the open SO
[3.8 × 10−11 liter μm−2 day−1; (37)]. This observation highlights
that dFe bioavailability can be extremely variable. There is a clear
distinction between open ocean, which are equivalent to other

Fig. 3. Range of bioavailability for dFe complexed with natural ligands. Profiles of Fe uptake rates by P. antarctica (A) compared to estimated uptake of inorganic Fe
(Fe0) (B) as a proxy of dFe bioavailability and to total dFe concentration (C).Each dot represents the average value of three independent replicates from samples collected
in the Mertz glacier polynya (TMR11 and TMR12), downstream of the Balleny islands (TMR13 and TMR14), and in the open ocean near the Balleny islands (TMR15), or the
Ross Sea (TMR16). SDs were omitted here to allow better visualization but are given in table S1.

Fig. 4. Relationship between dFe bioavailability and dFe/Fe’ concentrations. Fe uptake rates by P. antarctica as a function of total dFe (A) and Fe0 concentration (B).
Data are presented on a logarithmic scale.
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ocean basins, and near-source stations, which have an order of mag-
nitude higher bioavailability than open ocean, even compared to
previous estimates from (37) in the Drake passage (Fig. 6).
However, it is also noteworthy that the two stations within the
Mertz glacier polynya (TMR11 and TMR12) exhibited such high
differences in bioavailability despite similar dFe, δ56Fe, and relative
proximity to Fe source (9). Hence, the consensus of a nearly cons-
tant dFe bioavailability (37) does not apply to these SO samples.
Because of the limited amount of data in the different ocean
basins and the focus of this study on naturally fertilized sites, it
remains to be determined whether this large variability is a partic-
ular feature for the SO.

Examining the dFe bioavailability proxy: Limitations and
implications
In the natural environment, the concept of bioavailability is not sep-
arated from, but encompasses, ecological interactions and specific
biological adaptations. We approached this complexity with the
idea that a single model organism can be used to simplify the bio-
logical components and better address the chemical ones. The wide
range in the dFe bioavailability proxy (Fig. 6) for P. antarctica dem-
onstrates that chemistry, beyond biology, influences the bioavail-
ability of Fe in the SO. However, we cannot ignore that
biodiversity would influence these estimates of dFe bioavailability
in situ and that the complexity of the system as a whole goes far
beyond the responses of a single strain. Uptake rates normalized
to dFe concentration as a function of cell S.A. indirectly account

for the number of transmembranar proteins, but the current pro-
posed Fe bioavailability model may further be complicated when
considering various transport systems. In the bioavailability
model, all Fe forms are taken up as Fe2+, implying that a limiting
step is the rate of the formation of Fe2+, which, for instance, can
be aided by the presence of extracellular reductases (36, 49). The
transcriptomic response of this particular strain of P. antarctica to
Fe limitation did not show gene regulation for ferric or ferrous ion
transporters (51); however, other studies have revealed previously
unknown Fe-responsive transcripts for Fe0 in diatoms (52, 53). Con-
sequently, we emphasize that these results cannot be easily extended
to broader calculations, such as dFe residency time. Therefore,
caution must be taken when generalizing these results, and
further investigations are needed to determine the broader applica-
bility of our findings to other regions of the SO.

The influence of Fe sources on dFe bioavailability to P.
antarctica
The respective location of the stations provides a balanced represen-
tation of the upper ocean in naturally fertilized area of the SO, with
different potential sources of Fe. Overall, our work indicates that
dFe bioavailability is higher close to dFe sources than in the open
waters of the SO, particularly, close to glacial meltwaters.
However, we also note that the two stations located in the Mertz
glacier polynya, while showing similar dFe, δ56Fe, and Fe0 ranges,
have astonishingly different uptake rates (10−22 and 10−19 mol
Fe−1 cell hour−1) and dFe bioavailability relative to Fe0 (<1%

Fig. 5. Drivers of dFe bioavailability. (A) Correlation matrix between Fe speciation, dFe bioavailability, and Fe uptake calculated using the Pearson product moment
correlation. Correlation coefficients (r) are represented in gradient color, and blue and red indicate r values above and below 0, respectively. Significant relationships
between the two variables (pairs with P values smaller than 0.05) are annotated with stars (*P < 0.05, **P < 0.01, and ***P < 0.001). Summary of variables presented in the
table below. (B) PCA correlation of Fe uptake, Fe chemistry, and ligands. Blue arrows represent the projection of the descriptors into the two first PC plans. The two first PCs
explain respectively 36.55 and 24.13% of the total variance. Normality was verified using Henze-Zirkler test.
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versus >100%). Yet, mechanistically, this is consistent with transfor-
mations of nanoparticulate Fe oxyhydroxides, which are known to
be highly soluble (54, 55) and highly reactive, as shown by their fast
rates of transformation (54). More attention is required to under-
stand the dynamic and contrasted situation within these oceano-
graphic features, especially the Mertz glacier polynya, which is
one of the most productive polynyas in Antarctica (56).

Stations TMR13, TMR14, and TMR15 were all located in the vi-
cinity of the heavily glaciated Balleny islands of volcanic origin, but
were likely affected by different Fe sources. Stations TMR13 and
TMR14 exhibited shallow ferriclines (40 and 100 m at TMR14
and TMR13, respectively) than average values usually observed in
this region (200 m), which is indicative of natural Fe supply from
the islands (9, 46). On the east side of the Balleny islands
(TMR15), however, elevated dFe and LT concentrations and a
shift of Fe isotopic signature to negative values (from near 0 at
300 m to near −2‰ at depth) were clearly visible (fig. S1), which
may indicate a hydrothermal input (57). Hydrothermal vents were
recently identified as an important source of bioavailable dFe (58)
that potentially triggers massive blooms of P. antarctica in SO
surface waters (42). At station TMR15, all depths averaged, the
dFe bioavailability proxy (kin-app/S.A.) was 8.4-fold higher than
for FeDFB but respectively 2 to 10 times and 5 to 29 times
smaller to what was measured at TMR13 and TMR14. If TMR15
was indeed under the influence of hydrothermal vents, then this
suggests that dFe from this potentially hydrothermally affected sea-
water was more available to phytoplankton than model strong Fe-

siderophore complexes but also less bioavailable than dFe supply’s
origin is sedimentary or glacial.

Driving factors of dFe bioavailability: Fe0, ligands, and
Fe sources
Moving from an average value at each station to individual depths,
another remarkable result is the highly contrasting range of dFe bio-
availability with depth, especially at the near-source stations (Fig. 3).
Considering that kin-app/S.A. cannot be influenced by the presence
of different organisms nor by variations in biomass in our study (see
Material and Methods) nor by the release of Fe0 through photode-
gradation of Fe-ligand complexes (47, 48, 59), this high variability
was unexpected. The possible mechanisms driving this variability in
kin-app/S.A. are explored below.

Although Fe chemical speciation influences dFe bioavailability,
our analysis failed to identify a consistent link between Fe uptake
rates and dFe concentration, eHS or LT, contrary to our expecta-
tions. Our dataset showed that both eHS and TPZT concentrations
were anticorrelated with estimates of dFe bioavailability, suggesting
that neither is the sole source of bioavailable Fe (Fig. 5). We found
significant correlations between Fe uptake rates and LT [coefficient
of determination (r2) = 0.65, P = 0.001, n = 14] or dFe concentra-
tions (r2 = 0.72, P < 0.001, n = 15) only at stations TMR11 and
TMR14. These two stations also exhibited the highest dFe bioavail-
ability of all (70 to 165%), which can be attributed to their proximity
to local Fe sources. However, they did not show the highest Fe0 or
eHS concentration, suggesting that Fe source matters in defining its
bioavailability.

While there is no strong relationship between Fe uptake rates
and Fe0 concentrations when considering the entire dataset,
certain stations display correlations (Fig. 4), implying that Fe
uptake may partly be controlled by Fe0 diffusive flux and Fe-
ligand dissociation kinetics. In seawater, most of the dFe is bound
to organic ligands, while only a small fraction exists as inorganic
species. This Fe0 is small enough to passively diffusive through
general or ion-selective porin, allowing for cellular Fe0 uptake by
molecular diffusion (20, 38). The supply rate of Fe0 in surface
waters is usually believed to be too slow to account for observed
Fe uptake rates, indicating the need for phytoplankton to access or-
ganically bound Fe species (50, 60–62). Here, we estimate that the
supply of Fe0 due to the dissociation from Fe-ligand complexes
could effectively meet the Fe demand by phytoplankton in ~80%
of our incubations (table S1). Therefore, while Fe0 levels as a “snap-
shot concentration” cannot explain measured Fe uptake rates
(Fig. 5A), the rate of continuous Fe0 supply by ligand dissociation
may in fact play a substantial role in controlling dFe bioavailability.
This finding agrees with previous observations that Fe0 may repre-
sent a significant pool for the Fe biological requirement in many
areas of the SO (15, 41).

A limited role of Humics in Fe biogeochemistry in the SO?
dFe has been shown to covary with eHS in other ocean basin regions
(i.e., Atlantic and Pacific oceans), but low Fe-binding capacities of
eHS in samples from the SO have been reported (29). Our observa-
tions give further insight on the potential role of eHS in the SO, in-
dicating that the lack of relationship between dFe and eHS may be a
particular feature for the SO (Fig. 5A). We found not only that the
average Fe-binding capacity of eHS compounds was well below the
LT measured for most samples in our study (Table 1) but also that

Fig. 6. Combined results of the Fe-substrate bioavailability as Fe-uptake rate
constant normalized per surface area (kin-app/S.A.). The bioavailability enve-
lope’s boundaries are delineated by dotted lines, with unchelated inorganic Fe
(Fe0) as its upper boundary and FeDFB as its lower boundary. Each box plot repre-
sents a different station from this study, while circles representmeasurements from
(37). The line across the boxes represents the median. The ends of the boxes define
the 25th and 75th percentiles, and error bars define the 10th and 90th percentiles
(data pooled from all depths). Literature data: Arctic: Baffin Bay (37 m), Canadian
Arctic archipelago (44 m), and Beaufort Sea (10 m); North Pacific: Line-P stations
P16 (25 m), P20 surface (25 m), and P20 depth (800 m); SO (Drake Passage, 100 m);
Atlantic: Gulf of Mexico (2 m), GEOTRACES GA03 Atlantic Zonal Transect (100 m);
equatorial Pacific (Eq. Pacific): GEOTRACES GP16 Oxygen Depleted Zone (20 m),
surface (2 m), and depth (3000 m) (35). From this study, all stations are located
in Antarctic waters (south of 65°S) and grouped/colored according to their loca-
tion; Polynya: TMR11 (15 to 475 m) and TMR12 (15 to 500 m); Islands: TMR13
(15 to 300 m) and TMR14 (15 to 500 m); Open ocean: TMR15 (15 to 300 m) and
TMR16 (15 to 500 m). Data are presented in log scale.
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the relative eHS contribution to Fe-binding ligands (36 ± 40%) was
much lower than previously reported (191 ± 99.7%) for other ocean
basins [northeast Pacific and the northwest Atlantic from (29)]. In
our case, despite the clear contribution of eHS to LT (indeed, eHS
shows a positive correlation with LT; Fig. 5), other compounds are
contributing to the bulk of ligands and may play a bigger role in dFe
bioavailability. For instance, in contrast with eHS, biologically me-
diated ligands (e.g., TPZT) were significantly correlated with dFe
concentration in our dataset but not with LT. This points toward a
disproportionate role of biologically mediated ligands on Fe biogeo-
chemistry (12, 63) relative to their contribution to the total ligand
pool in the SO. It highlights the significance in constraining regu-
lations of dFe bioavailability and not simply dFe or Fe0 and LT. This
also supports recent results indicating that Fe recycling within the
microbial loop [aka “ferrous wheel” (64)] is highly efficient in the
SO, helping to increase the residence time of dFe in surface
waters, and that particle-associated microbial respiration generates
weak (L2) ligands that form bioavailable FeL complexes (63).

Linking δ56Fe, dFe bioavailability, and Fe-binding
organic ligands
Despite being a key aspect for global biogeochemical modeling of
dFe and δ56Fe (2, 65, 66), the character, sources/sinks, binding
strength, and Fe isotope fractionation factors of organic ligands
remain poorly constrained (67). Elevated δ56Fe values can be
driven by biological uptake (68, 69), rapid recycling (70), and/or
complexation with low–molecular weight or strong Fe ligands (71,
72). However, only a couple of laboratory studies have linked δ56Fe
signature directly to the presence and binding properties of possible
organic ligands (73, 74), and fractionation during complexation has
not been measured for natural open ocean ligand assemblages. To
date, the first ocean biogeochemical models have assumed generic
fractionation factors (△δ56Fe) of +0.6‰ for complexation
(ligands-dFe) and −0.5‰ for biological uptake (phytoplankton-
dFe) based on laboratory work or inferred from limited open
ocean δ56Fe data (9, 66, 67, 70).

Our coupled dataset of Fe-binding ligands, dFe bioavailability,
and δ56Fe offers a chance to tease apart these processes further.
We found a negative correlation between dissolved δ56Fe and
total ligand concentrations (r = −0.62, P < 0.0001, n = 38;
Fig. 5), which might suggest against a role for complexation in
driving dissolved δ56Fe toward higher values, in contrast to previous
assumption (73, 74). However, this outcome is not entirely unex-
pected. Different ligands are anticipated to have different binding
strengths and fractionation factors, rendering the concentration of
the total pool not be the most relevant parameter, as demonstrated
above for dFe and bioavailability. Further, if the isotopically heavy
Fe is bound to strong Fe-binding ligands, which would have greater
isotopic fractionation factors (73, 74), then wemight expect this dFe
to have lower effective bioavailability compared to Fe0 or dFe bound
to weaker ligands.

Overall, our data demonstrate a link between δ56Fe, Fe uptake,
and ligands, thus reinforcing the utility of isotopic analysis as a
tool to identify Fe sources. However, understanding of the processes
that control δ56Fe is complicated by competing processes and
sources across the SO, with (9) finding that dataset for surface
waters could not easily be described by a single fractionation
factor. The only exception to this finding was for sites within the
Mertz glacier polynya (TMR11 and TMR12), where δ56Fe and

dFe in the top 200 m could be described with a closed Rayleigh frac-
tionation factor α of 0.999 (9), suggesting that a single process dom-
inated the isotopic fractionation at these locations. This was
attributed to removal of light Fe into phytoplankton, perhaps in a
single phytoplankton bloom, also consistent with an α of 0.999 in-
ferred for uptake in an SO eddy (9, 70). In addition, the low surface
dFe could be attributed to biological activity, considering the lower
macronutrient concentrations and the proximity to a dFe source (9,
46). In situ measurements also confirmed that surface waters were
characterized by elevated phytoplankton biomass (Chl a) and high
net primary production (O2/Ar) at the time of sampling (75). In this
study, we further identify a pronounced trend between Fe uptake
rates by P. antarctica and dissolved in situ δ56Fe at TMR11 (fig.
S3). A similar relationship between ambient dissolved δ56Fe and
Fe uptake was also found for dissolved δ114Cd and Fe uptake at
the same station (fig. S4) (9), suggesting that δ114Cd may be a
tracer of nutrient uptake (76).

Given that all Fe species in the dissolved phase are currently con-
sidered to be equally bioavailable in most ocean biogeochemistry
models (3, 77), our findings emphasize the need to reassess which
criteria of ambient Fe are central to estimating dFe bioavailability
and, ultimately, primary production in the SO. Despite this, many
studies have demonstrated the usefulness of dFe concentrations as
an operational metric for bioavailable Fe concentration. This raises
questions about the influence of biodiversity, connectivity, adaptive
capacity, and the scale and frequency of Fe inputs on dFe bioavail-
ability. To broaden our perspective, we recommend further assess-
ment of the importance of eHS in the SO and the evolution of this
bioavailable fraction during transport, aging, and recycling from
local point sources. In the present stage of our knowledge, it is
also unknown what modulates Fe-binding ligands and Fe isotopes
in concert. As a first step, it is necessary to get a nuanced under-
standing of the processes that lead to isotope fractionation. This
could be achieved by determining Fe isotopic composition of phy-
toplankton in cultures exposed to different Fe-ligand complexes.
Mass balance calculations can further be used to probe fractionation
steps during biological uptake, thereby offering a new window to
distinguish between different biotic and abiotic processes. Because
the SO carries long-term climate trends in Fe-fertilized areas, these
data draw attention to oversimplification of the internal Fe and C
cycles in this region. This should not be ignored, particularly in
the context of Fe dispersal praised by geoengineering proposals to
generate CO2 sink.

MATERIALS AND METHODS
Oceanographic settings
Six different locations were sampled for vertical profiles (0- to 500-
m depth) south of the southern ACC boundary (Fig. 1) as part of the
Antarctic Circumnavigation Expedition (GEOTRACES Compliant
Cruise GSCo1; R/VAkademik Tryoshnikov, January toMarch 2017).
Two stations were within the Mertz glacier polynya (TMR11 and
TMR12), two stations were sampled downstream (TMR13 and
TMR14) and one upstream (TMR15) of the volcanic Balleny
islands, while one station was located in the open waters of the
Ross Sea (TMR16).
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TM sampling procedure and Fe speciation analysis
All culture ware and material used during this study were trace-
metal (TM)–clean following GEOTRACES protocols (78), and all
sample manipulations were conducted in a TM-clean laminar-
flow hood (HEPA, class 100) or in a clean room using TM clean
techniques. Solutions were systematically prepared using analytical
grade chemicals (Sigma-Aldrich, Buchs, Switzerland) and Milli-Q
water unless otherwise specified. In details, when first used, polycar-
bonate (PC) bottles were rinsed five times with Milli-Q water and
subsequently soaked for 1 week in a large container filled with Cit-
ranox (2% diluted in Milli-Q water at ambient temperature), so that
the inside and outside of the bottles were in contact with the deter-
gent. After 1 week, PC bottles were abundantly rinsed for several
minutes under deionized water and then rapidly rinsed with
Milli-Q water. They were then soaked in 10% HCl for 4 to 5
weeks, followed by rinsing seven times with Milli-Q water. PC
bottles were then left in a Milli-Q water bath for 1 week. The
same decontamination process was used for PC bottles after use
with 55Fe, except that RBS25 was used as a detergent. Between ex-
periments with similar low dFe concentrations, the bottles were
washed with one rinse of Milli-Q water, soaked in RBS25 for 24
hours, soaked in a 10% HCl bath for 1 week, and rinsed seven
times with Milli-Q water. The efficiency of removing 55Fe was reg-
ularly verified. We also paid attention to unwanted 55Fe adsorption
to the plastic walls in our calculations. To do this, we systematically
sampled 1 ml from each bottle incubation for 55Fe measurement
before the addition of cells and at the end of the incubation. We
found that a relatively low percentage of 55Fe was adsorbed onto
the plastic surface (1 to 5%).

Sampling
For the determination of Fe speciation and for Fe uptake experi-
ments, we sampled water from the depth profiles. In total, 47 sea-
water samples from the six stations in the SO (Fig. 1) were collected,
spanning the uppermost 500 m of the water column, with a partic-
ular focus on high depth resolution in the top 200 m. At each
station, the deployment of a conductivity-temperature-depth
(CTD) was performed just before the deployment of the rosette to
guide the sampling depths chosen for our analysis. Sampling was
then conducted using an autonomous TM rosette (model 1018,
General Oceanics, USA) equipped with acid-cleaned Teflon-
coated 10-liter Niskin-X bottles, and seawater was directly filtered
onboard into in a clean container—with high efficiency air partic-
ulate filter system—through 0.2-μm acid-cleaned capsule filters
(AcroPak 200, Pall). Seawater samples were subsequently stored
into 1-liter acid-cleaned low-density polyethylene Nalgene bottles,
frozen at −20°C, and shipped to home laboratories for analyses. Fil-
tered samples from the same Niskin-X bottles were taken by other
groups for analysis of dFe and δ56Fe at each depth (9, 46).

Fe chemistry and analysis of organic ligands
The main parameters acquired via ligand exchange–adsorptive ca-
thodic stripping voltammetry are total ligand (LT) concentrations
and their conditional stability constants for Fe (logK0Fe0L). Ligands
with a logK0Fe0L > 12 are operationally assigned as “strong” ligands,
while those with a K0Fe0L < 12 are considered as “weak” ligands (18).
A full description of the method is provided in (21). Briefly, 10-ml
aliquots of the filtered seawater samples were transferred to acid-
cleaned 15-ml low-density polyethylene bottles (Nalgene, Thermo

Fisher Scientific). Tubes were preconditioned with water collected
from the same area and the planned Fe and additions. Each aliquot
was then buffered to pH 8.2 with 1 mol/liter borate buffer, and after
an equilibration time of 1 hour at room temperature, a solution of 5
μmol/liter of the competitive ligand salicylaldoxime (98%Acros Or-
ganics, Thermo Fisher Scientific) was added. Aliquots were ana-
lyzed the next day following an equilibration time of at least
12 hours.

Hydrolysable carbohydrates were quantified by 2,4,6-tripyridyl-
s-triazine (TPTZ) spectroscopy using the method in (79, 80). Hy-
drolysable carbohydrates (later referred as TPZT from the analytical
methodology used) is part of the labile pool of dissolved organic
carbon, and these data are used to explore the nature of Fe
ligands. This technique is based on the reduction of Fe3+ into
Fe2+, which reacts with TPTZ forming a blue complex absorbing
at 595 nm. D-glucose was used as a standard. The instrumental de-
tection and quantification limits were 2.46 and 4.29 μmolC/liter, re-
spectively. eHS concentrations, abbreviated eHS and expressed in
microgram equivalent per liter using terrestrial standards from
the Suwannee River (SRFA), were determined by electrochemistry
following standard additions of SRFA [standard 1. IHSS, (21)].
TPTZ and eHS are considered as weak ligands.

Auxiliary parameters analysis
Temperature and salinity were obtained from calibrated CTD
(SeaBird SBE11, General Oceanics, Miami, FL, USA) mounted on
the TM rosette. A body of chemical and biological parameters was
tested for correlation with our analyses of Fe uptake rates (table S2).
Full dataset of these parameters and detailed methods can be found
in (9, 46, 57, 81) for nutrients, TMs, and isotopes and (75) for bio-
logical parameters.

Estimating the contribution of humic substances to the in
situ ligand pool
Similar to (29), the contribution of humic substances to the pool of
in situ ligands was estimated using in situ eHS measurements as the
amount of Fe-binding humic substances present. As two borderline
situations, humics were considered either as weak (SRFA, 16.7 nmol
of Femg−1, logKFe0L = 10.6) or strong ligand [SRHA, 31.9 nmol of Fe
mg−1, logKFe0L = 11.1; (30)]. By using the total Fe-binding capacities
of humic substances, one can estimate their saturation level with Fe
and convert eHS into maximal Fe-binding ligand equivalent.
However, this maximal amount represents an upper limit, assuming
that all dFe will bind to this type of ligand and not accounting for
any side reactions with other trace elements capable of binding to
these ligand types. Moreover, it assumes that marine eHS all behave
as SRFA and SRHA. By comparing concentrations of estimated
maximal ligand equivalent with in situ ligands, one can derivate
the maximal contribution of humics [Humic Acid (HA) and
Fluvic Acid (FA)] to the in situ ligand pool. Here, we used ligand
data instead of dFe data as in (29), which is more relevant as in situ
ligands generally exceed dFe concentrations.

Laboratory-based biological Fe uptake
Model organism: P. antarctica
The Prymnesiophyceae P. antarctica (strain CCMP3314, isolated at
68°390S, 72°210E) was selected to determine dFe bioavailability in
bioassays. We did not observe colony formation with this strain, al-
though other strains of P. antarctica (such as CCMP1871 and
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CCMP1374) can shift from flagellate cells to most the of colonial
cells under Fe-replete conditions (82). This strain is also quite
stable in its physiology as its measured growth and particulate
organic carbon production rates are very similar across various ex-
periments (51, 83) and easy to manipulate (e.g., no EPS formation),
making it the perfect candidate as a model organism. For the pur-
poses of this study, single cells of P. antarctica were maintained in
natural seawater media prepared from 0.2-μm filtered seawater
collected during the expedition PS97 (R/V Polarstern PS97, 25-m
depth, 60°S, 66°W, 2 to 3 March 2016). This natural seawater had
a background concentration of 0.74 nmol/liter dFe (with 1.45
pmol/liter Fe0), 1.67 nmol/liter total ligands, and was naturally
enriched with other essential trace elements such as zinc and
cobalt. We kept our cultures in the exponential growth phase by
regular transfers into the medium freshly amended with 0.3
mmol/liter NaNO3, 10 μmol/liter NaH2PO4.2H2O, 0.1 mmol/liter
Na2SiO3.5H2O (chelexed stock solutions; Chelex-100 BioRad,
Cressier, Switzerland), and 1.27 nmol/liter Se (inductively
coupled plasma standard). Microwaving was used for sterilization
(four consecutive cycles of heating-cooling for 5 min) and vitamins
(0.3 μmol/liter thiamine HCl, 2 nmol/liter biotin, and 0.4 nmol/liter
vitamin B12, final concentration) were added at room temperature.
Before cell transfer, medium was equilibrated at 4°C for 24 hours.
Growth and physiological condition
P. antarcticamonocultures were grown at 4°C, with 50 μmol quanta
m−2 s−1 supplied by cool white fluorescent lights under a 12:12-
hour light:dark cycle. The presence of unwanted prokaryotes and
eukaryotes were not detectable in the cultures after examination
using dual epifluorescence 40,6-diamidino-2-phenylindole staining
(OLYMPUS BX61, Volketswil, Switzerland). Fe limitation was ver-
ified by regular measurements of the maximum photochemical ef-
ficiency of photosystem II (termed Fv/Fm), commonly used as an
index of nutrient status under Fe stress (84). Fv/Fmwas determined
on the basis of variable Chl a fluorescence using the fast repetition
rate fluorometer FastOcean PTX coupled to a FastAct base unit
(Chelsea Technologies). The FastAct base unit allows the circulation
of water around the sample to maintain incubation growth temper-
ature (4°C) during the measurements. Before analyses, cells were
transiently acclimated to dark for 30 min. In our experiments, Fv/
Fm was at a low level of 0.3, which further confirmed Fe limitation
in cells. Cell surface area (S.A.) was determined in vivo in precon-
centrated samples mounted in microscope slides using the micro-
scope OLYMPUS BX61 (Volketswil, Switzerland) coupled with a
Photometrics CoolSnap FX cooled charge-coupled device camera.
Images were analyzed with the imaging software CellSens to deter-
mine cell dimensions, counting about 300 cells.
Probing dFe bioavailability to P. antarctica in natural
seawater samples
The bioavailability of dFe in each seawater sample was estimated on
the basis of intracellular Fe uptake rates of P. antarctica. First, sea-
water samples were allowed to slowly thaw at 4°C in the dark and
split into four subsamples (150 ml, three biological replicates, and
one blank control) in TM-cleaned 250-ml PC bottles. All subsam-
ples were subsequently spiked with the radiolabeled 55Fe (inorganic
as FeCl3, specific activity of 80.85 mCi mg−1; PerkinElmer) that was
added as a low amount (0.15 ± 0.02 nmol/liter, n = 188 subsamples
of natural seawater) so as not to exceed solubility limit of Fe(III) at
4°C (85). The inorganic 55Fe was allowed to equilibrate (with the
mixture of natural ligands present in the natural samples) at the

experimental temperature of 4°C for 24 hours and in total darkness
to avoid photodegradation. To begin the experiment, about 100 ml
of P. antarctica culture was gently (pressure < 0.5 mmHg) collected
onto acid-cleaned 2-μm pore-size PC filters and rinsed three times
for 2 min with 10 ml of Fe-free artificial seawater. Then, cells were
resuspended in 7 to 8 ml of Fe-free artificial seawater (description
below), resulting in an ~12 times concentrate culture from which
300 μl was taken and added to each subsample preequilibrated
with 55Fe. One milliliter from incubation bottles was systematically
taken for immediate in vivo determination of Chl a fluorescence
measurements (Turner Designs Inc.) and cell abundance to (i)
verify similar addition of biomass between samples and (ii)
further normalize Fe uptake rates among incubation bottles. Cell
abundance was determined using a cell counter and analyzer
system CASY Model TTC (Roche Innovartis, Reutlingen,
Germany) equipped with a 60-μm capillary. The incubation
began the moment cells were inoculated and lasted for 24 hours
in the dark. All manipulations and incubations were conducted at
4°C. One subsample served as blank control by incubating killed
cells (2% formaldehyde) and was treated identically.

After the 24-hour incubation time, cells were collected by filtra-
tion onto 2-μm pore-size nitrocellulose filters (Whatman). To
remove any 55Fe not internalized, cells were rinsed three times
with 5 ml of titanium-citrate-EDTA solution (2-min contact time)
followed by two rinses with 10ml of 0.2-μm filtered seawater (1-min
contact time) (86–88). Counts per minute (cpm) were determined
using a Tri-Carb 2900TR liquid scintillation counter after 10-min
analyses (PerkinElmer, MA, USA). Values from blanks accounted
for nonbiologically mediated retention of 55Fe on the filters (one
blank per sample depth) and were subtracted from cpm measured
for the corresponding depth. The results were transformed into dis-
integrations per minute at reference date considering the specific
activity of 55Fe source and the counting efficiency by the scintilla-
tion counter (calculated using the quenching factor determined for
each sample and the regression equation of a homemade quenching
curve using acetonitrile as quenching agent). Intracellular Fe uptake
rates (ρFeint, in mol Fe hour−1 per cell) were obtained following nor-
malization by filtered volume, incubation time, and cell abundance

ρFeint¼ðQ�55FefilterÞ=ðincubation time� cell abundanceÞ

with Q = (dFe in situ + 55Fe added)/55Fe added
and
55Fefilter = (CPM sample – CPM blank)/(55Fe specific activity ×

counting efficiency)
Calculation of Fe uptake rate constants—kint
To evaluate the relative dFe bioavailability of SO seawater from our
Fe uptake experiments, it was necessary to also determine Fe uptake
rate constants by cells in seawater free of any ligands. Therefore, we
performed additional incubations to calculate Fe internalization
rate constants (kint) by our model organism (36, 38, 50). To do so,
P. antarcticawas inoculated in incubation bottles with artificial sea-
water AQUIL medium [modified by the absence of the TM-buff-
ered EDTA; (89)] containing different additions of inorganic 55Fe
(55FeCl3, as above). The kint was determined from the slope of the
linear increase of intracellular Fe uptake rate as a function of various
dFe concentrations ranging between 0.3 and 0.7 nmol/liter and was
2.28 × 10−10 liter cell−1 hour−1. Despite Chelex treatment (Chelex
100 ion exchange resin, Bio-Rad), our synthetic medium contained
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0.22 nmol/liter background dFe, which was considered in our cal-
culation. When dFe is not complexed by ligands and is below the
solubility limit of Fe(III), which is the case in our artificial seawater,
total dFe therefore equals the dFe0 concentration in the medium.

The kint was used to further estimate the relative bioavailability of
Fe complexed to natural ligands (FeL). We compared the Fe uptake
rates measured in natural seawater samples to those predicted from
the kint (by multiplying kint with total dFe concentration of the
sample). Given that Fe0 is considered as fully bioavailable (15, 20,
36) and that dFe is mainly bound to ligands in natural seawater
(90), the comparison of Fe uptake in the presence (FeL) and in
the absence (Fe0) of ligands provided a measure of the relative bio-
availability of Fe across depths and stations. Therefore, here, we
defined bioavailability (%) as the proportion of dFe uptake in the
conditions tested (i.e., collected seawater with natural ligands) rel-
ative to the predicted Fe uptake rate using the kint regression

Bioavailability ð%Þ ¼

ρFeintðmol Fe cell� 1 day� 1Þ=kintðliter cell� 1 day� 1Þ�dFe ðmol Fe liter� 1Þ� 100

Fe uptake rates measured in our study were in good agreements
with previous investigations on P. antarctica. For instance, (49)
measured from 0.23 to 30.98 μmol Fe LCV−1 hour−1 (LCV, cell
volume in liter) in short term (8 to 15 hours) uptake of FeDFB
(DFB) experiments by P. antarctica (clone AA1). Taking into
account the difference in cell volume of our strain (14.5 fl cell−1
versus 16.4 to 18.1 fl cell−1 for clone AA1), we found similar
values that ranged from 0.28 to 10.72 μmol Fe LCV−1 hour−1.
Only station TMR12 is an exception (0.01 to 0.03 μmol Fe
LCV−1 hour−1).
Calculating surface area–normalized Fe uptake rate constant
—kin-app/S.A.
To calculate the kin-app, one assumption is that cells were accessing
Fe mostly from the FeL pool. Fe uptake rates by P. antarctica greatly
exceeded diffusive flux of equilibrium concentrations of Fe0 (table
S1). This implies that cells mostly accessed Fe from the FeL pool,
probably by the mean of extracellular reduction of the complexes.
A second assumption made was that Fe uptake is linear (37)
throughout the incubation experiment. For the uptake to remain
linear, cells should not be affected by the depletion of the dFe
(37), thereby the pool of dFe available should be substantially
higher than Fe acquired by the cells. This criterion was also verified
as we estimated that more than 95% of dFe at initial times were still
available by the end of the incubation.

Statistics and data treatment
All data are given as the means and SDs of three biological replicates
unless otherwise indicated. Correlation coefficients between Fe
chemical speciation, Fe uptake rates, and estimated dFe bioavailabil-
ity were determined using Pearson Product Moment. Data visuali-
zation and statistical analyses (correlations and PCA) were
performed using SigmaPlot 11.0 (SysStat Software, CA, USA) and
R Studio and package corrplot (91).

Supplementary Materials
This PDF file includes:
Figs. S1 to S4
Tables S1 and S2

View/request a protocol for this paper from Bio-protocol.
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