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Abstract

The distribution of dissolved iron and its chemical speciation (organic complexation and redox speciation) were studied

in the northeastern Atlantic Ocean along 231W between 37 and 421N at depths between 0 and 2000m, and in the upper-

water column (upper 200m) at two stations further east at 451N101W and 401N171W in the early spring of 1998. The iron

speciation data are here combined with phytoplankton data to suggest cyanobacteria as a possible source for the iron

binding ligands. The organic Fe-binding ligand concentrations were greater than that of dissolved iron by a factor of 1.5–5,

thus maintaining iron in solution at levels well above it solubility. The water column distribution of the organic ligand

indicates in-situ production of organic ligands by the plankton (consisting mainly of the cyanobacteria Synechococcus sp.)

in the euphotic layer and a remineralisation from sinking biogenic particles in deeper waters. Fe(II) concentrations varied

from below the detection limit (o0.1 nM) up to 0.55 nM but represented only a minor fraction of 0% to occasionally 35%

of the dissolved iron throughout the water column. The water column distribution of the Fe(II) suggests biologically

mediated production in the deep waters and photochemical production in the euphotic layer. Although there was no

evidence of iron limitation in these waters, the aeolian iron input probably contributed to a shift in the phytoplankton

assemblage towards increased Synechococcus growth.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Iron limits primary productivity in a major part
of the global ocean (Behrenfeld and Kolber, 1999;
Coale et al., 1996). However, the chemical specia-
tion of iron and its distribution and effects on
front matter r 2006 Elsevier Ltd. All rights reserved
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uptake by microorganisms are not yet fully under-
stood. Dissolved iron tends to be strongly com-
plexed by organic ligands (Gledhill and van den
Berg, 1994; Rue and Bruland, 1995, 1997; Van den
Berg, 1995; Boye et al., 2001) which are thought to
enhance the otherwise very low (0.1 nM) iron
solubility (Wu et al., 2001). In spite of the strong
organic complexation, there is evidence that iron
can occur as Fe(II) in the upper water column
(Waite et al., 1995; Zhuang et al., 1995) and in
surface waters over the continental shelf (Boye
.
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et al., 2003). Previous studies of the speciation of
iron in the oceanic water column have tended to
ignore its redox speciation, and these have been
determined together only once before in waters
along a surface transect of the Atlantic (Boye et al.,
2003). It has not yet been established which form of
iron (organically complexed Fe(III), inorganic
Fe(III), or Fe(II)) is bioavailable (Timmermans et
al., 2001). The various chemical forms of iron may,
on the other hand, have taxon-specific bioavail-
ability. It is possible, for example, that prokaryotic
and eukaryotic species have different abilities to
obtain iron bound to organic chelators (Hutchins
et al., 1999).

The iron cycle in the North Atlantic Ocean is still
poorly understood. Dissolved iron concentrations in
surface waters of the North Atlantic are probably
spatially and temporally highly variable, due to
episodic deposition of Saharan dust (Duce and
Tindale, 1991; Jickells and Spokes, 2001; de Jong
et al., 2000), hydrographic features, such as fronts
and eddies (de Jong et al., 2000), and biological
activity. The distribution of dissolved iron in the
water column of the northeast Atlantic Ocean has
been studied before (Landing et al., 1995; Martin
et al., 1993; Wu et al., 2001; de Jong et al., 2000;
Laës et al., 2003). However, much less is known
about the speciation of dissolved iron. The extent of
organic complexation of iron has been determined
in the north-east Atlantic (Gledhill and van den
Berg, 1994; Wu et al., 2001; Boye et al., 2003), in the
north-western Atlantic (Wu and Luther, 1995;
Witter and Luther, 1998) and in the south and
equatorial Atlantic (Powell and Donat, 2001). The
distribution of Fe(II) has been determined only in
surface waters of the north-east Atlantic (Boye
et al., 2003). Because of the high atmospheric inputs
to the north-east Atlantic Ocean (Duce and Tindale,
1991), iron is not expected to be a limiting factor of
phytoplankton growth in this area. However, it has
been suggested that iron may regulate export
production in oligotrophic regions of the ocean
(DiTullio et al., 1993; Young et al., 1991) primarily
limited by nitrate levels such as in the North
Atlantic central gyre. Recently, incubation experi-
ments demonstrated that relatively high dissolved-
iron concentrations in surface waters (e.g. 0.4 nM)
act, in concert with limitation by major nutrients, as
an important factor controlling phytoplankton
growth, phytoplankton community structure and
nutrient drawdown in the north-eastern Atlantic
Ocean (Blain et al., 2004).
This work describes the organic complexation
and redox speciation of iron in the water column of
the NE Atlantic relative to the abundance of
phytoplankton and the prevailing hydrography,
atmospheric iron supply and biogeochemical and
photochemical processes.

2. Sampling and analytical procedures

2.1. Sampling

Samples were collected during the MERLIM’98
cruise, which took place during early spring (March
1998) on board the Research Vessel Pelagia (cruise
64 PE 114) in the eastern North Atlantic Ocean.
Four stations were sampled at depths between 0 and
2000m, at 231W between 42 and 371N, and two
stations further east were sampled in the upper-
water column (0–200m) at 451N/101W and 401N/
171W. The station locations are shown in Fig. 1.
Two stations were sampled at nearly the same
position (St. 6 and 10, see Fig. 1), but at 7 days
interval, to see if changes occurred over a brief time
interval.

Samples from the water column were collected
with 10 pre-cleaned 12L Go-Flo bottles on a Kevlar
wire. The samples were collected during a shallow
cast from 10 down to 200m and a deep cast from
250 down to 2000m. The Go-Flo samples were
closed by means of Teflon messengers and after
retrieval directly stored in a clean Class 100
container. Samples were filtered over 0.2 mm poly-
carbonate membrane filters (Poretics) at a nitrogen
pressure of 0.5 bar, and the filtered seawater was
collected in clean polyethylene bottles. Subsamples
were filtered directly into 30mL sample vials
(Sterilins) containing bipyridyl to stabilize Fe(II)
(Boye et al., 2003); thus the exposure time of the
samples after their release from the closed sample
bottle was minimized to around 1min.

The chemical speciation was carried out on-board
ship, in a Class 100 container, within 1–2 days of
sample collection; samples were stored in a refrig-
erator at �4 1C until analysis. Sub-samples for
Fe(II) determination were taken immediately after
opening of the Go-Flo bottle by running filtered
water into two 30mL Sterilin tubes, of which one
already contained bipyridyl to fix the Fe(II).
Voltammetric analysis of the Fe(II) speciation was
undertaken immediately.

Phytoplankton numbers and species composition
were determined by flow cytometry (Coulter
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Fig. 1. Map of the sampling locations for the St 2, 4, 6, 8, 9, 10 (the positions are shown in Table 1) and for five stations from previous

studies (471N201W: Martin et al., 1993; 341N131W: Landing et al., 1995, 461260N61590W (St. 27) and 46181W (St. 28): Laës et al., 2003;

22.81N36.81W: Wu et al., 2001).
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XL-MCL), excitation wavelength 488nm. Phyto-
plankton was separated from other particles based
on the chlorophyll signal (Long Pass 610nm). In
addition, phycoerythrin (PE) containing species
(Synechococcus sp.) were assigned using the fluores-
cent signal of this pigment in the 550–590nm region
(Band Pass 575720nm) (Veldhuis and Kraay, 2004).

2.2. Analytical procedures

2.2.1. Reagents

Milli-Q-water (‘‘MQ’’, resistance 18.2MO) was
used for reagent preparation and for rinsing.
Hydrochloric acid, ammonia and methanol (Merck,
AnalaR grade) were purified by sub-boiling distilla-
tion using a quartz, cold-finger, distillation
unit. The pH of a 1M solution of HEPPS buffer
(N-2-hydroxylethylpiperazine-N0-3-propanesulpho-
nic acid, BDH product) was adjusted with ammonia
to give pH 8 when diluted 100-fold with seawater.
Contaminating trace metals were removed by
equilibration with 50 mM manganese oxide followed
by filtration (0.2 mm). A 0.02M 1-nitroso-2-naphtol
(NN) solution in methanol was used without further
purification. A stock solution of 0.4M potassium
bromate (AnalaR product) was prepared in MQ
and cleaned by equilibration with NN (20 mM) at
pH 8 (using HEPPS, 5mM), followed by extraction
using a Sep-Pak C18 cartridge (activated with
methanol). For the indirect determination of Fe(II)
a 2mM Bp (2,2-bipyridyl) solution was prepared in
0.01M HCl. A stock solution of 10�6M Fe(III),
was prepared in 0.01M hydrochloric acid, using a
standard iron solution (BDH SpectrosoL); this
solution also contained 2.8mM nitric acid.

2.2.2. Equipment

An Autolab voltammeter (Eco Chemie, The
Netherlands) was used for the voltammetric ana-
lyses, in conjunction with a Metrohm (Herisau,
Switzerland) 663 VA electrode stand (in the hanging
mercury drop mode, drop size approximately
0.5mm2). The reference electrode was double-
junction Ag/saturated AgCl in 3M KCl/3M KCl,
and the counter electrode was glassy carbon. During
the adsorption step solutions were stirred by a
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PTFE rod rotating at 2500 rpm. The voltammeter
was controlled by an IBM-AT compatible compu-
ter.

2.2.3. Determination of iron speciation

Iron was determined by catalytic cathodic strip-
ping voltammetry (CSV) using bromate as oxidant
(Aldrich and van den Berg, 1998). Dissolved iron
was determined by CSV using 10 mM NN after
UV-digestion at the original seawater pH. The
UV-digestion of the sample for at least 90min
(without acidification) has been shown to efficiently
destroy the iron-binding capacity of the dissolved
organic ligands (Rue and Bruland, 1997; Aldrich and
van den Berg, 1998). To calibrate the accuracy of this
method, an intercomparison excercise for dissolved
iron was conducted comparing the dissolved Fe
concentrations measured by CSV (in UV-digested
samples) and by FIA-Chemiluminescence detection
after acidification of the sample (de Jong et al., 2000).
The result of this exercise showed a good agreement
of dissolved Fe concentrations between these two
fundamentally different techniques and is presented
in detail elsewhere (de Jong et al., 2000).

Total dissolved iron concentrations were deter-
mined after UV-digestion, and labile concentrations
before UV-digestion, except samples from the deep
waters at station (St.) 10 which were analysed
without UV-digestion but at a high concentration
(50 mM) of NN (high-labile iron) after 2min
equilibration in the voltammetric cell prior to the
measurement by CSV. The high-labile iron concen-
trations, and the mean ratio of FeUV/Felabile ¼ 1.54
at St. 4, 8, 9 and 10, was used to obtain comparable
numbers for the total dissolved iron concentrations
for the deep waters at St. 10.

Iron complexing ligands were titrated with iron
with detection of labile iron by CSV using ligand
competition against the analytical ligand NN to
evaluate the complex stability (Gledhill and van den
Berg, 1994; Van den Berg, 1995; Boye et al., 2001).
The titrations were at pH 8.0 using 0.01M HEPPS
pH buffer and 5 mM NN. Equilibration was over-
night, and the bromate was added 3min before the
first voltammetric scan.

Fe(II) concentrations were calculated by differ-
ence between the iron measured before ( ¼ labile
iron) and after ( ¼ labile Fe(III)) the addition of a
specific-Fe(II) binding ligand (10 mM of 2,2-bipyr-
idyl, Bp) to the filtered sample, using 20 mM of NN,
40mM of bromate and 0.01M HEPPS (Aldrich and
van den Berg, 1998); the NN was added 30min after
the Bp addition. The detection limit was 0.1 nM
Fe(II).

2.2.4. Calculation of the organic complexation of

iron at thermodynamic equilibrium

Ligand concentrations (L) and conditional stabi-
lity constants (K0FeL ¼ [FeL]/([Fe3+][L0])) were cal-
culated by linear least-squares regression of the
titration data to the following equation (Van den
Berg and Kramer, 1979; Ruzic, 1982; Van den Berg,
1982):

½Felabile�=½FeL�

¼ ½Felabile�=½L� þ ðaFe þ aFeNN3
Þ=ð½L�K 0FeLÞ.

ð1Þ

Here log aFe ¼ log ð½Fe0�=½Fe3þ�Þ ¼ 10 (Hudson et
al., 1992), where [Fe0] is the concentration of
inorganic iron including all inorganic Fe(III)
species, and log aFeNN3

¼ log ð½FeðIIIÞNN3�=½Fe
3þ�)

which was calculated from log aFeNN3
¼

log ðb0FeNN3
½NN�3Þ ¼ 12:5 (using logb0FeNN3

¼ 28:39
(Gledhill and van den Berg, 1994)).

The relative standard deviation of repeated (5� )
determinations of the ligand concentration was
better than 10%, and better than 1% for the
conditional stability constant.

The free metal ion concentration [Fe3+], the
inorganic metal concentration [Fe0], the concentra-
tion of organic metal complexes [FeL] were
calculated assuming thermodynamic equilibrium,
as described before (Boye et al., 2001).

3. Results

3.1. Sampling area hydrography

The northern part of the study area (St. 2) was
characterized by deep vertical mixing (upper 150m)
associated with strong winds (Fig. 2). Between 371N
and 421N, the surface waters of the southern
stations were under the influence of the broad
circulation scheme of the North Atlantic subtropical
gyre. Along the 231W meridian, the water column
was characterized by a complex series of remnant
mixed layers in the upper waters. The mixed layer
occupied the upper 50 (St. 8) to 100m (St. 6). Below
this a pycnocline of �10m extent separated a deeper
remnant mixed layer that reached down to �150m,
which is the deepest winter-time mixed layer in this
region (Measures et al., 1995). From approxima-
tively 200m, the base of the various mixed layers, to
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�900m a linear T/S region revealed the presence of
the North Atlantic Central Water (NACW), formed
in the northeast Atlantic by deep winter-time
convection. Underlying the NACW was the high-
salinity Mediterranean Outflow Water (MOW)
centred around 800–1100m (Fig. 2). Its salinity
signature was about 35.5 (St. 8) to 35.7 (St. 6)
decreasing to the north. MOW represents a dilute
form of the Mediterranean source water that exits at
the Strait of Gibraltar as a mix of Levantine
Intermediate Water and the underlying Western
Mediterranean Deep Water, with a salinity of 38.44
(Measures and Edmond, 1988). Using this latter
value and assuming that the MOW mixes with
NACW with a mean salinity of 35.4470.07 (the
value of the NACW salinity minimum above the
MOW), then the average salinity of the MOW
(35.6570.08) in the study area indicates a 14 fold
dilution (7.1% original MOW and 92.9% NACW).
Below the MOW a mix of North Atlantic Deep
Water and Labrador Sea Water (LSW) is found.
3.1.1. Nitrate and chlorophyll-a (Chl-a)

Nitrate was depleted in the upper-mixed layer,
except in the northern part of the area, at St. 8
which had residual levels of 3–4 mM nitrate (Fig. 3).
Higher nitrate levels in the surface waters at St. 8
are in line with upwelling of nutrient-rich deep
waters due to the influence of the more or less
permanent frontal system (at about 421N) asso-
ciated with the northern side of the North Atlantic
gyre (de Jong et al., 2000; Nolting et al., 2000).
Nitrate concentrations in the surface waters slightly
decreased over the 7-days sampling time from St. 6
to 10 (Fig. 3).

The nitrate concentrations increased with depth
below the mixed layer (Fig. 3), converging to similar
levels at all stations below the deepest winter mixed
layer (�250m), at concentrations between 8.7 and
19 mM NO3.

Chl-a concentrations was between 0.5 and
1.3 mgL�1 in the chlorophyll maximum. The south-
ern part of the area (St. 6 and 10) was characterized
by a sub-surface maximum of Chl-a at depths
between �40 and 70m, whilst the northern part (St.
2, 4, 8, 9) showed a band of relatively uniform
chlorophyll levels in the upper �50–75m of the
water column except at St. 2 where the chlorophyll
band extended to 150m depth, probably resulting
from wind-associated deep mixing (Fig. 3). Chl-a
concentrations slightly decreased over 7 days (i.e.
the sampling time between St. 6 and 10), as shown
in Fig. 3. The chlorophyll concentration generally
increased northward along the 231W meridian and
had highest levels at St. 8.
3.1.2. Major algal species composition

The large eukaryotes (45mm) dominated in terms
of relative chlorophyll fluorescence biomass at all
stations, except at St. 2 and 10 (data not shown).
However, the large eukaryotes were numerically not
the predominant species (see below). As a result, the
cells’ abundance pattern differs somewhat from the
chl-a pattern (Figs. 3 and 4).

Cell numbers in the upper 50m were greater at St.
4 [(5879)� 103 cellsmL�1, n ¼ 6] and St. 8
[(5473)� 103 cells mL�1, n ¼ 5] than at the more
southerly St. 9 and 10 (about 39� 103 cellsmL�1)
(Fig. 4). Over the 7-day sampling time between St. 6
and St. 10, phytoplankton cell numbers increased
throughout the upper 50m (St. 10), from a peak at
greater depth at St. 6 (Fig. 4). This increase in cell
numbers was mainly due to Synechococcus, which
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dominated the cell numbers and contrasts with a
decrease in chlorophyll over the same period.

Pico-phytoplankton (o2 mm) dominated numeri-
cally the phytoplankton community in the surface
waters. Within this size class the photo-autotrophic
cyanobacteria Synechococcus dominated at all sta-
tions (60–80% of total cells number) (Fig. 4), except
at St. 4 and 8 where another pico-eukaryote co-
occurred. In the southern part of the area, the
phytoplankton composition changed during the 7-
day sampling time between St. 6 and 10, mainly
caused by increases in the relative abundance of
Synechococcus (Fig. 4).

3.2. Metal speciation

3.2.1. Dissolved iron

The distribution of dissolved iron in the water
column showed depletion (concentrations generally
o1 nM, with a mean value of 0.7970.24 nM,
n ¼ 30) within the chlorophyll maximum, and
higher concentrations in the deeper waters (below
the nutricline, at �500m) of �1.470.1 nM
(n ¼ 26); except at St. 2 where iron and Chl-a were
uniformly distributed over the top 150m because of
the wind-associated deep mixing (Fig. 5; Table 1).
The iron concentration in the MOW (1.447
0.07 nM Fe, n ¼ 8) was similar to that in the deeper
waters, and �1.6� greater than in the winter-mixed
layer (0.970.3 nM). The calculated effect of dilu-
tion of MOW containing 2–3 nM Fe (Van den Berg,
1995) at a ratio of 1:14 with Atlantic deep water
containing �1.4 nM would be an increase of around
0.1 nM Fe if no iron is lost because of its low
solubility. Our data does not have sufficient resolu-
tion demonstrate such a small increase in the iron
concentration.

3.2.2. Organic iron complexing ligands

The concentration of the iron complexing ligands
was 1.5–5 times greater than that of dissolved iron,
and was between 1.2 and 3.5 nM in the upper water
column (above the nutricline), and between 1.6 and
3.1 nM below the nutricline. Average concentrations
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of the ligands were greater at depth (3.070.4 nM,
n ¼ 45) than within the Chl-a band (2.170.5 nM,
n ¼ 27) (except at St. 4, see Fig. 5).

Vertical distributions of the ligand concentration
generally showed a sub-surface maximum within or
just below the Chl-a maximum (St. 4, 6, 8, 10), and a
slight increase at depth below the nutricline (Fig. 5).
This general trend was not followed at St. 2, where
the ligand concentration was fairly constant
(�2.3 nM) over the upper 150m, consistent with
the mixing of the upper water column by strong
winds.

As for iron, no systematic north-southward trend
was apparent for the ligand concentrations across
the water masses, but a vertical gradient of its
concentration was apparent. The ligand concentra-
tion in the MOW (2.770.1 nM, n ¼ 8) was 0.7 nM
greater than in the winter mixed layer (2.070.5 nM,
n ¼ 43). Below the MOW, ligand concentrations
were generally slightly higher (2.470.4 nM, n ¼ 11)
than those in the NACW (2.170.2 nM, n ¼ 11).
The ligand concentration in the deep Mediterranean
water is thought to be 6–8 nM (Van den Berg, 1995).
14-fold dilution of deep Mediterranean water with
deep Atlantic water containing a ligand concentra-
tion of �2 nM could cause a ligand concentration in
the MOW about 0.5 nM greater than in the Atlantic
water, which may well correspond to the increases
seen in the MOW around 1000m (Figs. 5 and 7).

The average complex stability (logK0FeL) across
all stations was 20.970.3 (n ¼ 73), and was
constant down the water column: 20.970.4
(n ¼ 25) within the Chl-a bands and in NACW,
21.070.3 (n ¼ 8) in the MOW and �21 in the LSW.

3.2.3. Fe(II)

Fe(II) concentrations varied between below the
detection limit (o0.1 nM) to 0.55 nM, and repre-
sented generally a small fraction (average 6%) but
occasionally up to 50% of the dissolved iron
concentration. The average concentrations of Fe(II)
calculated for the water masses did not show a
north–south trend. The vertical distribution of
Fe(II) showed significant levels in the surface waters
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(50m depth) at St. 8 and 9 (Fig. 6), whilst Fe(II) was
below the detection limit in the top 200m at St. 10
(Fig. 6). The Fe(II) concentrations tended to
increase with the Chl-a concentration, showing a
maximum at and just below the Chl-a maximum
(Figs. 6 and 3). In the deeper waters, Fe(II) was
present at St. 8 (900m), St. 9 (900 and 1065m) and
St. 10 (between 900 and 1500m) at depths where the
concentrations of dissolved iron and the organic
ligands generally increased (Fig. 6). The vertical
gradient of Fe(II) showed a factor 1.8–2.9 difference
between its concentration in the upper winter mixed
layer ([Fe(II)] ¼ 0.0570.1 nM, n ¼ 24) and in the
MOW ([Fe(II)] ¼ 0.170.14 nM, n ¼ 8) or below
this in the LSW: [Fe(II)] ¼ 0.1670.18 nM (n ¼ 10).

3.2.4. Iron speciation at thermodynamic equilibrium

The ligand concentrations were in excess of
dissolved iron with an average concentration of
2.270.5 nM (n ¼ 73) for L compared to
1.170.33 nM (n ¼ 73) for Fe. Calculation of the
chemical speciation of iron at thermodynamic
equilibrium shows that dissolved iron was 98.5%
organically bound throughout the water column
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Table 1

The organic speciation of dissolved iron (o0.2 mm), showing dissolved iron (Fe), ligands (L), stability constant (K0), organic iron (FeL),

inorganic iron calculated at thermodynamic equilibrium (Fe0), reduced iron (Fe(II)), and inorganic Fe(III) corrected for the concentration

of Fe(II): [Fe0cor] ¼ ([Fe]dissolved�[Fe(II)])/[Fe]dissolved� [Fe0]

Station number and

location

Depth

(m)

[Fed]

(nM)

Fe(II)

(nM)

[L]

(nM)

SDL LogK0 SDlogK
0 [FeL]

(nM)

[Fe0]

(pM)

[Fe0cor]

(pM)

St. 2 45.23.51N,

10.37.501W

10 1.45 n.a. 2.31 0.44 20.97 0.04 1.43 17 —

25 1.08 n.a. 2.47 0.58 20.59 0.03 1.06 19 —

50 0.88 n.a. n.a. — n.a. — — — —

75 0.86 n.a. 2.37 0.65 20.71 0.01 0.85 11 —

125 0.80 n.a. n.a. — n.a. — — — —

150 0.78 n.a. 1.94 0.72 20.86 0.01 0.77 9 —

200 0.78 n.a. 2.21 0.75 20.71 0.03 0.77 10 —

St. 4 40.30.051N,

17.47.521W

10 0.80 n.a. 2.57 0.72 20.55 0.05 0.79 12 —

25 0.77 n.a. 2.72 0.61 20.56 0.05 0.76 11 —

50 1.37 n.a. 2.95 0.45 20.75 0.01 1.35 15 —

75 1.23 n.a. 1.6 0.5 20.73 0.01 1.18 52 —

125 1.51 n.a. 1.61 0.54 20.62 0.03 1.37 138 —

150 1.47 n.a. 1.57 0.36 20.92 0.06 1.38 88 —

200 1.59 n.a. 2.05 0.57 20.79 0.01 1.54 49 —

St. 6 37.28.91N,

22.58.701W

10 0.61 n.a. 1.96 0.34 22.25 1 0.61 0.3 —

30 0.56 n.a. 1.55 0.26 21.6 0.26 0.56 1.4 —

50 0.73 n.a. 1.9 0.66 20.72 0.05 0.71 12 —

75 0.79 n.a. 3.52 0.44 20.64 0 0.79 7 —

100 0.84 n.a. 1.69 0.65 20.56 0.09 0.81 26 —

250 1.19 n.a. 2.37 0.63 20.68 0.03 1.17 20 —

1000 1.57 n.a. 2.64 0.53 20.36 0.01 1.52 58 —

1500 1.37 n.a. 2.79 0.51 20.76 0.02 1.35 16 —

2000 1.38 n.a. 1.95 0.58 20.72 0.02 1.34 42 —

St. 8 (surface)

42.35.821N, 23.00.261W

10 0.65 0.07 2.09 0.48 20.75 0.03 0.64 8 7.02

20 0.55 0.11 2.44 0.57 20.6 0.07 0.54 7 5.70

30 0.48 0 1.29 0.48 21.12 0.05 0.48 4 4.48

40 0.70 0.11 1.53 0.37 21.05 0.06 0.69 7 6.21

50 0.65 0 1.5 0.38 21.05 0.08 0.65 7 6.74

75 0.73 0.08 1.85 0.57 20.73 0.01 0.72 12 10.53

100 1.09 0 1.97 0.49 20.79 0.02 1.07 19 19.41

150 1.26 0.14 2.08 0.09 21.22 0.13 1.25 9 8.08

200 1.22 0 2.02 0.39 21.11 0.11 1.20 12 11.47

St. 8 (deep) 42.34.181N,

23.02.341W

250 1.10 0 2.12 0.39 20.52 0.05 1.07 31 30.92

500 1.16 0 2.07 0.29 21.18 0.1 1.15 8 8.29

750 1.38 0 1.78 0.22 20.98 0.05 1.35 33 32.56

900 1.46 0.12 2.63 0.28 21.17 0.08 1.45 8 7.68

1000 1.43 0 2.58 0.32 21.25 0.1 1.43 7 6.97

1500 1.36 0 1.7 0.2 21.44 0.18 1.35 14 14.00

1750 1.31 0 2.73 0.7 20.72 0 1.29 17 17.15

2000 1.35 0.08 2.17 0.31 21.11 0.09 1.34 12 11.75

St. 9 (surface)

40.00.171N, 23.00.011W

15 0.64 0 2.34 0.39 20.93 0.12 0.63 4 4.36

20 0.61 0 2.21 0.55 20.6 0.05 0.60 9 9.46

30 0.50 0.26 2.11 0.32 20.85 0 0.50 4 2.10

40 0.73 0.22 2.37 0.48 20.7 0.02 0.73 9 6.15

50 0.83 0 2.14 0.37 21.14 0.02 0.83 5 4.56

65 1.17 0.3 2.33 0.72 20.87 0.03 1.16 13 9.87

115 1.33 0 2.44 0.21 21.1 0.05 1.32 9 9.42

165 1.40 0 2.05 0.6 20.68 0.03 1.36 41 41.01

200 1.35 0 2.1 0.22 21.26 0.11 1.34 10 9.74

250 1.20 0 2.32 0.45 21.09 0.1 1.19 9 8.52
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Table 1 (continued )

Station number and

location

Depth

(m)

[Fed]

(nM)

Fe(II)

(nM)

[L]

(nM)

SDL LogK0 SDlogK
0 [FeL]

(nM)

[Fe0]

(pM)

[Fe0cor]

(pM)

St. 9 (deep) 40.00.311N,

22.59.841W

500 1.33 0 2.41 0.24 20.85 0.02 1.31 17 16.79

700 1.40 0 n.a. — n.a. — — — —

890 1.41 0.12 2.65 0.14 21.05 0.08 1.40 10 9.13

1000 1.53 0 2.79 0.44 20.89 0.03 1.51 15 15.28

1065 1.55 0.12 2.72 0.44 20.91 0.03 1.54 16 14.72

1250 — 0 n.a. — n.a. — — — —

1500 1.46 0.13 2.09 0.48 21.2 0.08 1.44 14 12.81

2000 1.49 0.19 2.67 0.48 21.17 0.11 1.48 8 7.37

St. 10 (surface)

37.00.541N, 22.59.551W

10 0.63 0 1.17 0.21 21.03 0.05 0.62 11 10.50

20 0.62 0 1.97 0.58 20.78 0.02 0.61 7 7.50

30 0.58 0 1.39 0.14 21.21 0.08 0.58 4 4.41

40 0.83 0 1.52 0.58 20.7 0.03 0.81 23 22.89

50 1.03 0 1.55 0.32 20.97 0.02 1.01 20 19.83

75 1.09 0 2.02 0.45 20.78 0 1.07 19 18.69

100 1.09 0 1.86 0.65 20.57 0.07 1.05 35 35.09

150 1.30 0 2.42 0.45 21 0.06 1.29 11 11.41

200 1.33 0 2.51 0.6 20.93 0.05 1.32 13 12.99

St. 10 (deep) 37.00.101N,

23.00.151W

250 1.28a 0 2.16 0.22 21.05 0.05 1.27 13 12.65

500 1.25a 0 2.2 0.32 20.87 0.03 1.23 17 17.19

650 1.11a 0 2.02 0.51 20.74 0.01 1.09 21 21.27

770 1.34a 0 2.62 0.31 21.09 0.06 1.33 8 8.40

840 1.37a 0 2.78 0.71 20.98 0.05 1.36 10 10.03

960 1.40a 0.42 2.57 0.37 21.14 0.09 1.39 9 5.99

1250 1.52a 0.32 3.15 0.69 20.68 0.01 1.50 19 15.02

1500 1.54a 0.55 2.79 0.48 21.03 0.25 1.53 11 7.27

1750 1.46a 0 2.54 0.39 20.91 0.16 1.44 16 16.20

2000 1.49a 0.3 2.2 0.21 21.17 0.07 1.48 14 11.01

Note: n.a. means not analyzed, — indicates determination not possible.
aCalculated using FeUV/Felabile ¼ 1.54 (e.g. the slope of FeUV ¼ f(Felabile) using data from St. 4, 8, 9 and 10).
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(not considering Fe(II) for now), similar to that
observed in other oceanic waters, such as the North
Pacific (Rue and Bruland, 1995), the Equatorial
Pacific (Rue and Bruland, 1997), the North Atlantic
(Gledhill and van den Berg, 1994; Wu and Luther,
1995; Witter and Luther, 1998), the South and
Equatorial Atlantic (Powell and Donat, 2001), the
Mediterranean Sea (Van den Berg, 1995) and the
Southern Ocean (Boye et al., 2001; Nolting et al.,
1998).

The average a-coefficient for organic complexa-
tion of iron was (log value) 12.370.3 (n ¼ 73). The
average concentration of inorganic iron (Fe0) at
thermodynamic equilibrium was 18 (720) pM
(n ¼ 73), and its fraction of dissolved iron was 1.5
(71.3)%.

The vertical profiles of inorganic iron (Table 1)
showed some variability with depth, and generally
the concentrations of inorganic iron were lower in
the Chl-a layer than at greater depth. A sub-surface
maximum occurred at depths of 100–160m, just on
or below the nutricline, which may be evidence of
regeneration.

4. Discussion

4.1. The distribution of dissolved iron (0– 2000 m)

All stations (except the short St. 2) showed lower
upper water column (top 250m) concentrations
than deeper water levels (Fig. 5), in line with uptake
by phytoplankton and regeneration at depth. Most
stations also had a slightly higher iron concentra-
tion in the sample(s) nearest the surface at 10–20m
depth (Table 1), indicative of aeolian deposition
which is the dominant process for iron input in this
region (Duce and Tindale, 1991; Visser et al., 2003).
In the thermocline, below 250m, the concentration
of dissolved iron increased, similar to that of
nitrate. The increase in the iron concentration was
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Fig. 6. Comparison of the distribution of dissolved iron (Fe), reduced iron (Fe(II)), the Fe(III)-binding organic ligand (L) and dissolved

oxygen (O2) in the water column of St. 8–10.
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positively correlated to that of nitrate ([NO3]mM ¼
20[DFe]nM�11, r2 ¼ 0:60, n ¼ 30) at all deep water
stations (6, 8, 9, and 10), consistent with the
remineralization of biogenic particles at depth,
releasing iron and nutrients at a relatively constant
ratio (Johnson et al., 1997).

Previous studies of the northeast Atlantic Ocean,
either north (Martin et al., 1993; Laës et al., 2003)
or south (Landing et al., 1995; Wu et al., 2001) of
our study area, generally found lower iron concen-
trations in the water column (0.3–0.8 nM less) than
reported here. The relatively elevated dissolved iron
concentrations recorded in our survey could be due
to a systematic offset in our data or to input from a
Saharan dust storm that crossed the area at the
beginning of our cruise. Evidence of the dust plumes
can be seen on SeaWIFS satellite images from 4–17
March 1998. The dust outbreak that started at the
beginning of March was an extension of an earlier
period of dust pulses in January–February 1998
(Torres-Padrón et al., 2002) classified as the highest
dust outbreak activity in the Canary Island region
since 1985 (Pérez-Marrero et al., 2002). Similar
elevated dissolved iron concentrations (�1.04 nM in
the surface mixed-layer and �1.65 nM at depths
below 250m) were detected by a different analytical
method (FIA-chemiluminescence), and high dis-
solved aluminium concentrations (�16 nM in the
surface mixed-layer to �24 nM in the MOW), which
can be used as a proxy of atmospheric dust input,
were recorded in these waters during the same cruise
(de Jong et al., 2000; de Jong et al., submitted).
Several observations have shown that atmospheric
dust deposition may episodically and locally in-
crease the Fe concentration in oceanic surface
waters (Bruland et al., 1994; Kremling and Streu,
1993; Sarthou et al., 2003; Lenes et al., 2001).
However it was not expected that dust deposition
would leave as high iron levels in its wake as
recorded in our survey to be exported to the deeper
waters, since the solubility of iron in atmospheric
particles is thought to be extremely low (Jickells and
Spokes, 2001) and the residence time of iron in
surface seawater rather short (Jickells, 1999; de Baar
and de Jong, 2001). For this reason we do not wish
to exclude the possibility that later data will
demonstrate that our iron concentrations are too
high.

The detected ligand concentrations (see below)
were always much greater than the iron concentra-
tions, so the conclusions of this work are not
affected by a possible systematic error in the iron
concentrations at some of the stations. However,
the absolute ligand concentrations would be over-
estimated by the same amount (0.3–0.8 nM) as the
iron concentrations.
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4.2. Distribution of Fe-binding ligands in the water

column (0– 2000 m)

The ligand concentrations found in this study
were generally lower than those reported previously
for the North Atlantic Ocean (Gledhill and van den
Berg, 1994; Wu and Luther, 1995; Witter and
Luther, 1998), and also the conditional stability
constants (average logK value of 20.9) were
generally lower, and also lower than logK values
(around 22–24) reported for the Equatorial and
South Atlantic (Powell and Donat, 2001). It is not
clear whether this systematic difference is due to
abundance of different ligands or due to different
methods of calculation as some of the literature data
is based on Fe0 concentrations and ours on Fe3+.

The vertical distribution of the ligands showed
systematic variations with depth, indicative of
processes of production and removal. Several
stations (2, 4 and 10) showed a near-surface
depletion of the ligands, suggesting photochemical
breakdown of the ligands. The possibility of this
process has been reported before for complexing
ligands of iron (Van den Berg, 1995; Rue and
Bruland, 1997) and copper (Moffett et al., 1990). In
association with the photochemical breakdown of
the organic ligands it is possible that the iron is
reduced and released as Fe(II) by microorganisms
(Rue and Bruland, 1997), which, however, is not
apparent in the profiles of Fe(II) at St. 8 and 9
(Fig. 6). The time scale of photochemical Fe(III)
reduction and subsequent oxidation is much shorter
than that for photochemical breakdown of the ligands,
so it is quite likely that the signal of photochemical
breakdown is apparent from lower ligand concentra-
tions but not in the presence or absence of Fe(II).

At some stations (4 and 10) the ligand concentra-
tion was greater within the chlorophyll layer than
below. One ligand concentration, at 75m at St. 6,
stood out as being very high, and was located just
below the Synechococcus cell-number maximum.
Ligand concentrations were almost as high at St. 4,
also peaking below the Synechococcus layer, which
suggests that this cyanobacterium could be an
important source of the ligands. For instance, the
high-integrated concentration of the ligands in the
chlorophyll layer at St. 4 (Fig. 5) coincides with the
highest Synechococcus cell-number found during
this cruise (Fig. 4). However, no simple relation is
apparent between the ligands and the chlorophyll
(or the cell number) concentration, as linear
regressions gave positive (St. 4) as well as negative
(St. 8, 10) fits. This suggests that ligand removal
processes were superimposed on the production
processes, causing systematic variations during the
procession of phytoplankton development. For
instance, the increase in Synechococcus sp. abun-
dance and the dissolved iron concentration in
surface waters from St. 6 to 10 was not followed
by an increase in the ligand concentration. Cyano-
bacteria are thought to rely on siderophore–Fe
complexes to obtain iron (Granger and Price, 1999).
It is possible that ligands were produced after the
apparent iron input, and removed again (presum-
ably complexed with iron) as a result of uptake by
the growing Synechococcus sp., if the ligands were
siderophore-type ligands. The very high ligand
concentration (3.5 nM) at 75m at St. 6 has
disappeared at St. 10 and the surface ligand
concentrations decreased (from 2.1270.8 nM,
n ¼ 5, at St. 6; to 1.5270.29, n ¼ 5, at St. 10).
Based on that decrease, the removal rate of the
ligands by Synechococcus sp. would be equivalent to
�1.22� 10�8nmolcell�1d�1, byD[cellsmL�1]�7� 103

as detected over the 7 days sampling time between
St. 6 and 10.

The nature of the organic ligands is still uncertain
in oceanic waters. The complex stability of the
ligands found in this study (average logK0FeL ¼

20.9) is less than that for siderophores which have
logK values nearer 23 (Rue and Bruland, 1995,
1997), suggesting that these ligands might be
chemically different. However this difference does
not rule out the possibility that both classes of
ligands were siderophores-type chelators. Indeed
autotrophic bacteria, such as Synechococcus sp. and
Prochlorococcus sp., as well as heterotrophic bacter-
ia, are extremely abundant in the surface waters of
the equatorial Pacific Ocean (Chavez et al., 1991;
Kirchman et al., 1995), while Synechococcus domi-
nated the pico-assemblage in the surface waters of
the northeastern Atlantic Ocean. Since both cyano-
bacteria and heterotrophic bacteria are known to be
capable of producing siderophores (Wilhelm and
Trick, 1994, 1995; Reid et al., 1993), it can be
expected that different types of siderophores are
produced by the different prokaryote assemblages
of the Pacific and of the Atlantic. Furthermore it is
unlikely that the ligands were degradation organic
products, such porphyrins (Rue and Bruland, 1995,
1997), released during grazing (Hutchins and Bru-
land, 1994) or cell lysis (Rue and Bruland, 1997).
Indeed the general decrease in the ligands concen-
tration while the pico-assemblage decreased over
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the 7 days between St. 6 and 10, probably due to
nutrients limitation, did not fit with ligands being
degradation products.

The deep-water ligand concentrations were gen-
erally greater than within the euphotic layer,
suggesting that the ligands are either released from
sinking biogenic particles, or by bacteria living in
the deep waters. The constant complex stability
throughout the water column suggests that the
ligands must have been of a similar composition,
but it is possible that a method with better
resolution would discover systematic differences.

Highest ligand concentrations in the deep waters
were found within the waters associated with
MOW, (Fig. 2). Their complex stabilities
(logK0FeL�21.0) are in the range that was observed
before in the Mediterranean (logK0FeL ¼ 19.8–21;
Van den Berg, 1995), indicating that the ligands are
similar. The ligand concentrations within the MOW
(2–2.5 nM) were lower than in the Mediterranean
(6–8 nM) (Van den Berg, 1995), which is to be
expected because of dilution of the Mediterranean
water on its journey northward into the Atlantic
Ocean. If the ligands observed in the MOW are in
part the same as those produced within the
Mediterranean Sea, that would mean that these
ligands behaved conservatively. On the other hand,
it is also possible that a higher remineralization rate
associated with the oxygen minimum of the MOW
(Fig. 6) causes the increase of the ligand concentra-
tion at those depths.

The comparison of the ligand concentration in
deep waters below the MOW (from �1000 to
2000m) from the North Atlantic (�2.4 nM, this
study) to equatorial and South Atlantic waters
(�1.8 nM, Powell and Donat, 2001) and to the
Atlantic sector of the Southern Ocean (�0.7 nM,
Boye et al., 2001) indicates a southward decrease.
This horizontal gradient contrasts with the fairly
constant vertical distribution of the ligand in deep
waters. This indicates that while sources and sinks
of the ligand may be balanced in deep waters, the
residence time may be shorter than the time scale of
water-mass circulation. Only one chemical ligand
group has been detected in this study in the deep
waters, but it is possible that more than one class is
present. As pointed out previously (Boye et al.,
2001) it is possible that another ligand with a
background concentration of �0.7 nM (such as
found in the deep waters of the Southern Ocean)
occurs in the deep Atlantic waters, where it was
masked by the slightly greater iron concentration
and the presence of a ligand at higher concentration.
In this case the weaker ligand group with the
relatively higher concentration detected in the deep
Atlantic would be more chemically reactive than the
stronger ligand co-occuring at a lower concentra-
tion, and was lost first during the deep water masses
circulation. Thus only the stronger ligand class
would be detected in the Southern Ocean. This
hypothesis would also fit with colloidal- (weak)
ligand aggregation (Wu et al., 2001) controlling the
deep-water ligand concentration-gradient between
the ocean basins, hence the inter-ocean deep Fe
fractionation.

Interestingly the concentration of dissolved iron
in the water column of the Atlantic is greater than
its solubility as inorganic iron (0.1–0.2 nM at pH
8.1; Millero, 1998; Wu et al., 2001), which should
lead to iron precipitation especially in the more
highly iron-supersaturated deep waters. It is likely
that the complexation with organic ligands (�98%)
maintains the dissolved iron at levels greater than its
solubility. Therefore the production of organic
ligands under the Saharan dust belt and the organic
complexation favoured the large atmospheric input
of iron to the NE-Atlantic to be kept elevated in
these waters, hence controlling the potentially
available iron reserves.

4.3. Vertical distribution of Fe(II) species

Fe(II) was present in the upper water column (up
to 0.3 nM) and occasionally at greater depths
especially in waters of predominantly Mediterra-
nean origin (up to 0.55 nM), representing 0–50% of
the dissolved iron concentration. These levels
compare with concentrations of 0.2–1.2 nM Fe(II)
(20–60% of the reactive-Fe concentration) in waters
from the North Sea (Gledhill and van den Berg,
1995), of 0.12–0.53 nM Fe(II) in the upper 100m
depths of the equatorial Pacific (O’Sullivan et al.,
1991) and of 0.16–0.86 nM Fe(II) in surface waters
of a transect in the northeast Atlantic through the
English Channel (not considering the highest levels
in nearshore waters of up to 1.8 nM; Boye et al.,
2003).

The half-life of Fe(II) in oxygenated sea water is
thought to be between 2 and 70min (Millero et al.,
1987; Zhuang et al., 1995). In surface oxygenated
seawater Fe(II) should then be rapidly oxidised to
Fe(III) and could precipitate as hydrous ferric oxide
colloids or be complexed by ligands (King et al.,
1993). The presence of significant concentrations of
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Fe(II) in surface waters therefore suggests that
either Fe(II) is continuously produced, or it is
stabilised. Processes that produce Fe(II) in the
surface waters include photochemical reduction
(e.g. Fe–organic complexes or inorganic oxyhydr-
oxides; Waite et al., 1995; Voelker and Sedlak, 1995;
Kuma et al., 1992), enzymatic reduction (e.g. extra
or intra-cellulare enzymes; Barbeau et al., 1996;
Hutchins et al., 1993; Maldonado and Price, 2000),
chemical reduction of Fe(III) by electron exchanges
with organic chelators (e.g. tannic acid; Rich and
Morel, 1990) and reduction within microenviron-
ments (e.g. grazers; Barbeau et al., 1996).

At St. 8 and 9 Fe(II) was present at and just
below the Chl-a maximum and within the cell-
abundance maximum, indicating a link between
reduced iron and biological or microbial activity.
Previous work has shown that Fe(II) is present
throughout the mixed layer in the equatorial
Pacific, with maxima near the surface and at
depths with higher Chl-a concentration (O’Sullivan
et al., 1991). Our study did not show a simple
correlation between Fe(II) concentrations and the
Chl-a content (or cell-abundance), suggesting
that several processes of production and removal
of Fe(II) may have been at work through the
upper water column, as for the organic ligand and
for dissolved iron. Possible processes of Fe(II)
removal are chemical oxidation (Millero et al.,
1987; Millero and Sotolongo, 1989; Kuma et al.,
1996) and biological uptake (Jones et al., 1987).
Fe(II) maxima in the euphotic layer were at
nearly the same depth as maxima in the concen-
tration of the organic Fe-binding ligand and of
the depletion of dissolved iron at St. 8 and 9,
while Fe(II) was not detectable in the upper water
column at St. 10 (Fig. 6). This observation, coupled
with the decrease of the organic ligand concen-
tration at St. 10, may suggest a link between
the production of Fe(II) species, the production of
the organic ligand and the increase in cell num-
bers. It has been proposed for instance that the
biota (bacteria or phytoplankton) may release
ligands or reductants by exudation or as a by-
product of biodegradation, which can enhance the
reduction of iron (Sulzberger et al., 1989). Kuma
et al. (1992) explained high concentrations of Fe(II)
(20–40 nM) in oxic surface waters during a spring
bloom by the photoreduction of Fe(III) in the
presence of hydrocarboxylic acids, which were
possibly released by phytoplankton during the
spring bloom.
Fe(II) was also present in deep waters at St. 8, 9
and 10, within or just below the MOW. The
presence of detectable Fe(II) levels at these depths
is also associated with the increase of organic ligand
concentrations. Interestingly the increase of Fe(II)
and organic ligand concentrations within the MOW
is associated with a decrease of the oxygen content
(Fig. 6) which makes sense if iron is reduced
generally as a result of reductive processes (organic
matter breakdown) which were predominant at this
depth. Oxygen was not fully depleted, and the
persistence of Fe(II) in the presence of the dissolved
oxygen could suggest that Fe(II) is possibly
stabilized for instance by organic complexation
(Santana-Castiano et al., 2000) or is oxidized very
slowly because of stabilisation by the lower tem-
perature at depth (Millero and Sotolongo, 1989;
Millero et al., 1987).

4.4. Fe-bioavailability

There is still uncertainty about which form(s) of
iron (organically complexed Fe(III), inorganic
Fe(III), or Fe(II)) is bioavailable. Recent work
indicates that the bioavailable iron may well be
inorganic Fe(III) (Maldonado and Price, 2000)
taken up in a reductive process. Counter intuiti-
tively the concentration of such Fe(III) can be
enhanced by siderophores (Kuma et al., 2000),
facilitating photochemical reduction of Fe(III) to
transient Fe(II), with a subsequent re-oxidation to
fresh Fe(III). In this study, total dissolved iron
averaged 0.79 nM (70.24, n ¼ 30) in the Chl-a layer
of all stations; the iron was 99% organically
complexed, leaving a calculated inorganic Fe(III)
concentration of 10.476 pM (n ¼ 26) (disregarding
the smallest and highest outliers). At the same time
the measured concentration of Fe(II) averaged
707100 pM (n ¼ 16). The presence of Fe(II) shows
that these waters are not at thermodynamic
equilibrium. The concentration of Fe(II) was great-
er than that of inorganic Fe(III), indicating that this
transient Fe(II) greatly changes the chemical specia-
tion of iron. The concentrations of Fe0 (inorganic
Fe(III)) are shown in Table 1 with and without
correction for the presence of Fe(II): it can be seen
that the concentrations of Fe0 are lowered by 0–50%
by correcting for Fe(II). The concentration of
Fe(III) was well above the half saturation value
(KmFe(III)) of 1.39 pM as reported recently for
Synechococcus (Timmermans et al., 2005), making it
very unlikely that this species is Fe-limited in these



ARTICLE IN PRESS
M. Boye et al. / Deep-Sea Research I 53 (2006) 667–683 681
waters. Furthermore, assuming that both inorganic
Fe(III) and Fe(II) are equally bioavailable, and
more so than organically bound Fe, the transient
formation of Fe(II) would have increased the
amount of bioavailable Fe by a factor of 10.

The decrease in dissolved iron within the Chl-a
maximum (Fig. 6) indicates that the organic iron was
(directly or indirectly) bioavailable. The organic Fe-
uptake rate of Synechococcus sp. was thus estimated
to be 1.22� 10�17molFe cell�1 d�1 during this study
(assuming that the organic iron uptake rate is similar
to that of the ligands estimated for St. 6 and 10, see
above). This estimate is 5–40� lower than the Fe-
uptake of the coastal Synechococcus PCC7002

(6.4� 10�17molFe cell�1 d�1 in absence of sidero-
phores, and 48� 10�17mol cell�1 d�1 in presence of
siderophores; re-calculated from Trick and Wilhelm,
1995), in agreement with an expected higher iron
requirement of coastal species compared to their
pelagic counterparts (Brand et al., 1983; Brand,
1991). Normalized to cell volume (using a cell volume
of 2mm3, Trick and Wilhelm, 1995), the uptake rate
of organic iron by Synechococcus sp. here is about
6mmolFe (liter cell volume)�1 d�1. This is in the
range of the Fe-uptake rate of the coastal diatom
Thalassiosira weissflogii (�6.5mmolFe (liter cell
volume)�1 d�1; Hudson and Morel, 1990), but it is
7–20� higher than the uptake rates of the oceanic
diatom Thalassiosira oceanica at 0.5–0.8mmolFe
(liter cell volume)�1 d�1 (Sunda and Huntsman,
1995) and of the oceanic coccolithophore Emiliania

huxleyi at 0.3–0.5mmolFe (liter cell volume)�1 d�1

(Sunda and Huntsman, 1995). Compared to the
standing stock of inorganic iron (10.4 pM in average)
and of organic iron (770pM) found in the North
Atlantic, the estimated uptake rate of 1.22�
10�2 fmolFe cell�1 d�1 would suggest that Synecho-

coccus sp. would not be limited by iron in the North
Atlantic either by inorganic or organic Fe. This
finding is in line with that observed in cultures using
oceanic Synechococcus sp. isolated from the surface
waters of the Sargasso Sea (Brand et al., 1983), which
demonstrated that cyanobacteria were limited only at
iron (added as FeEDTA) below 10�8M (Brand et al.,
1983), i.e. below �8pM inorganic iron (using
logK0FeEDTA ¼ 24.3, Gerringa et al., 2000).
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