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Abstract. Iron chemistry measurements were conducted
during summer 2007 at two distinct locations in the Baltic
Sea (Gotland Deep and Landsort Deep) to evaluate the role
of iron for cyanobacterial bloom development in these es-
tuarine waters. Depth profiles of Fe(II) were measured by
chemiluminescent flow injection analysis (CL-FIA). Up to
0.9 nmol Fe(II) L−1 were detected in light penetrated surface
waters, which constitutes up to 20% to the dissolved Fe pool.
This bioavailable iron source is a major contributor to the
Fe requirements of Baltic Sea phytoplankton and apparently
plays a major role for cyanobacterial bloom development
during our study. Measured Fe(II) half life times in oxy-
genated water exceed predicted values and indicate organic
Fe(II) complexation. Potential sources for Fe(II) ligands, in-
cluding rainwater, are discussed. Fe(II) concentrations of up
to 1.44 nmol L−1 were detected at water depths below the eu-
photic zone, but above the oxic anoxic interface. Mixed layer
depths after strong wind events are not deep enough in sum-
mer time to penetrate the oxic-anoxic boundary layer. How-
ever, Fe(II) from anoxic bottom water may enter the sub-oxic
zone via diapycnal mixing and diffusion.

Correspondence to:E. Breitbarth
(ebreitbarth@chemistry.otago.ac.nz)

1 Introduction

1.1 Iron and marine biogeochemistry

Iron and other trace metals have essential roles in the bio-
sphere, serving as the active centers of enzymes and are re-
sponsible for electron transfer reactions in many different vi-
tal biological processes. The large scale multi-disciplinary
iron enrichment experiments in HNLC (High Nutrient Low
Chlorophyll) regions demonstrated the role of iron and co-
limitation with factors such as light and macronutrients
on marine biogeochemical cycles (de Baar et al., 2005,
2007). Generally, iron concentrations are orders of magni-
tude higher in coastal and estuarine waters such as the Baltic
Sea, but iron control of primary production has still been
observed. Iron bioavailability for marine algae is largely
regulated by organic complexation and observations of iron
control in nutrient replete coastal waters indicate that due to
strong DOM-Fe complexation, iron limitation is not confined
to the classic HNLC regions (Bruland et al., 2001; Hutchins
et al., 1998;Öztürk et al., 2002). Therefore, the paradigm
of generally iron-replete and iron-deficient systems has been
refined for some coastal areas, especially with respect to sea-
sonal variations in iron speciation.

In seawater, iron occurs in two oxidation states, Fe(II) and
Fe(III). Thermodynamics strongly favor Fe(III) in the mod-
ern oxygenated ocean, whereas its solubility is low and in the
open ocean largely maintained at sufficient concentrations
for phytoplankton growth by organic complexation (Bruland
and Lohan, 2003; Rue and Bruland, 1995). In coastal and
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especially lower salinity estuarine waters organic and inor-
ganic iron colloids (stabilized by organic matter), play an im-
portant role (e.g. Gustafsson et al., 2000; Sander et al., 2004;
Croot and Johansson, 2000; Wells et al., 2000; Sholkovitz
and Coplan, 1981; Brügmann et al., 1998). Fe(II) is highly
soluble but rapidly re-oxidized to Fe(III) in oxygenated sea-
water (Santana-Casiano et al., 2006). Oxygen and hydrogen
peroxide are the main oxidants of Fe(II) in seawater, while
seawater pH and water temperature strongly affect Fe(II) ox-
idation rates by O2 and H2O2 (Croot et al., 2001; Millero and
Sotolongo, 1989; Millero et al., 1987). Direct photolysis of
organic Fe(III) complexes in surface water can be a signifi-
cant source of Fe(II) in seawater (Barbeau et al., 2003; Croot
et al., 2008). Further key processes include mediation and
uptake by phytoplankton cells (e.g. Maldonado and Price,
1999, 2000, 2001; Kustka et al., 2005; Rose et al., 2005),
reduction in acidic food vacuoles during grazing (Barbeau
et al., 1996), and photoreduction of colloidal Fe (Johnson
et al., 1994; Wells et al., 1991). Fe(II) is considered both
more labile and bioavailable than complexed Fe(III). Uptake
of Fe(II) does not require energetically costly surface reduc-
tion of iron at the cell membrane, or across membrane trans-
port of specific iron ligand complexes and also forms an in-
termediate in iron acquisition systems of eukaryotic phyto-
plankton (Morel et al., 2008; Shaked et al., 2005; Salmon et
al., 2006; Sunda, 2001; Anderson and Morel, 1982). Thus
its presence may imply favorable growth conditions for ma-
rine phytoplankton and particularly an ecological advantage
for surface dwelling nitrogen fixing cyanobacteria over other
phytoplankton if concentrations of other inorganic nitrogen
sources are low.

1.2 The Baltic Sea, cyanobacterial blooms, and iron

The Baltic Sea (Fig. 1) is the worlds largest estuary and forms
a unique and multifaceted coastal and marine environment
due to strong physico-chemical gradients, land influences
(run-off water, riverine and melt-water input), and episodic
oceanic water inflow. The Baltic Sea is extensively used as
a waterway, fishing ground, and for recreational purposes.
Thus it is of high socio-economic value to its riparian nations.
The Baltic Sea ecosystem as a whole has gained increasing
attention and monitoring studies and satellite observations
have shown varying extents of surface slicks with massive
cyanobacterial abundances over the past years (Kahru et al.,
2007; Hansson, 2007). The Baltic Proper, with the Gotland
Basin in its center and the Landsort Deep station on its north-
western margin, is considered as the origin of cyanobacterial
bloom development during summers due to favorable condi-
tions for their growth with regard to salinity and dissolved in-
organic nitrogen: dissolved inorganic phosphate (DIN:DIP)
ratios seasonally as low as 1 (Stal et al., 2003).

Cyanobacterial nitrogen fixation accounts for 20–40% of
the nitrogen input into the Baltic Sea (Larsson et al., 2001).
Low DIN:DIP ratios favor nitrogen fixation and cyanobacte-
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Fig. 1. Map of the Baltic Sea with the two sampling sites: Landsort
Deep (58◦36′ N, 18◦14′ E) and Gotland Deep (57◦18′ N; 20◦04′ E).
Figure produced using Panmap (Pangaea).

rial blooms generally develop over the course of the summer
after eukaryotic phytoplankton has diminished dissolved ni-
trogen sources. On the one hand, the increase in cyanobac-
teria occurrence and density has been attributed to eutroph-
ication (Finni et al., 2001). Alternatively, phosphorus re-
lease from up-welled deep waters may stimulate cyanobac-
teria growth (Stal et al., 2003; Kononen et al., 1996). Iron
as a potentially limiting nutrient for cyanobacterial bloom
development and nitrogen fixation in the Baltic Sea has
been suggested (Stal et al., 1999; Stolte et al., 2006). N2
fixing cyanobacteria have a 2.5–11 fold higher iron de-
mand than other phytoplankton (Kustka et al., 2003a, 2003b,
2002; Sanudo-Wilhelmy et al., 2001) and thus cyanobacte-
rial bloom development may to some extent be controlled by
iron bioavailability. Coastal waters can have a high load of
dissolved organic matter (DOM) and photoreduction of Fe
bound to DOM and specifically also to phytoplankton ex-
udates after previous spring blooms can yield higher Fe(II)
concentrations than in open ocean water. Further, vertical
mixing can introduce high loads of Fe(II) from anoxic sedi-
ments into coastal surface water (Kuma et al., 1992, 1995).
A fraction of iron in lower salinity waters as in the Baltic
Proper is in colloidal form, accounting for 5–10% of the to-
tal Fe concentration during this study (Gelting et al., 2009),
which further can be subject to photochemical reduction and
a source of Fe(II) (Wells et al., 1991; Rijkenberg et al.,
2006a).
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The distributions of trace metals in surface waters of the
Baltic Sea, including studies along the north-south salinity
gradient, and in depth profiles across the redox-cline that
divide the water column in an oxygenated and phosphate
depleted surface zone and an anoxic, metal and phosphate
rich deep water layer have been addressed (Brügmann et al.,
1992; Pohl and Hennings, 2005; Pohl et al., 2004, 2006;
Dyrssen and Kremling, 1990). Brügmann et al. (1998) and
Pohl and Hennings (1999) have described metal speciation
changes after the 1993/1994 salt water inflow and result-
ing bottom water oxygenation events. However, deep wa-
ter anoxic conditions reestablished and no salt water inflow
event was preceding our field season in the summer of 2007.
Further, Ingri et al. (2004) showed a shift in trace metal spe-
ciation from the low molecular weight (LMW) fraction into
the colloidal and particulate phase over the course of a spring
bloom, which would result in seasonal depletion of poten-
tially bioavailable LMW bound trace metals. The Landsort
Deep (LD) and Gotland Deep (GD) regions of the Baltic Sea
are characterized by surface dissolved Fe concentrations in
the low nanomolar range (Strady et al., 2008; Gelting et al.,
2009). Yet, to date no specific information on iron complex-
ation and depth profiles of Fe(II) in the Baltic Sea has been
published.

1.3 Aim of the study

In this study, we address the dynamics of iron speciation in
oxygenated water layers over the course of the Nordic sum-
mer at these two locations. The approach focuses on Fe(II)
and addresses the main sources of Fe(II) in surface water
(photoreduction and rainfall), next to physico-chemical pa-
rameters (irradiation, temperature) and main oxidants (oxy-
gen, hydrogen peroxide), as well as indicators for consump-
tion (chlorophyll-a, cyanobacteria biomass). Depth profiles
also aim to indentify sources of Fe(II) to deeper water lay-
ers and set them in context of additional parameters such as
pH, total phosphate (PO4), and water column mixing in or-
der to evaluate if Fe(II) rich water masses from deeper oxy-
gen depleted layers can be mixed into surface waters after
storm events (Fig. 2). We hypothesize that iron has a regu-
latory function during cyanobacterial bloom development in
the Baltic Sea and particularly that Fe(II) concentrations may
play an important role.

2 Methods

2.1 Cruise locations

A total of five cruises were conducted using the R/VFyrbyg-
garenbetween 20 June and 14 August 2007 to two stations in
the Baltic Sea. Landsort Deep (LD, 459 m depth, 58◦36′ N,
18◦14′ E) is located close to the Swedish east coast and Got-
land Deep (GD, 249 m depth, 57◦18′ N; 20◦04′ E) is situated
in the center of the main basin of the Baltic Proper (Fig. 1).

Both stations are characterized by a clear redox-cline at in-
termediate depth. Fresher estuarine Baltic water on the sur-
face overlays more saline water at depth. The deep water is
anoxic after extended periods of time with limited exchange
with the upper layer. It typically is rich in macro nutrients,
especially PO4, and metal concentrations and characterized
by hydrogen sulfide formation after microbial oxygen con-
sumption. However, influx events of oxic marine water from
the Skagerrak through the Danish Straits can perturb and
oxygenate the deep water layer, as for example recorded for
1993/94, 1997, and 2003/04 (Meier, 2007). Such influx and
oxygenation events can largely alter the nutrient and metal
chemistries and result in precipitation of metal salts. This,
however, was not the case during our study.

2.2 Seawater sampling and sample processing

Surface water samples (5 m depth) were obtained using trace
metal cleaned polyethylene (PE) tubing that was suspended
by a 16 m plastic mast from the bow of the vessel. The vessel
steamed at speed of 1 kn into the wind during surface sam-
pling to minimize the risk of contamination by the ship. The
sampled water was transported via a peristaltic pump into a
laminar flow bench inside a laboratory container, where all
sample handling took place. Water for measurements of dis-
solved iron (DFe), iron ligand titrations was filtered through
trace metal cleaned 0.22µm membranes (142 mm diameter,
Millipore mixed cellulose ester, GSWP14250). Further, un-
filtered samples were taken for total iron (TFe) analysis. All
DFe and DFe samples were acidified to a final concentration
of 0.1% quartz distilled HNO3 within hours after sampling.
Depth profiles were sampled using individual pre-washed all
plastic Niskin bottles with elastic silicone bands as the clo-
sure mechanism.

Samples for Fe(II) and hydrogen peroxide (H2O2) anal-
ysis were taken from the Niskin bottles immediately after
retrieval on deck. Sampling was performed in a similar man-
ner as common for dissolved gases (Hansen, 1999), with the
Fe(II)/H2O2 samples being the first taken from the Niskin
bottles. A 50 mL PE syringe pre-fitted with a pre-washed
0.45-µm-pore size PVDF membrane (Sterivex-HV, Milli-
pore, protected by a re-closable Minigrip plastic bag) was
used as the sampling vessel. The plunger was removed and
the syringe was filled from the plunger end. In order to avoid
oxygen introduction, the syringe was carefully filled allow-
ing the water to overflow for approximately 10 s. A piece
of silicone tubing attached to the nozzle of the Niskin bot-
tle was used to pass the water into the syringe barrel while
rising the end of the silicone tubing to maintain its opening
just below the water surface. Then the plunger was refitted
into the syringe, while carefully pressing the meniscus of the
top water layer aside and thus not introducing air bubbles.
Subsequently, the sample was pushed through the filter and
split into two PE vessels after discarding the first 10 mL. For
Fe(II) analysis, the FIA sampling line was already positioned
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Fig. 2. Proposed Fe cycle for the Baltic Sea at Gotland Deep (image
modified based on Sunda (2001) and Croot et al., 2005).

at the bottom of the PE vessel and analysis was started im-
mediately, performing 5 successive analysis cycles. Sam-
pling was always done inside a working container, and was
thus shielded from sun-light and rain. Fe(II) concentrations
were determined within the shortest time possible, usually
within four minutes after closing the Niskin bottles in oxy-
genated surface water. The exact timing from bottle clos-
ing to analysis was noted. The chemiluminescent signal de-
cay was fitted to an exponential function, thus allowing to
calculate the Fe(II) concentration at the time of closing the
Niskin bottle at the sampling depth. Individual Niskin casts
at each depth were performed throughout the oxygenated wa-
ter layer, while deep sampling in the anoxic zone was done
in one cast. Tapping for anoxic deep water took place max-
imum one hour after closing the Niskin bottles at depth and
the bottles remained sealed until Fe(II)/H2O2 sampling took
place. Measurements of anoxic samples showed no signal
decay and hence demonstrate that oxygen perturbation of the
samples between bottle closure and analysis as well as dur-
ing analysis was minimal. All sampling for Fe(II) took place
during day-light, except for the LD profile on 4 July which
was recorded at mid-night.

Samples for dissolved oxygen were taken immediately af-
ter the Fe(II)/H2O2 samples. H2O2 samples were stored in
the dark for a minimum of two hours prior to analysis. Fe(II)
profiles were obtained on 4 July and 1 August, 2007, at the
Landsort Deep station and on 20 June, 20 July, 2 August, and
14 August, 2007, at Gotland Deep. H2O2 profiles were mea-
sured 1 August, as well as on 20 July and 2 August, 2007, at
Landsort Deep and Gotland Deep, respectively.

2.3 Fe(II) analysis

Seawater was analyzed for its Fe(II) content based on
Croot and Laan (2002) using Chemiluminescent Flow In-
jection Analysis (CL-FIA) with the reagent Luminol. Lu-
minol (5-amino-2,3-dihydro-1,4-phthalazine-dione, Sigma
BioChemika), Hydrochloric acid (HCL, 30%, Merck supra-
pur), Ammonia solution (NH4OH, 25%, Fluka trace select),
and sodium carbonate (Na2CO3, SigmaUltra) were used as
received. Purified water (MilliQ, MQ) was used for all
reagent preparations. The luminol reagent solution was al-
lowed to stabilize overnight prior to use. The flow injec-
tion analyzer (FIA, Waterville Analytical, Maine, USA) was
equipped with a 50 cm (1.2 mL) sample loop. No sample pre-
concentration steps were applied. The effluent pH was moni-
tored and adjusted to 10.3–10.4. A custom made Labview
(National Instruments, USA) based software was used for
instrument control and data acquisition. The measurements
were calibrated using standard additions on seawater from
the same stations that was aged to oxidize any Fe(II) present.
In some cases residual Fe(II) was present in aged seawater
and further calibrations were performed on water from the
same cast that did not show an Fe(II) signal. Blank values
ranged around the equivalent signal strength of 30 pmol L−1

in the Baltic waters. A 10 mmol L−1 primary Fe(II) standard
solution was prepared from a Merck Titrisol Fe(II) standard
in 0.1 mol L−1 HCL. Secondary standards were prepared im-
mediately prior to use by serial dilution of the primary stan-
dard using 0.01 mol L−1 HCl. Standard additions to the sam-
ples were kept below 0.1% volume to reduce the effect of
lowering the sample pH to a minimum. Estimated oxidation
rates were calculated based on Millero et al. (1987) after ap-
proximating [OH]− using the the program CO2SYS (Lewis
and Wallace, 1998) (see also Sect. 2.7). To evaluate Fe(II)
oxidation rates in the samples, the chemiluminescent signal
over time was naperian log transformed, which yields a lin-
ear signal decrease. The slope represents the Fe(II) oxidation
rate constant (kox) and converts to Fe(II) half life times (t1/2)

(see also: Hopkinson and Barbeau, 2007).

2.4 Hydrogen peroxide analysis

H2O2 concentrations were determined by CL-FIA based on
Yuan and Shiller (1999) using a second flow injection ana-
lyzer similar to the one described above. A 60µL reagent
loop was used. The analysis utilizes the oxidation of lu-
minol by H2O2 in an alkaline solution, which is catalyzed
by cobalt(II). A 16.97 mmol L−1 Co(II) standard solution
(CoCl2, Titrisol, Merck) was used to spike the luminol
reagent in the H2O2 method to 60µmol L−1. The remaining
reagents used were the same as for Fe(II) analysis. Stan-
dards for standard addition calibrations were made using
30% H2O2 obtained from Fluka (trace select). Signal values
from depths with no presence of H2O2 were reproducibly
lower than blanks from using aged MQ water (indicating
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presence H2O2 in the MQ water), and thus subtracted as
blank values. Samples were only measured to the depth
of the redox-cline since high Fe(II) concentrations interfere
with the analysis (Yuan and Shiller, 1999).

2.5 Organic iron(III) complexation

Filtered seawater samples (0.2µm) from the GD samplings
were analyzed for organic iron complexation using compet-
itive ligand exchange cathodic stripping voltammetry (CLE-
CSV). A Metrohm VA 993 Computrace equipped with
a hanging mercury drop electrode, glassy carbon counter
electrode, and Ag/AgCl reference electrode was used. In
general, iron was titrated by standard additions against a
10µmol L−1 concentration of 2-(2-Thiazolylazo)-p-cresol
(TAC) competing with the natural ligands for iron com-
plexation in a EPPS buffered (pH: 8.0) seawater sample
based on Croot and Johansson (2000). A 1.79µmol L−1

iron standard solution in 0.01 mol L−1 quartz distilled HNO3
was prepared from a 1000 mg L−1 stock (Titrisol, Merck)
and a 0.01 mol L−1 solution of 2-(2-Thiazolylazo)-p-cresol
(TAC, 97%, Sigma Aldrich) was prepared in HPLC grade
methanol. EPPS buffer (N-[2-hydroxyethyl]piperazine-N’-
[3-propanesulfonic acid], Sigma Ultra) was prepared in
1.0 mol L−1 ammonia solution (NH4OH, 25%, Fluka trace
select) to a concentration of 1.0 mol L−1.

All analyses were performed at 20◦C in a 10 step titra-
tion series on thawed aliquots of seawater samples that were
frozen after collection to−20◦C. Iron binding ligand concen-
trations and their conditional stability constants with respect
to Fe’ (log KFe′) were calculated from the titration curves
using a single ligand model and applying a nonlinear fit to a
Langmuir absorption isotherm (Croot and Johansson, 2000;
Gerringa et al., 1995). The inorganic side reaction coefficient
(αFe(TAC)2′) for the salinities of the samples was calculated
based on published values at different salinities (Croot and
Johansson, 2000; Croot et al., 2004a; Gerringa et al., 2007).
Values ofαFe(TAC)2′ used were 2872, 2987, 2957, 2942, and
2851 for the salinities 7.12, 6.92, 6.97, 7.00, and 7.16 (in
chronological order of the sampling occasions), respectively.
Dissolved iron concentrations (ICP-MS measurements) are
obtained from size fractionated iron analyses conducted in a
parallel study (Gelting et al., 2009).

2.6 DGT methodology

Diffusive gradients in thin films (DGT) equipped with open
pore (APA2) gels were used to sample the labile fraction of
Fe (Davison and Zhang, 1994). Preparation of the gels fol-
lowed procedures described earlier (Dahlqvist et al., 2002;
Zhang and Davison, 1999). The labile Fe concentrations
were calculated from the accumulated amounts in the DGTs
according to Zhang and Davison (1995). The diffusion co-
efficient for Fe (received from DGT Research Ltd) was cor-
rected for average temperatures measured in situ every five

hours during the deployment period. All DGT units were as-
sembled in a clean air trace metal laboratory and stored in
clean plastic bags at 4◦C before use. Blanks (not deployed in
water) from each batch of assembled DGTs were measured
and subtracted from the calculated labile Fe concentrations
derived from the deployed DGTs. Labile concentrations are
reported as the average result from duplicates. DGTs were
deployed at 2 occasions, 24 May and 20 July, for 4 weeks.
DGT units were deployed at 0.5, 5, 10, 40, and 120 m depth
in a buoy system described by Forsberg et al. (2006). After
collection, the DGT units were rinsed in MilliQ water, placed
in clean, airtight plastic bags and stored at 4◦C until analy-
sis. The DGT devices were disassembled again in a clean
air trace metal laboratory and the gels were eluted in 5 ml
of 5 mol L−1 qHNO3 (single sub-boiling quartz distilled, AR
grade nitric acid, Merck). Concentrations of Fe in DGT elu-
ents and water samples were measured with an ICP-SFMS
at Analytica AB in Lule̊a (Element, Thermo Fischer). For
details about the instrument operation, see Rodushkin and
Ruth (1997). Prior to analysis, water samples were diluted
4-fold with 0.16 mol L−1 qHNO3 in MilliQ water.

2.7 Analysis of associated parameters

Seawater pH was determined using a temperature corrected
pH electrode (Metrohm, 704 pH meter), which was cali-
brated on the NBS/NIST scale against buffer solutions (pH 6
and 11, Merck CertiPUR) prior to each use. Second, the data
were corrected to the seawater pH scale using the CO2SYS
program (Lewis and Wallace, 1998), taking alkalinity and
in situ temperature into account. We estimate the accuracy
of this approach to be 0.05 pH units. Salinity and tempera-
ture profiles were obtained from standard CTD casts (Land-
sort Deep: SST Memory probe by Sea & Sun Technology
GmbH, Gotland Deep: Standard-Eco-Probe by Meerestech-
nik GmbH and ADM Standard Probe by ADM-Elektronik
GmbH), while alkalinity values are based on an alkalinity-
salinity relationship for the Baltic Proper (Hjalmarsson et al.,
2008, and S. Hjalmasson, personal communication, 2008).
Macro-nutrients (total phosphate, NO−

3 and NO−

2 analyzed
together, and NH+4 ), as well as total hydrogen sulfide, oxy-
gen and chlorophyll-a (chl-a) were acquired from discrete
samples, which at Landsort Deep were part of a water qual-
ity monitoring program. Samples for nutrients were filtered
(0.45µm Sarstedt Filtropur S membrane filter) into 12 mL
plastic vials, and kept refrigerated until analysed within 24 h
of sampling. Samples from the deep water were heat-treated
(60◦C) for 1 h to kill remaining bacteria and prevent nitrifica-
tion of ammonium. PO3−

4 , NH+

4 and NO−

2 +NO−

3 were deter-
mined by standard methods applied in segmented flow analy-
sis (SFA, modified ALPKEM O. I. Analytical Flow Solution
IV methods # 319528, # 319526, # 319527, reporting lim-
its: PO3−

4 16 nmol L−1, NH+

4 36 nmol L−1, and NO−

2 +NO−

3
14 nmol L−1). Oxygen was determined by the Winkler
method (SS-EN 25 813) and H2S according to Fonselius et
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al. (1999). Where no H2S measurements were done, the pres-
ence of H2S smell during tapping from the Niskin bottles was
recorded when present. For chlorophylla determinations,
2 L of sea water were filtered on 47 mm Whatman GF/F fil-
ters, which were stored frozen at−20◦C and extracted by
acetone before spectrophotometric measurements at 664 nm
(SS 02 81 46).

2.8 Cyanobacterial counts

On each occasion, three integrated phytoplankton samples
(0–20 m) were collected with a 25 m long plastic tube (inner
diameter 2.5 cm). One end, equipped with a weight, was gen-
tly lowered to 20 m depth, after which the tube was closed at
the upper end, retrieved, and emptied in a bucket. A 200 mL
sub-sample, siphoned from the bucket while stirring, was
preserved with 0.8 mL of Lugol’s iodine (I2 and KI) solu-
tion supplemented with acetic acid. Filaments of heterocys-
tous cyanobacteria were counted in units of 100µm in the
whole bottom of a 25 mL settling chamber using a Leica in-
verted phase contrast microscope (10X objective and 150X
total magnification). Cell volume was estimated by multi-
plying the counted units with species-specific mean cell vol-
umes, determined from measurements. To convert to carbon,
factors of 2.17, 14.4 and 2.11µg C m−1 filament were used
for Aphanizomenonsp.,Nodularia spumigenaandAnabaena
spp., respectively (Menden-Deuer and Lessard, 2000).

2.9 Meteorology

Meteorological data were obtained from the Swedish Mete-
orological and Hydrological Institute (SMHI) for the period
10 June–15 August 2007. Since no such data were available
directly from the sampling stations, we utilized wind (speed
and direction), precipitation, and global irradiation data from
several locations in the closest possible vicinity (Hoburg and
Visby on the island of Gotland;̈Ostergarnsholm, a small is-
land east of Gotland; Gotska Sandön, a small island north of
Gotland; as well as Landsort A and Norrköping, which are
on the Swedish mainland). Landsort A (58◦75′ N, 17◦87′ E)
lays within relatively close proximity of the Landsort Deep
station (58◦36′ N, 18◦4′ E), and data from there are thus rep-
resentative of the weather at Landsort Deep. In contrast, the
other weather observatories used for Gotland Deep are more
distanced from the sampling location and located on or near
the island of Gotland (Gotska Sandön andÖstergarnsholm
being closest, Hoburg was further used for additional rain
data) and the data from there are interpreted as being indica-
tive for the conditions at this sampling station.

3 Results

3.1 General water column patterns

Surface temperatures increased from 15.4 to 19.7◦C over
the course of the summer at Gotland Deep (GD) and were
14.5 and 15.2◦C during the two samplings at Landsort Deep
(LD). Both locations, LD and GD, are characterized by a
∼60 m deep layer of low salinity (S<7.5) surface water and
an intermediate boundary water layer (S=7.5–11, 60–100 m)
overlaying more saline deep water(S∼11 at LD, S>12 at
GD). A differentiation between oxygenated surface water
and oxygen-depleted deeper water, separated by a redox-
cline at∼80 m, was present throughout most of the sampling
period (Figs. 3a–d, 4a–d, 5a–d). A deeper, less abrupt, redox-
transition zone down to 100 m was observed at GD during
14 August (Fig. 5d). Accordingly, seawater pH decreased
by more than one unit from 8.2 to 7.0 and from 8.4–8.7 to
6.9–7.3 (also varying over time) over this depth range, at LD
(Fig. 3a and b) and GD respectively (Figs. 4a and b, 5a and
b). Likewise, oxygen is depleted and the anoxic water layer
is characterized by H2S presence and high PO4. The LD deep
water is characterized by a peak of up to 14.9µmol L−1 H2S
and PO4 concentrations near 3.7µmol L−1 at ∼100–180 m
depth, while GD anoxic water PO4 concentrations range be-
tween 4.0 and 5.4µmol L−1 with H2S presence being deep-
ened to 170 m on 2 August (Figs. 3, 4, and 5c and d). Salin-
ity and temperature indicate a mixed layer depth of 7 to 16 m
at LD (Fig. 3a and b) and 16 to 21 m at GD (Fig. 4a and
b, and Fig. 5a and b). Temperature data from 20 June at
GD also indicate gradual re-stratification down to 10.5 m af-
ter previous mixing to 16 m depth (Fig. 4a). In contrast,
the 20 July and 2 August casts revealed recent mixing to
11.5 m and 21 m, respectively (Figs. 4b, 5a). A second mix-
ing event to 9.5 m depth as evident in the cast from 14 August
(Fig. 5b) followed a deeper mixing to 21 m detected on 2 Au-
gust (Fig. 5a).

The temperature, salinity, and PO4 profiles of 4 July at LD
show distinct perturbations of the water column between 40
and 60 m depth (Fig. 3a and c), which indicate mixing in of
a different water mass with lower temperature and salinity.
Further, a water mass intrusion with higher temperature was
observed at 40–50 m depth at Gotland Deep on 20 July. This
water mass also affected the pH profile at 40 m depth. The
temperature signal persisted through 2 August, but was only
reminiscent on 14 August (Figs. 4b, 5a and b).

3.2 General meteorology

The sampling period was characterized by very inconsistent
weather. Periods of relatively strong winds (up to 15 m s−1)

from variable directions, partly associated with heavy rain,
frequently altered with calmer and sunnier conditions. We
present rain data for the period of 10 days prior to each cruise
(Fig. 6) for the following reasons. Rainfall has been shown
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Fig. 3. Depth profiles of parameters measured throughout the water column at Landsort Deep. Note that the y-axis is stretched for better
visibility of surface patterns between 0 and 100 m depth.(A) and(B) illustrate temperature in◦C, salinity (PSU), and pH.(C) and(D) show
dissolved oxygen (O2), hydrogen sulfide (H2S), and phosphate (PO4). (E) and (F) show chlorophyll-a, iron(II), and hydrogen peroxide
(H2O2, F only). Sampling dates were 4 July (A, C, and E) and 1 August 2007 (B, D, and F).
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Fig. 4. Depth profiles of parameters measured throughout the water column at Gotland Deep.(A) and(B) illustrate temperature in◦C, salinity
(PSU), and pH.(C) and(D) show dissolved oxygen (O2) and phosphate (PO4). Hydrogen sulfide (H2S) was not analytically measured and
the grey zone indicates H2S smell of the sampled water.(E) and(F) show chlorophyll−a, iron(II), and hydrogen peroxide (H2O2, F only).
Sampling dates were 20 June (A, C, and E) and 20 July 2007 (B, D, and F).
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Fig. 5. Depth profiles of parameters measured throughout the water column at Gotland Deep.(A) and(B) illustrate temperature in◦C, salinity
(PSU), and pH.(C) and(D) show dissolved oxygen (O2) and phosphate (PO4). Hydrogen sulfide (H2S) was not analytically measured and
the grey zone indicates H2S smell of the sampled water.(E) and(F) show chlorophyll-a, iron(II), and hydrogen peroxide (H2O2, E only).
Sampling dates were 2 August (A, C, and E) and 14 August 2007 (B, D, and F).
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Fig. 6. (A) Rainfall at the meteorological station Landsort A.(B, C) Rainfall at the meteorological stations Gotska Sandön (grey) and Hoburg
(black).

to deposit H2O2, Fe(II), and Fe(II) binding ligands into sea-
water. Hydrogen peroxide has a half life in the order of days
in seawater between 14 and 20◦C. Rain deposited Fe(II) lig-
ands may extend the half life of Fe(II) in oxygenated seawa-
ter considerably from minutes to hours at the temperature
range observed (Kieber et al., 2001; Willey et al., 2008),
while no published information on the persistence of such
rain deposited Fe(II) ligands in seawater exists. Cruise dates
that were preceded with stronger rainfall were 4 July (LD),
20 July (GD), as well as 2 and 15 August (GD) (Fig. 6).

At LD, wind speeds during the 4 July sampling were ex-
ceeding 10 m s−1 from east and south-east, enabling a long
fetch across the Baltic Sea. In contrast, considerably weaker

winds (5–8 m s−1) coming with less fetch from westerly di-
rections were persisting before and during the second sam-
pling (1 August) at this station and thus resulted in shallower
mixing (Fig. 3a and b). Except for the 14 August sampling
at Gotland Deep, all cruises were preceded with several days
of wind speeds greater 10 m s−1, mostly from westerly di-
rection. The Gotland Deep station is located in the middle
of the Baltic Proper and thus enables a relatively long wind
fetch for this enclosed sea. However, none of the wind driven
mixing was deep enough to disturb the water column to the
oxic-anoxic transition zone (Figs. 3a–d, 4a–d, and 5a–d).
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Table 1. Fe(II) oxidation rates and half lifes measured at Landsort Deep for the oxic and sub-oxic water layers compared with Fe(II) oxidation
rates estimated based on Millero et al. (1987).

measured predicted
depth logkox t1/2 O2 H2O2 pHt T t1/2 O2 t1/2 H2O2
m s−1 min µmol L−1 nmol L−1 in situ ◦C min min

4 Jul
0 −3.27 21.38 344.7 8.18 14.48 1.03
5 −3.09 14.28 8.17 14.49
10 −2.69 5.68 8.14 14.47
15 −2.60 4.63 8.16 14.43
20 −2.86 8.35 320.3 8.04 13.16 2.87
30 −2.38 7.92 7.69
40 −2.50 2.75 362.2 7.84 5.13 40.6
60 −3.27 3.65 217.2 7.73 4.37 145
70 10.3 7.17 5.02 34 999

1 Aug
0 −2.86 8.41 314.4 14.2 8.18 15.10 1.00 5.2
5 −2.79 7.09 13.6 8.23 15.11 4.8
10 −2.68 5.55 9.9 7.96 8.46 22.5
20 −2.67 5.36 328.8 12.6 7.88 5.95 30.7 27.2
40 334.4 10.0 7.80 4.81 56.9 45.7
60 273.8 2.7 7.74 4.29 109 212
70 110.6 0.0 7.27 4.78 2174
80 13.4 0.35 7.23 5.30 19 194 4796

Table 2a. Fe(II) oxidation rates and half lifes measured at Gotland Deep for the oxic and sub-oxic water layers compared with Fe(II)
oxidation rates estimated based on Millero et al. (1987).

measured predicted
depth logkox t1/2 O2 H2O2 pHt T t1/2 O2 t1/2 H2O2
m s−1 min µmol L−1 nmol L−1 in situ ◦C min min

20 Jun
0 −2.33 2.47 8.43 15.39
5 −2.43 3.12 363.1 8.45 13.91 0.32
10 8.40 13.16
20 5.85
40 −2.73 6.18 371.3 8.09 4.51 15.0
60 4.12
80 3.1 7.40 5.32 37 917
120 29.7 7.26 6.20 6110

20 July
0 −2.31 2.38 135.5 8.52 16.35 0.23
5 −2.40 2.87 329.7 160.6 8.52 16.34 0.15 0.19
10 −2.44 3.15 130.5 8.53 16.32 0.23
20 −3.09 14.22 161.1 8.10 5.32 1.38
40 358.4 231.4 8.08 4.78 15.2 1.1
60 194.1 65.8 7.57 4.21 350.2 13.0
80 10.9 2.84 7.30 5.31 17 256 511
120 17.5 0.34 7.37 6.20 6155 3244
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Table 2b. Fe(II) oxidation rates and half lifes measured at Gotland Deep for the oxic and sub-oxic water layers compared with Fe(II)
oxidation rates estimated based on Millero et al. (1987).

measured predicted
depth logkox t1/2 O2 H2O2 pHt T t1/2 O2 t1/2 H2O2
m s−1 min µmol L−1 nmol L−1 in situ ◦C min min

2 Aug
0 −2.50 3.69 68.4 8.41 16.16 0.58
5 −2.75 6.44 302.8 61.4 8.42 16.16 0.28 0.64
10 −2.75 6.48 63.1 8.41 16.07 0.64
20 −2.75 6.45 59.0 8.38 15.98 0.74
40 −2.83 7.84 346.9 54.2 7.85 4.73 44.6 7.62
60 34.0 7.53 4.35 26.5
80 19.7 4.48 7.18 5.53 15 753 418.2
100 NaN 7.08 5.93
120 12.5 0.00 7.07 6.20 35 077 –
140 6.6 7.11 6.25 55 572

14 Aug
0 −2.56 4.19 8.67 19.72
5 −2.76 6.58 336.6 8.68 19.68 0.04
10 −2.72 6.02 8.64 18.29
20 8.31 15.97
40 339.1 7.88 4.78 40.8
60 7.48 4.30
80 65.6 7.26 5.45 3326
100 37.2 7.13 5.90 9599
120 25.6 7.14 6.20 12 624

3.3 Fe(II)

3.3.1 Fe(II) in the oxygenated water layer

At both stations, Fe(II) concentrations differ greatly between
the surface and the deeper water layers below the redox-cline.
Surface values measured at LD range from 0–0.45 nmol L−1,
while at GD Fe(II) concentrations varied between 0 and
0.90 nmol L−1. On most occasions, Fe(II) concentrations are
elevated in the upper meters of the water column and de-
crease with depth, suggesting photoreduction as a production
mechanism (LD 1 August, GD 20 June, 2 and 14 August;
Figs. 3f, 4f, 5e and f).

Oxidation rate calculations reveal short half life times
(t1/2) of Fe(II) in surface water, which are mainly attributed
to the relatively high pH in these estuarine waters. At GD
at 5 m depth,t1/2=0.32, 0.15, 0.28, and 0.04 min on 20 June,
20 July, 2 August, and 15 August, respectively. Oxidation
rates were slower at LD resulting int1/2=1.03 and 1.00 min
in surface water on 4 July and 1 August (Tables 1 and 2).
In several cases H2O2 concentrations contribute significantly
to the Fe(II) oxidation rates. H2O2 exceeds 200 nmol L−1 in
one case at Gotland Deep (20 July 40 m, Fig. 4f), resulting in
Fe(II) half life times (t1/2) of 1.1 min versus 15.2 min, when
only the present oxygen concentration would be considered

(no Fe(II) was detected at this depth on this station). Addi-
tionally, O2 is undersaturated in this case, which promotes
the role of H2O2 as an oxidant for Fe(II). Oxygen undersatu-
ration is a general pattern with increasing depths during our
study in the Baltic Sea. Thus, also lower H2O2 concentra-
tions can act as the main Fe(II) oxidant. This is the case at
Landsort Deep on 1 August (20 and 40 m), Gotland Deep 20
July (60 m), and Gotland Deep 2 August (40 m). Here the
calculated Fe(II) half life times are 27.2 vs. 30.7 and 45.7 vs.
56.9 min, 13.0 vs. 350.2, and 7.6 vs. 44.6 min for H2O2 and
O2 respectively (Tables 1 and 2).

Further, Fe(II) measurements reveal that the actual Fe(II)
oxidation rates are considerably slower than predicted in oxic
surface water as shown by the decay function of the chemilu-
minescent signal (Tables 1 and 2). This is particularly promi-
nent during the Landsort Deep sampling and results in a max-
imum Fe(II) half life of 21.4 min at the surface on 4 July as
well as on 1 August (8.4 min).

3.3.2 Fe(II) in subsurface waters and the oxic-anoxic
transition zone

Elevated Fe(II) levels were also detected at several tens of
meters water depth, but clearly above the redox-cline, during
nearly all cruises. Most prominently, this was the case on 4
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July at LD, where 0.45 and 0.43 nmol L−1 Fe(II) were mea-
sured at 40 and 60 m, respectively (Fig. 3e), but also on 2
August at GD (0.85 nmol L−1 at 40 m and 1.44 nmol L−1 at
80 m, Fig. 5e) and 14 August at GD (0.15 nmol L−1 at 60 m,
Fig. 5f). While significant precipitation was recorded prior
to these sampling dates (Fig. 6), these Fe(II) measurements
are below the mixing depth and thus are unlikely a product
of recent rain deposition. Further, Secchi depths ranged from
4.5–5.5 m throughout the samplings at both stations and thus
also indicate insufficient light penetration for photochemical
production of Fe(II) to these depths. At LD the Fe(II) peak
between 40 and 60 m is paralleled by a temperature, salinity,
and PO4 signal, which indicate either lateral transport of a
different water mass or diapycnal mixing. This signal was
only reminiscent on 1 August. However, in almost all cruises
Fe(II) levels drop to zero at some point in the profile sug-
gesting that such transport would not reach shallower water
layers. A different pattern was only observed on 20 June at
GD, where Fe(II) levels progressively increased with depth
from 20 m on already (Fig. 4e). Further, at both stations O2
was present at depths greater 40 m, albeit already at lower
levels than in surface waters. O2 concentrations within this
depth range indicate the transition from oxygenated surface
water towards the oxic-anoxic interface (Figs. 4c and d, 5c
and d). Below the redox-cline, low pH and increasing H2S
concentrations characterize a strongly reducing environment
and Fe(II) concentrations rapidly increase by several orders
of magnitude (Figs. 3, 4, 5), but we can not report on ex-
act values as no calibrations were done in anoxic samples
to correct for potential anoxia effects on the chemilumines-
cent reaction. Therefore, Fe(II) data are reported to a maxi-
mum depth of 100 m at LD and 120 m at GD throughout the
manuscript.

3.4 Hydrogen peroxide (H2O2)

H2O2 profiles were measured on 1 August at LD, where max-
imum concentrations of 14.2 nmol L−1 at 0.5 m depth are
generally up to an order of magnitude lower than concen-
trations at GD. A subsurface peak of 12.6 nmol L−1was de-
tected at 20 m depth and values decrease to 0 at 70 m depth.
The measurement 0.35 nmol L−1 H2O2 in the sub-oxic wa-
ter (13.4µmol O2 L−1) at 80 m depth may be interfered by
high Fe(II) concentrations (Fig. 3f). At GD, two sampling
occasions (20 July and 2 August) included H2O2 measure-
ments and revealed differing results. Like at LD, H2O2 lev-
els on 2 August at GD decreased with depth as an appar-
ent function of light penetration into the water column from
68.4 nmol L−1 at the surface to 4.5 nmol L−1 at 80 m depth.
No H2O2 was detected at 120 m depth (Fig. 5e). In contrast
to this profile, H2O2 measurements from the same station at
the earlier 20 July sampling are considerably higher. In the
upper 10 m of the water column values greater 130 nmol L−1

were measured and a peak of 160 nmol L−1 was detected a
5 m. However, below 10 m H2O2 increases again and peaks

at 40 m depth (231 nmol L−1). Thereafter, values decrease
gradually to 0.34 nmol L−1 at 120 m depth (Fig. 4f).

3.5 Phytoplankton biomass

Chlorophyll-a (5 m depth) increased over the summer from
1.2µg L−1 to 4.1µg L−1, with a strong gain between 2 Au-
gust and 14 August (Fig. 7a). The biomass of heterocystous
cyanobacteria was initially dominated byAphanizomenonsp.
(Fig. 7b). This genus peaked on 20 June (15µg C L−1) and
thereafter its biomass progressively decreased again. In par-
allel, a decrease from 3.5 to 1 heterocyst per mm filament
was observed in this genus (data not shown). The two other
cyanobacteria genera that majorly accounted for the biomass
wereNodularia andAnabena. Anabaenashowed a similar
development in biomass asAphanizomenon, albeit peaking
at much lower concentrations (1.6µg C L−1). The Nodu-
laria biomass reached its maximum 20 July (17µg C L−1)

and thereafter dropped by more than 50% (2 August) and
slightly recovered to 11µg,C L−1 on 14 August. The com-
bined biomass of all three genera though was elevated during
20 June–20 July (25–28µg C L−1, Fig. 7b). The cyanobac-
terial biomass is integrated over the top 20 m. Concentra-
tions at 5 m depth may well be higher, especially when the
mixed layer is shallow and particularly forNodularia, which
has high a buoyancy and usually accumulates in the surface
(Walve and Larsson, 2007).

3.6 Total and dissolved iron concentrations and organic
iron(III) complexation at 5 m depth

At GD, total iron concentrations increase from
10.6 nmol L−1 on 24 May to 12.9 nmol L−1 on 20 June.
Levels are lowest in mid-June (7.5 nmol L−1) and increase
again to 11.7 nmol L−1 on 14 August. Dissolved iron
concentrations follow this trend during the first part of the
summer with 2.8 nmol L−1 on 24 May and 7.0 nmol L−1

on 20 June. However, thereafter levels gradually decrease
to 2.7 nmol L−1 on 14 August (Fig. 8a). Thus the source
of total iron input in the end of the summer does not affect
dissolved iron concentrations to the same extent as observed
during the 20 June sampling (Fig. 8a). Iron binding ligands
decline gradually from 10.1 to 3.4 nmol L−1 throughout the
study. The surface seawater was deficient of free organic
iron ligands on 20 June (by 1.4 nmol L−1), which was caused
by high DFe levels at that date. Ligand concentrations were
in excess of dissolved iron concentrations again for the rest
of the summer (by 0.3–0.7 nmol L−1, Fig. 8b). Overall, the
source of iron binding ligands is apparently decoupled from
the source of total iron input. The conditional stability con-
stant (logKFe′L) increased from 11.4 to 12.9 from 24 May
to 20 June and decreased again thereafter to 12.5 (20 July
and 2 August) and 12.2 by 14 August. The concentrations
of Fe’ range between 0.4 and 0.8 pmol L−1, being slightly
elevated during the first part of the summer (Fig. 8b).
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Fig. 7. (A) Fe(II) and chlorophyll-a (chl-a) measurements at 5 m
depth over the course of the study period at Gotland Deep. Fe(II) is
depicted by solid diamonds and chl-a is shown as open circles.(B)
Development of heterocystous cyanobacteria in surface water (0–
20 m depth) at Gotland Deep during the summer of 2007 expressed
in µg C L−1. Open diamonds indicateAphanizomenon, solid cir-
cles showNodularia, and solid triangles depictAnabaena(plotted
on different scale on the right hand y-axis). The grey line shows
the total biomass of heterocystous cyanobacteria. Error bars show
standard deviations.

3.7 DGT data

DGT profiles resemble Fe(II) measurements in the oxy-
genated part of the water column. At the sea surface, DGT
collected iron is elevated (0.63 and 0.42 nmol L−1 during
the periods 24 May–20 June and 20 July–14 August, re-
spectively). In both profiles, the signal decreases to 0.17–
0.28 nmol L−1 at 5–10 m depth. In the first sampling inter-
val, DGT measured iron progressively increases thereafter to
0.96 nmol L−1 at 80 m and then decreases to 0.74 nmol L−1

at 120 m depth. In contrast, the signal remains more constant
to 40 m depth (0.22 nM), and increases to 1.57 nmol L−1
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Fig. 8. (A) Development of total iron (tFe) and dissolved iron
(0.2µm filtered, dFe) during the study period at 5 m depth at Got-
land Deep. Open diamonds are total iron and solid diamonds show
dissolved iron.(B) Organic complexation of the dissolved iron frac-
tion and inorganic iron species (Fe’) concentration during the dif-
ferent sampling occasions at Gotland Deep, 5 m depth. Open dia-
monds show the iron binding ligand concentrations; solid diamonds
depict the concentration of excess ligands. The grey triangles show
the concentration of Fe’. Circles indicate the conditional stability
constant with respect to Fe’ (plotted on the right hand y-axis). Error
bars denote standard errors.

(closely matching 1.44 nmol L−1 in the Fe(II) profile from
2 August) at 80 m depth during the second time period. The
signal though clearly exceeds FIA measured Fe(II) concen-
trations during this study with 63.4 nmol L−1 at 120 m depth
(Fig. 9a and b).

3.8 Macronutrients at 5 m depth

At GD, PO4 concentrations decrease from 179 to
12 nmol L−1 between 24 May and 2 August and slightly
recover to 24 nmol L−1 on 14 August (Fig. 10a). The
highest dFe to PO4 ratio (0.26, molar basis) was observed
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Fig. 9. Profile of DGT measured iron in the top 120 m water depth at Gotland Deep during the time period 24 May–20 June, 2007(A) and
20 July–14 August, 2007(B).

on 2 August (Fig. 10b). Combined NO3+NO2 analysis
showed concentrations close to the detection limit on all oc-
casions. Also NH4 concentrations were low (<80 nmol L−1)

(Fig. 10a). Comparing combined dissolved inorganic ni-
trogen sources (DIN=NO3+NO2+NH4) with dissolved iron
concentrations reveal a maximum dFe:DIN molar ratio of
0.082 on 20 June (Fig. 10). DIN:DIP ratios at Gotland Deep
were 0.5 on 25 May. As PO4 dropped, the ratio increased to
2.3,and 3.3 on 20 June and 20 July respectively and further
increased to 7.4 by 2 August, after which the ratio dropped
again to 2.8. At the Landsort Deep, DIN:DIP stoichiometry
was 7.4 and 6.0 during 4 July and 2 August, respectively.

4 Discussion

4.1 Fe(II) in the oxygenated water layer

Overall, this study aims to contribute to the understanding of
iron cycling in the Baltic Sea. Specifically, it was the goal
of our approach to evaluate the role of Fe and especially of
Fe(II) for cyanobacterial bloom development in this brackish
water ecosystem. In surface water, Fe(II) is largely produced
photochemically (Kuma et al., 1995; Wells and Mayer, 1991;
Croot et al., 2001) and concentrations are subject to diel cy-
cling (Croot et al., 2008). Fe(II) can also be deposited during
rain events (Kieber et al., 2001; Croot et al., 2005), and is a
product of biological Fe(III) reduction mechanisms at phy-
toplankton cell surfaces (Shaked et al., 2004) including su-
peroxide production (Kustka et al., 2005; Rose et al., 2005).
However, it is not known if heterocystous cyanobacteria re-
duce Fe(III) at their cell surfaces.

Fe(II) in Baltic Sea surface waters apparently is persistent
at relatively high standing stocks throughout extended pe-
riods of time. We observed Fe(II) concentrations account-
ing for up to 20% of the dissolved iron concentration at
5 m depth. Fe(II) thus contributed a significant fraction to
the dissolved iron pool, and greatly enhanced the fraction of

bioavailable iron. In an open ocean study, Roy et al. (2008)
report Fe(II) concentrations in the HNLC western subarctic
Pacific that account for up to 50% of the dissolved iron frac-
tion and infer an important role of Fe(II) as a bioavailable
source. Croot et al. (2008, 2001) show during the open ocean
iron fertilization experiments EIFEX, SOFEX, and SOIREE
that Fe(II) can contribute from 6–25% up to the major frac-
tion of the dissolved Fe pool, stressing the importance of
Fe(II) for Fe residence times in oceanic seawater. While
the proportion Fe(II) contributes to the dissolved Fe pool in
our estuarine water study is lower, the overall concentrations
reach similar or several fold higher levels than in these open
ocean waters.

Overall, the DGT and the Fe(II) profiles agree well on
average concentrations, especially in the euphotic zone,
which only reaches down to approximately 10 m based
on Secchi depths of maximal 5.5 m. Both DGT deploy-
ments revealed relatively similar concentrations of 0.52
(±0.15), 0.23 (±0.07), and 0.23 (±0.02) nmol Fe L−1 at
0, 5, and 10 m depth, respectively. In comparison Fe(II)
measurements show 0.50 (±0.40), 0.32 (±0.24), and 0.11
(±0.20) nmol L−1, at the same depths during the four mea-
surement occasions and the larger variability in the data in-
dicate the strong dependence of the Fe(II) signal on variable
physical and chemical surface processes (Figs. 4e and f, 5e
and f, 8). Next to inorganic iron species (Fe’), which only
exists at picomolar levels (Fig. 8b) and potentially also low
molecular weight bound iron that is labile to DGT, Fe(II) ions
are permeating through the DGT membrane and diffusive gel
layer. However, other organically complexed iron may also
enter the DGT sampler. The diffusion rate for a metal bound
to fulvic acid though is 20 times slower than for the free
metal ion (Scally et al., 2006). Our measurements propose
that the main fraction of this DGT collected and presumably
bioavailable iron is supplied in form of Fe(II). The disagree-
ment of the two sampling techniques at 120 m (DGT profile
20 July–14 August, Figs. 4f, 5e and f, and 9b) indicates that
a sporadic Fe(II) intrusion from anoxic deep water may have

www.biogeosciences.net/6/2397/2009/ Biogeosciences, 6, 2397–2420, 2009
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Fig. 10. (A)Development of macronutrients at 5 m water depth dur-
ing the study at Gotland Deep. Phosphate (PO4, black diamonds)
and ammonia (NH4, grey diamonds) are plotted on the left y-axis.
NO3 and NO2 were measured together and are plotted on the right
y-axis (grey triangle).(B) Macronutrient : dissolved iron stoichiom-
etry at 5 m water depth at Gotland Deep. The ratio of dissolved
inorganic nitrogen (DIN) : dissolved iron (Fe) is shown by grey tri-
angles (left y-axis). Phosphate (PO4) : Fe stoichiometry is depicted
by black diamonds (right y-axis).

occurred during this time span and thus affected the DGT
value, while the FIA measurements only reveal the momen-
tary Fe(II) concentration.

4.2 Factors controlling Fe(II) concentrations

The general decrease of the Fe(II) signal with depth in the
upper meters of the water column (Figs. 3e and f, 4e and
f, 5e and f) together with Fe(II) production during deck in-
cubation in the light (data not shown) suggest that photo-
chemical Fe(III) reduction is an important source of Fe(II)
in this system. Coinciding H2O2 values with Fe(II) in the
upper part of the water column indicate that both parame-
ters are connected by photolysis of organic matter (Figs. 3f,

4f, 5e), albeit rainwater deposition can also be an impor-
tant source (further discussed below). Comparing irradiation,
dissolved oxygen, hydrogen peroxide, and Fe(II) concentra-
tions over the course of the summer at Gotland Deep suggest
that on 2 August the combination of the lowest O2 concen-
tration during the summer (303µmol L−1) and significantly
less H2O2 (61 nmol L−1 vs. 161 nmol L−1) than during the
previous cruise (20 July) allowed for high Fe(II) levels at
that time (Fig. 11). Theoretically, the oxygen present in sur-
face water (5 m depth) still dominates Fe(II) oxidation rates
and expected half-life’s were rapid on these two dates (0.15–
0.28 min), while measured values were 2.9 and 6.4 min (Ta-
ble 2a and b). Together with relatively low irradiation values
during 2 August compared with the other cruises to this sta-
tion this implies further sources of Fe(II) and/or Fe(II) main-
tenance mechanisms. Rainfall has been identified as a ma-
jor source of Fe(II) to seawater (Kieber et al., 2001), Fe(II)
binding ligands (Willey et al., 2008; Kieber et al., 2005), and
H2O2 (e.g. Croot et al., 2004b; Willey et al., 2009).

Mixing of surface produced or rain water deposited H2O2
may be responsible for the presence at water depths below
the euphotic zone. Hydrogen peroxide concentrations re-
ported for rainwater range from<10 to>80µmol kg−1 and
are affected by seasonality and solar irradiation (Croot et al.,
2004b and references therein). Rain is frequent over the
Baltic Sea during the Nordic summer and could thus con-
tribute substantially to H2O2 in the water column. The study
period was subject to frequent rain events and especially the
cruise on 2 and 14 August (Gotland Deep) and 4 July (Land-
sort Deep) were preceded with periods of stronger rainfall
(Fig. 6). Wind driven mixing though only penetrated the wa-
ter column to depths of 16–21 m (Figs. 4a and b and 5a and
b). Comparing H2O2 concentrations at Gotland Deep on 20
July (relatively high, Fig. 4f) and 2 August (relatively low,
Fig. 5e) with rainfall data preceding these cruises (Fig. 6b
and c) does not suggest rain as the only important contribu-
tor for H2O2 in surface waters. The dataset however does
only allow for limited interpretation since rain data origi-
nate from distant locations of the sampling site and H2O2
data only cover two cruises. The rain data may partially ex-
plain the differences between the two stations in H2O2 con-
centrations since precipitation preceding the 2 August cruise
to Landsort Deep (Figs. 3f and 6a) was considerably less
than that recorded prior to the Gotland Deep cruises, where
higher H2O2 values were detected (Figs. 4f, 5e, and 6b).
Yet, in view of the shallow mixing depths, we infer that in-
situ production of H2O2 at these stations plays an important
role in addition to rainfall. Hydrogen peroxide can also be
a product of superoxide production on cell surfaces, cellu-
lar leakage processes and superoxide dismutase activity, and
thus gets directly involved in cell surface iron reduction and
uptake mechanisms (Pamatmat, 1997; Kustka et al., 2005).
H2O2 concentrations>200 nmol L−1 can affect Fe(II) oxi-
dation rates above present O2 concentrations in surface sea-
water (Santana-Casiano et al., 2006). Such concentrations
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Fig. 11.Fe(II), surface irradiance (photosynthetic active radiation – PAR) measured on board the ship during the Fe(II) cast, global radiation
measured at the SMHI station Visby on Gotland, hydrogen peroxide (H2O2), and dissolved oxygen (O2) from 20 June–14 August at Gotland
Deep. Fe(II), O2 and H2O2 values refer to 5 m water depth.

however were only measured once (20 July, Fig. 4f) at 40 m
depth in a Gotland Deep profile, where no detectable Fe(II)
was present. However, if O2 is undersaturated, the role of
H2O2 as an oxidant for Fe(II) is promoted. Oxygen under-
saturation is a general pattern with increasing depths during
our study in the Baltic Sea. Thus, also lower H2O2 concen-
trations can act as the main Fe(II) oxidant. This is the case
at Landsort Deep on 1 August (20 and 40 m), Gotland Deep
20 July (60 m), and Gotland Deep 2 August (40 m). Here the
calculated Fe(II) half life times are 27.2 vs. 30.7 and 45.7 vs.
56.9 min, 13.0 vs. 350, and 7.6 vs. 44.6 min or H2O2 and O2,
respectively (Figs. 3d and f, 4d and f, and 5c and e). We un-
fortunately do not have O2 and H2O2 datasets that fully cover
all depths on all sampling occasions, but the generally high
DOM concentrations and rapid oxygen depletion with depth
in Baltic Sea waters suggest that H2O2 control of Fe(II) ox-
idation rates may not be uncommon in subsurface waters, as
further discussed later on.

While Fe(II) deposited during rain events prior to the
cruises will have oxidized by the time of measurement, we
infer that Fe(II) produced after this period may have been
maintained at elevated levels by hampered Fe(II) oxidation
rates due to organic Fe(II) complexation, as indicated in
measured Fe(II) oxidation rates that are considerably slower
than expected values in surface waters (Tables 1 and 2).
Alternatively, superoxide, which may act as an iron oxi-
dant or reductant, can be produced during photodegrada-
tion of phytoplankton exudates and thus may maintain ele-
vated Fe(II) concentrations above predicted oxidation rates
(Steigenberger et al., 2009; Croot et al., 2005; Millero and
Sotolongo, 1989). Furthermore, the profile on 4 July (Land-
sort Deep, Fig. 3e) was measured at mid-night. While the
Nordic summer at this latitude (58◦36′ N) results in resid-

ual light throughout most of the night (sunset 21:42 local
time), the light intensity even at a few meters water depth
and estimated Fe(II) oxidation rates not considering organic
complexation would not allow for the detected Fe(II) con-
centrations to be present at mid-night. Here, Fe(II) half-
life’s expected for surface water at LD approximate 1 min
and 2.9 min at 20 m on 4 July (Table 1). Nevertheless, 0.22–
0.39 nmol L−1 Fe(II) were measured in the mixed layer and
detected Fe(II) half lifes range between 4.6 and 21.4 min
at this station (Table 1), which must be maintained by or-
ganic ligand binding, or a combination thereof with other in-
situ production mechanisms, such as cell surface reduction
(O’Sullivan et al., 1991; Shaked et al., 2004; Kustka et al.,
2005). The second Fe(II) maximum between 40–60 m depth
is of different origin, but further discussion on this will be
published separately (see also last paragraph of this section).

At Landsort Deep, measured oxidation rates increase with
depth and are faster than predicted at depths were oxygen
was present at high concentrations, but pH already dropped
below 7.9 (Table 1). In contrast, oxidation rates decrease
with depth at Gotland Deep, albeit also remaining slower
than predicted in the high pH upper water layers. Measured
oxidation rates were faster overall at Gotland Deep, resulting
in Fe(II) half lifes of 2.4–4.2 min at the surface (Tables 2a and
b). Hydrogen peroxide concentrations at Gotland Deep were
considerably higher than at Landsort Deep and thus gain im-
portance in Fe(II) oxidation. The trends with depth are an in-
terrelation of temperature and pH with organic complexation
effects on the oxidation rates by oxygen and hydrogen perox-
ide. While pH results in Fe(II) speciation shifts and slows ox-
idation rates overall, lower temperature promotes the impor-
tance of H2O2 over O2 for Fe(II) oxidation (Croot and Laan,
2002; Gonzalez-Davila et al., 2006). However, organic Fe(II)
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complexation appears to partially override these mechanisms
in the surface water and thus measured Fe(II) oxidation rates
only agree with predicted rates in subsurface waters between
20–40 m depth (20 July by O2 assuming O2 saturation ranges
at levels similar to those of 5 m and 40 m depth, and 2 Au-
gust by H2O2, GD), where presumably less Fe(II) ligands
are present. Additionally, competition by copper could slow
Fe(II) oxidation rates, particularly when Fe(II) levels are low
and Cu concentrations are relatively high (Gonzalez-Davila
et al., 2006), which might contribute to the decreasing Fe(II)
oxidation rates with depth in subsurface waters at Gotland
Deep.

Copper concentrations in surface water of this region of
the Baltic Sea generally account for up to 10 nmol L−1 (Pohl
and Hennings, 1999, 2005). Roy et al. (2008) observed sig-
nificant Fe(II) concentrations in the western subarctic Pacific
and suggest that ligands containing amine or thiol functional
groups may be responsible for Fe(II) complexation. This
would be the case for copper specific ligands produced by
phytoplankton to mitigate elevated copper stress (Dupont et
al., 2004) and represents a second potential source for Fe(II)
ligands next to rainfall. Copper complexation by thiol groups
has been described for estuarine waters (Laglera and van den
Berg, 2003) and was also observed in the Baltic Sea (B. Ax-
elsson, personal communication, 2008). It is possible that
copper ligand production has the side effect of Fe(II) com-
plexation and thus maintains Fe(II) in seawater by slowing
oxidation rates (Roy et al., 2008), therefore affecting the
overall bioavailability of iron that otherwise is low due to
the strong organic complexation and insufficient Fe’ concen-
trations to fuel growth of large phytoplankton cells. Such a
mechanism though remains to be validated for the Baltic Sea.

Alternatively, cyanobacteria aggregates could create low
pH and low O2 microenvironments during darkness that
greatly enhance iron solubility as suggested recently by
Ploug (2008). Such mechanism could supplement the uti-
lization of Fe(II) during daytime photoreduction and maybe
even enhance the half life of Fe(II) at night. However, the fre-
quent wind driven mixing observed during the 2007 summer
season prevented surface accumulation and large aggregate
formation of cyanobacteria as also indicated by satellite im-
agery (Hansson, 2007), which would be required to generate
such microenvironments.

Finally, Fe(II) from the oxic-anoxic transition zone and in
anoxic deep water could be a source to the euphotic zone.
Fe(II) levels rapidly increase below the redox-cline (data not
shown) and may reach levels of several hundred nanomoles
(Strady et al., 2008). The prominent Fe(II) concentrations in
the intermediate water layer (oxic-anoxic transition zone and
above) at both stations are below the 1% light level (∼10 m
depth) and thus too deep for photoreduction or rain depo-
sition as production pathways. Wind driven mixing of the
water column during the study period though was not deep
enough to reach the oxic-anoxic transition zone. The max-
imum mixing depth observed was 21 m at Gotland Deep as

observed on 2 August 2008 (Fig. 5a). Thus either a local
source, such as microbial iron reduction in sub-oxic waters
as suggested by Moffett et al. (2007), isopycnal transport of
Fe(II) rich water, or also diapycnal mixing and diffusion from
the Fe(II) rich anoxic waters (as indicated by the progressive
Fe(II) signal increase with depth below 20 m at Gotland Deep
on 20 June, Fig. 4e) may be responsible for the Fe(II) sig-
nal within this depth range. Pohl et al. (2006) demonstrated
the importance of small scale diapycnal mixing, independent
of meteorological forcing, for dissolved trace metal fluxes
across the halocline. Overall, the Fe(II) profiles suggest that
mainly surface water processes are responsible for Fe(II) in
the euphotic zone. However, particularly data from Gotland
Deep on 20 June (Fig. 4e) illustrate how a combination of
photoreduction in the euphotic zone and transport from deep
water may operate and maintain Fe(II) throughout the water
column, as also indicated by the gradual transition to high
PO4 concentrations with increasing water depth across the
redox-cline (Figs. 3, 4, and 5c and d).

4.3 Significance of Fe(II) for cyanobacterial growth

The cellular iron quota of Baltic Sea nitrogen fixing
cyanobacteria is ca. 100µmol Fe:mol C (data from Gotland
Deep 2007, Walve unpublished) and thus results in a mini-
mum cellular bound iron concentration of 0.23 nmol L−1 at
the maximum cyanobacterial biomass of 2.32µmol C L−1

(20 July). Using the cyanobacterial C fixation rate in
(Walve and Larsson, 2007) and assuming that 50% goes into
growth, the iron requirement of heterocystous cyanobacte-
ria is ca. 1 nmol L−1 (0.017 nmol L−1 day −1) for the two
month growth period from 24 May to 20 July. Considering
a 5–10 fold lower Fe demand for non-N-fixing phytoplank-
ton than for N2 fixing cyanobacteria (Kustka et al., 2003a),
and an approximate C fixation rate of 30µg C L−1 day−1

(Johansson et al., 2004) a rough estimation of the iron
uptake during the same growth period ranges from 1.4–
2.9 nmol L−1 (0.025–0.05 nmol L−1 day −1). Half satura-
tion constants with respect to inorganic iron reported for
growth of the cyanobacteriaMicrocystis aeruginosaand
Planktothrix agardhiiwere 0.14 and 0.31 nmol L−1, respec-
tively (Nagai et al., 2007). Diatom species of the genusTha-
lassiosirahave Fe’ half saturation constants to sustain their
growth of 0.004–0.068 nmol L−1 (Sunda and Huntsman,
1995). Assuming similar requirements for the cyanobacteria
and the eukaryotic phytoplankton present in the Baltic Sea,
the standing stock of bioavailable iron of 0.25 nmol L−1–
0.5 nmol L−1 in the euphotic zone is sufficient to fuel primary
production and nitrogen fixation in these waters.

Overall, nutrient stoichiometry (Fig. 10) suggest that
classic N-limitation (DIN:DIP∼0.5, 24 May) initiates the
cyanobacterial bloom development. The ratio of dissolved
iron concentrations to total phosphate and to dissolve inor-
ganic nitrogen exceed those in oceanic regions by 2–3 and
3–4 orders of magnitude, respectively (Franck et al., 2003).
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However, the relatively high iron concentrations compared to
macronutrients may not be directly accessible to phytoplank-
ton, if strong complexation limits Fe lability (Öztürk et al.,
2002). Boyanapalli et al. (2007), using a luminescent biore-
porter approach and water samples from the Gotland Deep
station, demonstrate that only a proportion of the dissolved
iron fraction is bioavailable and suggest potential iron limita-
tion. Their study though is not carried out under natural day-
light conditions and thus excludes Fe(II). Particularly in the
context of iron limitation when the Fe(II) pool is excluded,
our data suggest that Fe(II) plays a major role in iron acqui-
sition by phytoplankton, namely diazotrophic cyanobacteria,
in the Baltic Sea and may thus alleviate iron limitation as
suggested for cyanobacterial bloom development and nitro-
gen fixation in the Baltic Sea (Stal et al., 1999; Schubert et
al., 2007; Boyanapalli et al., 2007).

4.4 Phytoplankton bloom dynamics and organic
Fe(III)-complexation

Organically complexed dissolved iron is progressively de-
creasing at Gotland Deep over the course of the study
(Fig. 8b). Fe(II) concentrations do not correlate with Fe(III)
ligand concentrations, indicating that this substratum for
photoreduction of iron apparently is present at sufficient lev-
els or that at least a fraction of Fe(II) present in surface water
is also contributed from other sources such as reduction from
colloidal iron, rainfall, or deep water (as discussed above).
The decrease of iron binding ligands parallels the decrease
in PO4 and is inversely related to the chlorophyll-a increase
at 5 m water depth (Figs. 7a, 8b, and 10a). The latter two
are typical for seasonal nutrient draw down with cyanobacte-
rial bloom development in the Baltic Sea, where DIN sources
had already been depleted by eukaryotic phytoplankton (Stal
et al., 2003), as shown by low DIN concentrations (Fig. 10a).
Biological uptake of organically complexed iron may be par-
tially responsible for the decrease in iron binding ligands,
albeit it is also possible that dissimilatory photoreduction
of dissolved organic matter simply parallels phytoplankton
bloom development and nutrient uptake during the high so-
lar irradiation summer months. Moreover, the conditional
stability constant of iron binding ligands (logKFe′L=11.4 in
the beginning of the study) increases during the summer to
logKFe′L=12.9 and remains elevated at∼12.5 until early Au-
gust (Fig. 8b) and thus indicates a shift in the composition of
the organic matter acting as iron binding ligands. During
the June and July cruises, the total biomass of heterocystous
cyanobacteria was elevated as well. This parallel trend sug-
gests that the iron ligand characteristics are connected to the
phytoplankton bloom dynamics and that at least a propor-
tion of the ligands present may be biologically produced or
a byproduct of bloom development, such as transparent ex-
opolymer particles (TEP) and surfactants (Croot et al., 2007;
Ingri et al., 2004). After this, logKFe′L slightly drops to 12.2
(14 August) and the same time chlorophyll-a and iron ligand

concentrations increase again. Further, the chlorophyll-a and
Nodularia spumigenabiomass increase in the late summer
is preceded by a peak in Fe(II) concentration and a small
peak in NH4 (Figs. 7a and b, 10a), which could have been
a product of DON photochemical mineralization (Väḧatalo
and Zepp, 2005) exceeding present ammonium uptake and
together with a shallower thermocline and N inputs from
rain and senescent cyanobacteria, may have induced a sec-
ond growth period for phytoplankton.

Aphanizomenonsp.,Nodularia spumigena, andAnabaena
sp. are the main representative species identified of the fila-
mentous cyanobacteria that peak in abundance and biomass
during the earlier part of the summer (25 and 28µg C L−1

on 20 June and 20 July, respectively).Anabaenasp. has
been described to produce the siderophore schizokinen in re-
sponse to iron stress (Clarke et al., 1987) as well as the cyan-
otoxin microcystein that also has siderophore type character-
istics (Kaebernick and Neilan, 2006; Utkilen and Gjolme,
1995; Humble et al., 1997). Further, Stolte et al. (2006)
observed that cyanotoxin production byNodularia spumi-
genaincreases during incubations with combined additions
of DOM and Fe. The toxin production ofNodularia spumi-
genacould be a response to increase metal bioavailability
in media with strong DOM-metal complexation, where the
dissolved iron concentrations are high, but the actual con-
centration of the bioavailable inorganic iron species (Fe’) is
low, which also is the case here (Fig. 8b). Moreover, the
pico-cyanobacteria such asSynechococcussp. were not as-
sessed in our study, but can contribute up to 80% of the
cyanobacterial biomass (Stal et al., 2003).Synechococcus
sp. is ubiquitous marine cyanobacterium and known as a
producer of strong iron siderophores (Wilhelm et al., 1996)
that can be photolabile (Barbeau et al., 2003). Cabaj and
Kosakowska (2005, 2009) further demonstrated siderophore
production of Baltic Sea heterotrophic bacteria and diatoms.
In the open ocean siderophores however were shown to only
contribute 0.2–4.6% to the dissolved iron complexation ca-
pacity (Mawji et al., 2008). The contribution of siderophores
may be higher here, but the main proportion of iron com-
plexing substances in coastal seawater, and especially in the
Baltic Sea, would be dissolved organic matter (DOM) such
as humic and fulvic acids (Hagström et al., 2001;̈Oztürk et
al., 2002; Rose and Waite, 2003; Bergström et al., 2001),
which can be present in truly dissolved or colloidal form
(Hassell̈ov, 2005; Wells, 1998). DOM in the Baltic Sea is
largely of terrestrial origin and subject to seasonality (Sted-
mon et al., 2007; Pempkowiak, 1983) and was shown to
complex and transport trace metals into this land locked
sea (Pettersson et al., 1997a; Pempkowiak, 1991). Pho-
todegradation gradually decreases the DOM concentrations
over the summer season (Skoog et al., 1996; Pettersson et al.,
1997b; V̈aḧatalo and Zepp, 2005). Here iron binding ligands
were diminished into a state of ligand deficiency with re-
gard to dissolved iron concentrations in the early summer (20
June). Fe ligand concentrations are in excess again of DFe
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concentrations for the remaining study period (Fig. 8b). Dur-
ing the summer the contribution of locally produced bloom
byproducts such as TEP and surfactants may gain impor-
tance with the decrease of total ligand concentrations. We
suggest that local production of iron chelators may hence
counteract the overall loss of humic substances and colloidal
iron by processes such as photodegradation and export over
the summer. What percentage of the total iron binding lig-
ands detected here is supplied byAnabaenasp.,Nodularia
spumigena,or alsoSynechococcussp. remains unclear, but
given the shift in the conditional stability constants parallel-
ing the cyanobacterial bloom development during the sum-
mer it seems plausible that at least a fraction can be attributed
to cyanobacterial toxin and thus ligand production, next to
bloom byproducts (TEP, surfactants). Stolte et al. (2006)
conclude that iron concentrations in the Baltic Sea are suffi-
cient for cyanobacterial growth, but that species composition
could be affected by species specific iron acquisition strate-
gies. Our observations of abundance and successive growth
of Aphanizomenonsp.,Nodularia spumigena, andAnabaena
sp. at Gotland Deep during the 2007 summer match this hy-
pothesis, considering that the latter two are toxin and iron
ligand producers.

As aforementioned, the decrease of iron binding ligands
in the surface waters during the summer will also be driven
by iron utilization from iron-ligand complexes, which can
include iron-ligand uptake or loss of ligands after reduction
of the iron-ligand complex at the cell surface (Morel et al.,
2008; Shaked et al., 2005). Fe(III) organic ligands can be
photostable or photolabile. Ligand-metal charge transfer dur-
ing ligand photoreduction and successive release of Fe(II)
from the organic complex during photoreduction can further
result in ligand destruction by irradiance, which results in
H2O2 production (Rijkenberg et al., 2006a, 2006b;Morel et
al., 2008; Maldonado et al., 2005; Barbeau, 2006; Barbeau et
al., 2001). The photochemistry of this micronutrient further
also counteracts losses by colloid and particle formation of
bioavailable iron in the LMW fraction during bloom devel-
opment, given that such a mechanism as identified for other
trace metals also affects iron biogeochemistry in the Baltic
Sea (Ingri et al., 2004). Despite the increase in total iron
towards the end of the summer the dissolved iron concentra-
tions in our study progressively decrease (Fig. 8a). Particu-
late iron may in part be composed of iron taken up into phy-
toplankton cells, of which in this ecosystem a considerable
fraction was initially supplied in form of Fe(II). Thus, bio-
genic particles after phytoplankton blooms may be the major
sink of iron, as also suggested by Gelting et al. (2009).

5 Conclusions

We conclude that the Baltic Proper is a stoichiometrically
low nutrient – high iron system and that a large fraction of the
bioavailable iron is supplied via Fe(II). Further, we identify

three distinct sections in the water column, which each show
individual characteristics of Fe(II) cycling. A – The fully
oxygenated euphotic zone where photoreduction of Fe(III) is
an important source of Fe(II). The actual contribution of rain-
water to Fe(II) concentrations remains to be demonstrated,
but standing stocks of Fe(II) in surface water apparently are
maintained to some extent by rain deposited Fe(II) ligands. It
is unclear though, what the production and turnover rates of
Fe(II) are, which would be crucial to fully understand the role
of Fe(II) in the bioavailable Fe pool. B – The oxic-anoxic
transition zone above the pycnocline features also presence
of Fe(II). Here light levels are insufficient for photochemi-
cal processes to operate. Other mechanisms, such as lateral
transport of water masses, local production, or input of Fe(II)
from anoxic deep waters may elevate Fe(II) concentrations in
this sub-oxic part of the water column. C – In anoxic waters
thermodynamics favor all iron in anoxic water to be reduced
to Fe(II). Wind driven mixing does not penetrate down to
anoxic waters during summer time, but Fe(II) from deep wa-
ter may be a temporal source to overlaying water layers due
to diffusion or after diapycnal mixing events.
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