
DOCTORA L  T H E S I S

Department of Chemical Engineering and Geosciences
Division of Geosciences

Speciation of Trace Metals in 
the Baltic Sea with focus 
on the Euphotic Zone

Johan Gelting

ISSN: 1402-1544  ISBN 978-91-86233-90-7

Luleå University of Technology 2009

Johan G
elting   Speciation of T

race M
etals in the B

altic Sea w
ith focus on the E

uphotic Z
one

ISSN: 1402-1544  ISBN 978-91-86233-XX-X     Se i listan och fyll i siffror där kryssen är





Speciation of Trace Metals in the Baltic Sea with focus on  
the Euphotic Zone 

Johan Gelting 

Applied Geology, Division of Geosciences 
Department of Chemical Engineering and Geosciences 
Luleå University of Technology 
SE-971 87 Luleå Sweden 
www.ltu.se

Luleå 2009 



Printed by Universitetstryckeriet, Luleå 2009

ISSN: 1402-1544  
ISBN 978-91-86233-90-7

Luleå 

www.ltu.se



ABSTRACT 
Physicochemical speciation of iron (Fe) and the trace metals Cd, Cu, Co, Mn, Ni, and Zn 
were performed at four different locations in surface waters of the Baltic Sea. 
Measurements were performed during several months of the growth season at each station 
to obtain a detailed picture of the temporal variation in relation to phytoplankton growth. 
The main target was to understand the speciation of iron, and to evaluate if Fe was 
limiting in primary production. A methodological aim of the thesis work was focused on 
comparison between trace metal speciation methods; where the DGT method was 
calibrated to other methods and also to use the DGT method find out which mechanisms 
that control the labile fraction. Other methods, such as CSV, CL-FIA and Fe isotope 
measurements (MC-ICP-MS) were used to further evaluate the changes in the Fe 
fractions. 
 
Concentrations of Mn, Zn and Cd measured by DGT during 2003 and 2004 were similar 
to concentrations measured in <1 kDa samples, but Cu and Ni, showed noticeably higher 
concentrations in ultrafiltered water than DGT-labile concentrations. This indicates the 
existence of un-labile low molecular weight Cu and Ni species, small enough to pass 
through the 1 kDa filter. It can also be a sign of a high degree of organic complexation 
which will lead to an underestimation in the DGT labile fraction. The temporal variations 
of DGT-labile trace metals during 2004 show quite large variations during the season at 
0.5 to 40 meters depth. From May to August, Cu, Cd and Mn drop about 35, 50% and 
60% respectively. Data from this investigation show a temperature dependency in the 
labile Mn concentration, which indicate a bacterial driven oxidation of dissolved to 
particulate Mn. During this process, trace metals in the surface water, like Cd, Zn and Co 
are scavenged, along with P. Ni and Cu seem to be regulated by other processes. 
 
Total Fe in the Baltic Sea euphotic zone decrease by more than one order of magnitude 
from the Bothnian Sea to the central Baltic proper. The Baltic Sea system is forming a 
natural well defined Fe gradient for studying physicochemical speciation of Fe and other 
trace elements and the role of iron for primary production at different total iron 
concentrations. From measurements with high temporal resolution from the euphotic 
zone, significant variations in the physicochemical speciation of Fe were observed, 
including the iron isotopes. To evaluate which elements were depleted with regard to 
cyanobacteria demand, internal elemental ratios were measured during three growth 
seasons. Fe:C within cyanobacteria did not indicate lack of iron, whereas dropping P:C 
ratios were indicating P-limitation at the peak of the bloom. This pattern was consistent 
for all studied locations. The study also showed that the levels of <1kDa are sufficient for 
Fe-replete phytoplankton growth. Also, a relatively high standing concentration of Fe(II) 
was measured, large enough to cover the demand for iron by cyanobacteria.  
 
Data from this Baltic Sea study suggest that iron isotope measurements provide new 
information on iron cycling in coastal areas. At the Landsort Deep, vertical mixing was a 
probable cause of the enrichment of light Fe during spring and fall. The Bothnian Sea



lacks anoxic waters, which also is reflected in positive 56Fe within the whole measured 
period (April-August). The study showed that Fe/Ti or Fe/Al ratios close to average crust 
material do not necessarily indicate that the suspended phase mainly reflects detrital 
particles. Both positive and negative iron isotope values have been measured although the 
sample has a Fe/Ti or Fe/Al ratio close to average crust material. Furthermore, a 56Fe 
value around zero does not necessarily mean that the sample consists of mainly rock 
fragments, as it usually is a mixture of iron particles with positive and negative 56Fe 
values.
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1 INTRODUCTION 
The biogeochemistry of iron, the fourth most abundant element in earth’s crust, has 
gained lots of attention during the last 2 decades due to its determinant role for 
bioproduction in large areas of the world’s oceans (Boyd et al., 2000; Coale et al., 1996; 
Martin et al., 1994). A previous study (Ingri unpublished data) showed that the truly 
dissolved fraction of iron in a bay of the Baltic Sea decreased, from relatively high initial 
concentrations in winter, to below detection limit (7 nM) during a spring bloom. This 
pattern was also observed for several other trace metals (Ingri et al., 2004b). The question 
was raised if iron, despite high total concentrations, may control phytoplankton 
production in the Baltic Sea due to its low bioavailability. An important group of 
phytoplankton species in the Baltic Sea are the nitrogen fixing cyanobacteria in the Baltic 
sea, which contribute to 20-40% of the nitrogen sources (Larsson et al., 2001), and have a 
Fe-demand that is 4-6 higher than other phytoplankton (Kustka et al., 2002; Sanudo-
Wilhelmy et al., 2001).  

1.1 AIM 
• The DGT technique as a complement to ultrafiltration is evaluated for use in an 

open sea environment, both with regard to Fe and other trace metals. It is also 
aimed towards the study of the temporal variations of the DGT labile fraction to 
find out which mechanisms that controls the labile fraction. This is mainly 
discussed in ppI and ppII, but also to some extent in ppIII and ppIV. 

 
• Bioavailability of iron is of major focus. Is Fe limiting for Baltic Sea primary 

production? The changes in Fe physicochemical speciation is evaluated in relation 
to primary production at different localities in the Baltic Sea. This is mainly 
discussed in ppIII and pp IV. 

 
• One specific goal was to achieve reliable field measurements of cyanobacterial 

species-specific internal Fe:C, Mo:C and P:C quotas in relation to Fe and Mo 
changes in the water as indices of nutrient limitation and growth rate, which is 
discussed in ppV. 

1.2 METALS IN NATURAL WATERS 
In natural waters, almost all of the elements in the periodic table occur in a wide range of 
concentrations and forms. Many of these elements are essential for life as nutrients, but 
they all become toxic if their concentrations exceed critical limits (Whitfield, 2001). 
Information of the total concentration of an element is most often not enough for 
understanding its behaviour in the environment. For this, one has to consider in which 
form the elements occur in, which is often referred to as the elemental speciation. The 
subject of speciation in natural waters has emerged by development of ultra clean 
sampling protocols and more precise analytical techniques. Even though progress in the 
field of trace metal speciation has continued for decades and extensive amounts of 
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literature has accumulated, this is a very complex issue, and it seems to get even more 
complex the more detailed the speciation can be performed. 
 
In order to prevent confusion in the subject, the International Union for Pure and Applied 
Chemistry (IUPAC) has defined the different aspects of elemental speciation: 
 
Chemical species. Chemical element: specific form of an element defined as to isotopic 
composition, electronic or oxidation state, and/or complex of molecular structure. 
Speciation analysis. Analytical chemistry: analytical activities of identifying and/or 
measuring the quantities of one or more individual chemical species in a sample. 
Speciation of an element; speciation. Distribution of an element amongst defined 
chemical species in a system. 
 
The term fractionation should be used when speciation is not applicable: 
 
Fractionation. Process of classification of an analyte of a group of analytes from a certain 
sample according to physical (e.g. size, solubility) or chemical (e.g. bonding, reactivity) 
properties.  
 
Changes in environmental conditions, whether natural or anthropogenic, can strongly 
influence the mobility and bioavailability by altering the speciation. Important controlling 
factors are pH, redox, particle and colloid surfaces for adsorption and, availability of 
complexing ligands (Ure and Davidson, 2002). Natural systems are dynamic, where 
variable conditions and episodic changes will affect concentrations and speciation on a 
short term scale, which is important to take into consideration when developing a 
sampling protocol. Sampling can be performed discretely, which is most common, e.g. by 
ultrafiltration, or intergraded with respect to temporal and spatial variations e.g. by using 
the DGT technique described below. Most metals, except for a few major elements, occur 
in very low concentrations in natural waters (Filella et al., 2002). Therefore, rigorous 
procedures have to be applied to avoid contamination during sampling, treatment storage 
and analysis (Benoit et al., 1997).  
 
Traditionally, aquatic species of elements are divided into three groups, suspended 
particulate matter (SPM), colloids and soluble forms. 

1.2.1 SUSPENDED PARTICULATE MATTER 
Determination of the composition of suspended particulate matter in natural waters is 
usually done by membrane filtration, separated by size. The particulate fraction is by this 
approach defined by the properties of the filter. Substances that pass trough a 0.22 μm 
membrane filter are considered as dissolved, and larger than 0.22 μm are called particles. 
Development of more sensitive analytical techniques and clean sampling protocols 
revealed unexpected variations in the dissolved fraction. When a membrane filter is 
clogged, the nominal pore size is gradually reduced and the concentration of some 
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elements will decrease (Horowitz et al., 1996). These filtration artefacts have been 
assigned to the presence of natural colloids (see below). Some parameters that affect the 
concentration in the filtrate during a filtration procedure are (1) filter type, (2) filter 
diameter, (3) filtration method, (4) concentration and composition of SPM, (5) colloidal 
concentration and composition, (6) concentration of organic matter, and (7) the filtrated 
sample volume. It was concluded that large filters may overcome some of these artefacts 
(Horowitz et al., 1996). To decrease this problem, Morrison and Benoit (2001) suggested 
to take measures such as discarding the first 25-50 ml of filtrate, apply low filtrations 
rates, and to avoid clogging, passing smaller volumes trough the filter. Horowitz et al. 
(1996) stressed that the term “dissolved” should be abandoned when referring to filtered 
water since it is misleading. Detailed descriptions of sampling and processing needs to be 
included in every publication, to make data from different studies comparable. Membrane 
filtration is still the most common method for separation of different size classes in water, 
mainly because it is cheap and uncomplicated to apply on site. 

1.2.2 COLLOIDS 
The distinction of colloids is made due to the dual behaviour of these entities, which in 
some means act as particles, and by others act as the solute phase (Buffle and Leppard, 
1995). These substances are usually defined as having at least one dimension in the 1 nm 
– 1 μm range (Buffle et al., 1998). A chemocentrical definition has also been proposed, 
where a colloid is any constituent that provides a molecular milieu onto which chemicals 
can escape and whose fate is affected by coagulation–break-up mechanisms rather than by 
removal by sedimentation (Gustafsson and Geschwend, 1997). This is probably a more 
environmental relevant approach, but more difficult to quantify. 
 
Natural colloids, abundant in both fresh and marine waters, play a  significant role due to 
their high surface area relative mass, which makes them capable of sorbing significant 
amounts of trace metals (Muller, 1996; Wells et al., 1998; Wells et al., 2000). For 
instance, colloids have been shown to affect the aggregation of settling particles 
(Honeyman and Santschi, 1989; Sholkovitz, 1978) and bioavailability of trace metals 
(Chen et al., 2003; Wang and Guo, 2000). Thus, quantification of colloids is essential to 
understand the speciation of a metal in nature. The colloidal pool has been shown to 
consist of different colloid types (Buffle et al., 1998) and different size fractions of 
colloids have various affinities to different trace metals (Wells et al., 2000). 
Consequently, a detailed quantification of colloids has to be made to understand trace 
metal interaction to these constituents. Two available methods for quantification of the 
colloidal fraction, ultrafiltration and Flow Field-Flow Fractionation, are discussed in the 
methods section. Major inorganic colloids are aluminium silicates, silica and iron 
oxyhydroxides, while common organic colloid types are humic substances, biopolymers 
(such as polysaccharides and proteins) and biological phases (such as bacteria) (Buffle et 
al., 1998; Stolpe, 2006). 
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1.2.3 THE SOLUBLE PHASE 
The soluble fraction in natural waters is often regarded as directly bioavailable and is 
commonly operationally defined, e.g. filtrate (permeate) from a 1kDa ultrafilter. This 
fraction should be distinguished from the dissolved (<0.22μm) since it contains no colloid 
fraction. The truly dissolved fraction is commonly used as a synonym to soluble fraction. 
From a pure chemical perspective, the soluble phase would comprise single hydrated ions. 
However, in natural systems, the picture is more multifaceted than that, since many trace 
metals have a strong affinity to different complexes, or ligands. When a natural water 
sample is separated from colloids and particles, e.g. by a 1 kDa ultrafilter, the filtrate will 
not only contain the free ions, but also the metal-ligand bound fraction. Soluble iron in the 
open ocean has been found to be more than 99% bound to organic complexes (Gledhill 
and van den Berg, 1994) and a marine cyanobacteria has been found to produce strong 
ligands that complexes copper (Moffett, 1995; Moffett et al., 1990). Besides the size-
defined separation of soluble metals, this fraction can be determined by a number of 
methods, including ion-selective electrodes (ISEs), Donnan membrane technique (DMT), 
permeation liquid membrane (PLM), and competitive ligand exchange adoptive stripping 
voltammetery (Ure and Davidson, 2002). The DGT technique (see below) can be used to 
measure the labile fraction, i.e. dissolved metal ions and metal-ligand complexes that are 
labile enough to diffuse trough a defined diffusion film. 

1.3 TRACE METALS IN ESTUARINE WATERS 
Estuaries are the interface between rivers and the ocean. Here chemical, biological, 
geological and physical processes combine which can substantially modify the flux and 
composition of material from the continents to the oceans (Berner and Berner, 1987). In 
estuaries, mixing of fresh and saline waters results in changes in salinity and pH which 
are both fundamental parameters in adsorption/desorption models (e.g. Stumm and 
Morgan, 1996). Many estuaries are characterized by high primary production, which may 
be expected to promote the uptake of biorective elements into biota.  
Colloidal material in rivers have been found to be dominated by two carrier phases for 
metals, organic carbon and Fe (Andersson et al., 2006; Dahlqvist et al., 2004; Lyvén et 
al., 2003). By new improved fractionation techniques, it has been possible to determine 
that these two phases often are clearly separable, where the Fe rich colloids have a larger 
size (~ 3-50 nm or larger) while organic colloids are smaller (~0.5-5 nm) (Lyvén et al., 
2003; Stolpe et al., 2005). The Fe rich colloid phase is likely to consist of Fe 
oxyhydroxides, and most likely the organic colloid is a hydrophilic fulvic acid. Most trace 
elements are associated with these two colloid phases, but have often a higher preference 
to one of them (Lyvén et al., 2003). When river water enters the ocean, a large fraction of 
the “dissolved” phase (<0.22μm) from the river load is removed due to flocculation of 
colloids. Pioneer studies of Sholkowiz, Boyle, Eckart and co-workers have substantially 
increased the understanding of colloidal behaviour in estuaries (e.g. Sholkovitz, 1978). In 
these studies, it was concluded that the degree by which a trace element was removed 
depended on its association with the Fe/humic matter relative to its occurrence as a 
soluble species. The colloidal distribution is thus changed by this flocculation process. In 
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recent studies where Fe-rich and carbon-rich colloids were identified as two different 
carrier phases, it has been shown that the small organic colloid is less affected by these 
processes than the Fe-rich (Stolpe and Hassellöv, 2007). This means that elements such as 
Ni, Cu and Zn, which has a higher preference to organic colloids, will be less affected in 
estuarine removal processes than those with high association to Fe colloids such as Al and 
Pb. In coastal seawater, the Fe colloids are almost completely removed, and there are 
additional organic ones of probable biogenic origin (Lead and Wilkinson, 2006; Stolpe 
and Hassellöv, 2007; Stolpe and Hassellöv, 2009) 

1.4 THE BALTIC SEA 
The Baltic Sea is the largest brackish water area in the world, with surface salinities 
ranging from almost zero in inner parts of Bothnian Bay and Gulf of Finland to that of sea 
water in the North Sea (Kullenberg, 1981). It can be regarded as a large scale mixing zone 
of fresh and sea water with physical and chemical properties partially similar to those of 
estuaries (Berner and Berner, 1987). Exchange to the open ocean is restricted, and the 
inflow from rivers is large, therefore the composition of the Baltic Sea water is strongly 
affected by terrestrial material.  
 
Trace metals enter the Baltic Sea from rivers and via atmospheric deposition (Brügmann, 
1986). Due to the influence of river runoff, Baltic Sea water is characterized by relatively 
high concentrations of suspended matter and humic substances. This affects the speciation 
and the cycles of trace metals (Brügmann et al., 1997). High concentrations of particles 
provide adsorption sites for metals and their final sedimentation. Humic substances affect 
the speciation for several trace metals in estuaries (Muller, 1996; Wells et al., 2000). The 
biological production in the Baltic Sea probably also has an effect on the trace metal 
speciation in several different ways. Seasonal changes of strong copper binding ligands, 
suggested to be produced by the cyanobacterium Synechococcus in the Gullmar fjord 
(adjacent to the Baltic Sea), were shown to have a clear impact in the Cu speciation 
(Croot, 2003). This is similar to previous findings where strong ligands were found to be 
produced by this species (Moffett, 1995; Moffett et al., 1990). Bacteria may also sequester 
elements such as Fe and Mn, which were found in bacterial cells in coastal waters of 
Norway, Denmark and Finland (Heldal et al., 1996). Direct uptake of Fe by cyanobacteria 
is discussed below. 
Another impact of bioproduction on trace metals is attributed to the polysaccharide 
exudates that phytoplankton and bacteria produces. These exudates form sticky gel-like 
particles, Transparent Polymeric Particles (TEP), that provide sites to which metals can 
adsorb (Quigley et al., 2002) and glue small particles together, which affects the 
sedimentation rate (Passow, 2002). 

1.4.1 CYANOBACTERIA LIMITATION 
Growth of phytoplankton in the Baltic proper is generally limited by nitrogen, except for 
the nitrogen-fixers whose growth has been considered to be regulated by phosphorus (P) 
(Granéli et al., 1990). Phosphorus is an essential nutrient as a component of nucleic acids 
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(DNA and RNA) and in the phospholipids of cell membranes. Phosphorus is also a 
constituent of ADP and ATP, involved in energy transfer. Cyanobacteria are capable of 
storing essential nutrients and Aphanizomenon growth is known to partly rely on stored P 
(Larsson et al., 2001; Walve and Larsson, 2007). Since Nodularia usually occurs in low 
numbers early in the season they do not seem to rely on stored P to the same extent. 
Walve and Larsson (2007) found that the P content in Aphanizomenon decreased during 
the biomass build-up and reached its lowest levels at the biomass peak. Also Nodularia 
had a low P content in summer indicating that both Aphanizomenon and Nodularia had a 
P limited biomass. Furthermore, experiments by Moisander et al. (2003) showed that 
surface water additions of P into in the open Baltic Sea during a cyanobacterial bloom 
both enhanced the nitrogen fixation and extended the bloom, indicating a P limited bloom. 
It has also been debated whether molybdenum (Mo), as a component of nitrogenase, may 
be a limiting factor. The supply of Mo in the Baltic Sea, in the form of molybdate, should 
be sufficient, but the structural similarity to sulfate, SO4

2-, one of the main components in 
seawater, can competitively inhibit the uptake rate of Mo (Cole et al., 1993; Stal et al., 
1999), and thus limiting their nitrogen fixation and growth rates (Howarth and Cole, 
1985; Marino et al., 2003). Contradictory data from other studies imply that nitrogen 
fixation of diazotrophs in waters with even higher SO4

2- concentration than in the Baltic 
proper are unaffected (Paerl et al., 1994; Paulsen et al., 1991). However, SO4

2- as a 
competitor to Mo uptake might cause slower growth rates that make the cyanobacteria 
more vulnerable to grazers and thus act as a bloom co-regulator (Marino et al., 2002).  
 
Iron (Fe) is essential to all living organisms and despite the fact that Fe is one of the most 
abundant elements on earth, it is regarded to limit phytoplankton growth in large areas of 
the ocean due to extremely low concentrations of bio-available Fe in surface water (Boyd 
et al., 2007; de Baar et al., 2005). Other studies have shown Fe to limit cyanobacteria in 
various parts of the world, e.g. Pearl et al. (1994) and Berman-Frank et al. (2001). 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). Nitrogen-
fixing cyanobacteria have a Fe demand that is 4-6 times higher than other phytoplankton 
(Kustka et al., 2002; Sanudo-Wilhelmy et al., 2001), hence the development of 
cyanobacterial blooms may to some degree be regulated by iron bioavailability. As in 
phytoplankton in general, diazotrophic cyanobacteria utilize Fe in enzymes for 
photosynthesis, respiration (electron transport) and nitrite and nitrate reduction (Whitfield, 
2001). In addition, Fe is needed in the Fe-rich enzyme complex nitrogenase, used for 
nitrogen fixation, which increases the iron requirement for diazotrophic cyanobacteria 
(Kustka et al., 2002). Furthermore, heterocystous diazotrophic cyanobacteria require 
additional Fe due to their higher photosystem I: photosystem II ratio (Raven et al., 1999). 
Thus, when supply of Fe is limited, it can reduce nitrogen fixation, photosynthesis and 
growth (Berman-Frank et al., 2001). 
 
Several other factors may regulate diazotrophic cyanobacterial blooms. Even though 
grazing might restrain the magnitude of their biomass (Marino et al., 2002) it is generally 
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considered to have a small impact on their potential to bloom in the Baltic (Sellner et al., 
1994). Diazotrophic cyanobacteria are considered bad competitors to other phytoplankton, 
however, the capability to fix nitrogen gives them an infinite N source and hence a 
competitive advantage when the N/P ratio in the water is low (Stal et al., 2003). Irradiance 
is an important regulating factor since nitrogen fixation is an energy demanding process 
and light is the energy source (Stal et al., 2003). 

1.4.2 FE IN THE BALTIC PROPER 
Despite that Fe is one of the most abundant elements on earth, the concentration of bio-
available Fe in surface water is low, due to low solubility in oxic water (Liu and Millero, 
2002), formation of colloids (Sañudo-Wilhelmy et al., 1996) and complexation with 
organic ligands (Gledhill and van den Berg, 1994; Rue and Bruland, 1995). According to 
Liu and Millero (2002)“Dissolved Fe can exist in two oxidation states, Fe(II) and Fe(III), 
free or complexed with inorganic and organic ligands”. Due to rapid oxidation of Fe(II) 
(Sunda, 2001), the dominating form of free Fe in surface waters is Fe(III) with very low 
solubility (Liu and Millero, 2002; Millero et al., 1995). Fe(III) undergoes extensive 
hydrolysis into various Fe(III) oxyhydroxides (Rijkenberg et al., 2005) that increases the 
removal of Fe from the surface by the formation of colloids that aggregate into larger, 
sinking particles (Gunnars et al., 2002).  
 
Sources and sinks of Fe to the surface water (adapted from Boström, 1983; 
Brügmann, 1986; Wells et al., 1995) : 
 
Sources 

 Inputs from rivers, land runoff and bottom sediments 
 Atmospheric deposition 
 Vertical mixing and upwelling 
 Biological regeneration in surface water 
 Lateral transports 

 
Sinks 

 Formation of colloids with a subsequent aggregation into larger, sinking, particles 
 Precipitation and sorption to sinking particles 
 Biological uptake 
 Sinking of biogenic particles, e.g. live cells and fecal matter 

 
In the open Atlantic and Pacific oceans, atmospheric dust deposition is regarded to be the 
major source of external iron (Jickells et al., 2005; Jickells and Spokes, 2001; Wells et al., 
1995). In the Baltic, rivers and land runoff are probably the main sources of new Fe to the 
Baltic proper, but no recent budget have been made.  
 
Iron is mainly occurring in three carrier phases in freshwater systems. Lithogenic material 
is almost entirely occurring in the particulate phase. Colloid-associated iron is mainly 
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distributed between macromolecules of humic-type fluorescent organic matter (presumed 
fulvic acid) and iron rich colloids (presumed Fe(III)-hydroxide/oxyhydroxide) (Hassellöv 
and von der Kammer, 2008). When this humic-rich freshwater mixes with salt water, a 
salt-induced flocculation occurs that removes dissolved and suspended Fe from the water 
column and consequently very little Fe reaches the open sea (Boyle et al., 1977; 
Sholkovitz, 1976; Stolpe and Hassellöv, 2007). Released Fe and P from anoxic bottom 
sediments (Sikorowicz et al., 2005) is a potential internal source of Fe to surface waters. 
Compared to freshwater lakes, the leakage of Fe from anoxic sediments in the Baltic is 
lower due to a higher sulphide production, which strongly binds Fe as Fe sulphides 
(Gunnars and Blomqvist, 1997). The presence of a permanent halocline in the Baltic 
proper (Kullenberg, 1981) and the development of a seasonal pycnocline in summer, 
restricts the water exchange between surface and deep water and thus acting as a barrier 
for the upward transport of Fe.  
 
Due to the low solubility of Fe(III), more than 99% of all the dissolved Fe in surface 
water of the open ocean has been found to be bound to strong organic dissolved ligands 
(Gledhill et al., 1998; Rue and Bruland, 1995). The complexation to organic ligands 
affects the bio-available Fe in the surface water (Kuma et al., 2000). 
Direct uptake of organically bound Fe is available to phytoplankton through siderophores 
(Whitfield, 2001), i.e. organic molecules that solubilize and scavenge Fe from the 
environment (Gress et al., 2004). The only diazotrophic cyanobacterial species in the 
Baltic Sea that is known to produce siderophores is Anabena flos-aquae (Gress et al., 
2004; Hutchins et al., 1991). It is however possible that other species can utilize their 
siderophores as a source of Fe (Granger and Price, 1999; Wells et al., 1995). Other 
mechanisms proposed to increase Fe bio-availability for phytoplankton are 
photoreduction, processes governed by light (Miller and Kester, 1994), and biological 
reduction (Chen et al., 2003; Maldonado and Price, 1999), i.e. mechanisms that reduce 
Fe(III) to Fe(II), the more soluble form (Sunda, 2001). 

1.5 IRON ISOTOPES 
Measurements of stable isotopes have in numerous cases proven to be a useful tool for 
studying natural processes. Recent advances in multi-collector inductively coupled 
plasma mass spectrometry (MC-ICP-MS) now enable the measurement of heavy stable 
isotopes, such as Cu, Fe, Mo and Zn. Iron has four stable isotopes (54Fe, 56Fe, 57Fe, and 
58Fe), and thus there is the potential for isotopic variability to develop in nature through 
either abiotic or biotic mechanisms.  
It has been suggested (Ingri et al., 2006) that iron isotopes could be used to roughly 
identify the two colloidal forms of Fe that is found in rivers  (see above, Hassellöv and 
von der Kammer, 2008). In this thesis, Fe isotope measurements are made to get more 
information about the sources of Fe occurring in the euphotic zone.
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2 STUDIED LOCATIONS 
All four sampling sites are marked on the map in figure 1.  
Ekhagen bay is situated in the inner part of the Stockholm archipelago, close to central 
Stockholm (59°22.54’N;18°03.58’E). This site is a low-salinity estuarine bay, which is to 
a high extent influenced by freshwater runoff. Levels of natural organic carbon (NOM), 
trace metals and chlorophyll are higher than in the open Baltic Sea. Surface salinity 
during the sampling period was on average 3.3 ‰.  
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Figure 1. Sampling locations 
 
The C3 station (Ulvödjupet) is situated about 40km off the Swedish coast in the Northern 
Bothnian Sea (62° 39.17’N; 18° 57.14’E). The station is included in the Swedish 
environmental monitoring program. During the study in 2006, the salinity in surface 
waters had an average salinity of 4.7 ‰. 
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The Landsort Deep is located in the open Baltic proper (58º35’N, 18º14’E), about 40 km 
off the Swedish coast without influence from any major rivers. Investigations on 
hydrography, biology and geochemistry, both for monitoring purposes, and for specific 
research projects, has taken place here since the 1890’s (Gustafsson et al., 2004; 
Gustafsson et al., 2000; Larsson et al., 2001; Sobek et al., 2004; Voipio, 1981). On 
average, the surface salinity at the Landsort Deep was 6.3 ‰ during the 2004 study. 
 
The Gotland Deep station (BY15) is situated in the middle of the eastern Gotland basin in 
the open Baltic proper (57°18 N; 20°04 E). The island of Gotland is the closest landmass, 
about 70km from the station. As well as for BY31, the BY15 station is rather well studied, 
both with regard to general monitoring, and specific research (e.g. Fehr et al., 2008; e.g. 
Pohl et al., 2006). During the study in 2007, salinity in surface water was on average 7.0 
‰.
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3 MATERIALS AND METHODS 

3.1 DIFFUSIVE GRADIENTS IN THINS FILMS (DGT) 
The DGT technique was developed by Davison & Zhang (1994) for sampling of labile 
substances. It has been used in research and monitoring of soils, sediments and waters. 
The basic principle is applicable to any substance for which a suitable film and binding 
phase can be found.  
 
The DGT technique has many advantages over other proposed methods for trace metal 
measurements: a) it is easy to use, b) it concentrates metals in situ, c) many trace metals 
can be measured simultaneously, and d) it yields time-averaged concentrations over the 
length of the deployment time. For many trace metals, the concentration of a species in 
true solution is very low, even below the detection limit of direct measurement. The DGT 
technique provides an alternative due to its preconcentrating capabilities under these 
conditions. 

3.2 DGT PRINCIPLE IN WATER 
Principles of the DGT technique are shown in Figure 2.  
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Figure 2. Schematic view of the DGT principle, showing the steady state concentrations 
gradient. C= bulk metal concentration, g= thickness of the diffusive gel, = thickness of the 
diffusive boundary layer (DBL).  
 
A flux of the target solution from the environment to a binding phase is measured during 
the deployment time. The film is a defined layer that serves to control the rate of mass 
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transport. Measurements from DGT are considered to provide information relevant for the 
potential bioavailability and mobility of elements.  
 
This method relies on a steady concentration gradient through a diffusive medium, with 
one side in contact with water, and the other in contact with a sorbent layer. The sorbent 
layer traps the free ions that are able to diffuse through the diffusive medium. Chelex® 
100 resin embedded in hydrogel is a common choice as sorbent layer because of the 
irreversible binding of many metals which sets the concentration of free metals ions to 
zero at the interface to the diffusive medium. To describe the flux of ions, J, through the 
gel Fick’s first law of diffusion is used. D is the diffusion coefficient and dc/dx is the 
concentration gradient (eq 1). 
 

dx
dCDJ    (1) 

 
When applied in DGT probes, the equation 1 can be expressed as follows to describe the 
diffusive mass flux which transports the metal from the solution to the resin: 

g
C

DJ b
g    (2) 

 
Where Dg is the diffusion coefficient for the labile species in the hydrogel, Cb is the ion 
concentration in bulk solution and g the thickness of a uniformly behaving diffusive 
medium comprised by a hydrogel and a membrane filter. 
 
The flux can also be expressed as the mass of metal accumulated in the sorbent layer, M, 
the exposed area, Ag and the deployment time, t: 
 

tA
MJ

g

   (3) 

 
Equations 2 and 3 are combined to obtain an expression for the concentration in bulk 
solution: 
 

tAD
gMC
gg

b    (4) 

 
Equation 4 above is the most commonly used in studies involving DGT in water. Because 
of formation of a diffusive boundary layer (DBL) of thickness  at the interface of the 
filter and the bulk solution, the Cb will not be exactly similar to the actual uptake in the 
gel Cg. The metal diffusion coefficients in the gel Dg are only slightly lower than the 
diffusion coefficients in water Dw (Scally et al., 2006) which implies that eq. 4 will be 
valid only if  g>> . Recent studies have found that this assumption is problematic since 
 often is 20 % or more of g. This may be evened out by the finding that the effective 
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sampling area As is about 20 % larger than the area of the window facing the solution Ag 
(Warnken et al., 2006). A more correct expression of eq. 4 with regard to effective 
sampling area and DBL is expressed in equation 5. 
 

gDADA
MtDDAA

C
Wggs

gwgs
b   (5) 

 
The diffusion coefficient Dg in the gel is dependent on the composition of the hydrogel 
and on the temperature which in turn is linked to the viscosity of water. Hydrogels in a 
range of different pore sizes have been used in the DGT which will affect the diffusion 
coefficient. These coefficients are determined experimentally for each metal and gel type 
(Zhang and Davison, 1995). Temperature dependency can be corrected for by using 
Stoke-Einstein’s equation (Zhang and Davison, 1995). 

3.2.1 USING DGT IN NATURAL WATERS 
The DGT technique has been found to perform well in seawater (Davison and Zhang, 
1994; Munksgaard and Parry, 2003; Twiss and Moffett, 2002; Zhang and Davison, 1995), 
in estuarine waters (Dunn et al., 2003) and in most freshwaters. Problems have occurred 
during measurements in low-ionic strength waters (<1 milliequivalents/L) (Warnken et 
al., 2005). 
 
As mentioned above, the diffusive boundary layer (DBL) has an effect on the mass 
transport into the DGT.  Findings by (Gimpel et al., 2001) suggests that flow rates below 
1 cm/s generate high values of , but when the flow rate exceeds 2 cm/s the value is low. 
By the deployment of several DGT samplers which have different diffusion layer 
thickness ( g) the  and Cb can be measured. 
 
Biofouling is a problem associated to long term deployment with DGT’s in water were 
the bioproductivity is high. This term refers to the growth of organisms on the membrane 
filter, which may affect DGT performance for several reasons. Biofouling may change the 
diffusion length, and the area of the filter exposed to solution. Organisms might also 
affect the concentration gradient by sorbing metal ions. Davison et al. (2000) suggests that 
this sorbing mechanism may not affect the DGT measurement substantially, but the 
enlargement of the diffusion thickness would alter the measurement if the biofilm is 
thicker than 100 μm. Several workers have found biofuoling during long term 
deployments in coastal areas (Dunn et al., 2003; Munksgaard and Parry, 2003). It has 
been suggested that the effect of biofuoling can be corrected for by using DGT’s with 
different g (as described for DBL correction), but this requires that the different 
samplers are affected to the same extent (Zhang et al., 1998). 

3.2.2 METAL SPECIATION BY DGT 
Davison et al. (2000) stated that three factors determine which species are collected by the 
DGT method; the binding agent, the diffusion layer thickness and the pore size of the gel. 
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Because of the strong binding capacity of the Chelex®100 resin, and the high 
concentrations of binding groups in the resin gel, most other ligands will be displaced for 
metal ions there. Free metal ions are continuously removed from solution into the resin. 
The ligand bound metals will contribute to this flux, if they rapidly dissociate, but 
kinetically inert species will not. Dissociation time is equal to the time it takes for a metal-
ligand complex to pass through the diffusion layer and the resin gel (Zhang and Davison, 
1995). The fraction of the metal that is collected by the DGT sampler is thus defined by 
the dimensions of the sampler, the kinetic and thermodynamic properties of the ligands 
and their diffusivity in their hydrogel (Lehto et al., 2006; Scally et al., 2003). 
 
A standard DGT unit comprises of about 0.03 cm3 of Chelex® 100 (Garmo et al., 2003), 
which gives a concentration of about 0.012 meq/cm3 in the resin part of the gel. This is in 
good agreement with experimental capacity measurements for Cd (Zhang and Davison, 
1995). The Chelex® 100 resin has been extensively used for preconcentration of metals 
from, for example seawater, due to its selective binding of cationic trace metals (e.g. 
Florence and Batley, 1975). A recent developed dynamic model considered the binding 
strength and concentration of the resin on the uptake of metals in DGT in presence of 
complexes of various stabilities (Lehto et al., 2006). From this model, predictions have 
been made that the binding sites in the resin gel is sufficient to provide consistent DGT 
measurements for most natural systems. 
 
The diffusive gel has the purpose to moderate liquid convection so that a well defined 
mass transport between bulk solution and the binding resin can take place. In most studies 
where DGT measurements are involved, hydrogels have been prepared by cross-linking 
an acrylamide monomer with an agarose derivate, which are often referred to as APA gels 
(Zhang and Davison, 1999). These gels fulfil the requirements in most cases, but 
exceptions have been observed in low-ionic strength water (see above). The APA gels 
have relatively open pores and early reports stated that the diffusion coefficients of free 
metal ions were identical to those in water (Zhang and Davison, 1999; Zhang and 
Davison, 2000). Changes in the manufacturing process in 1998 resulted in APA gels with 
slightly smaller pore sizes, which reduced the diffusion coefficients for free metal ions in 
the currently used APA gels to about 85 % of those in water (Scally et al., 2006). 
Complexes with humic and fulvic substances have been shown to diffuse through the 
open- pore APA gels, but their diffusion coefficients are considerable less than those of 
free ions (about 10 and 25% respectively), which will cause a retardation in the resin layer 
of these species relative free ions (Scally et al., 2006; Scally et al., 2004; Zhang and 
Davison, 1999). Thus, if DGT with open-pore APA gel is used to fractionate metal 
species in a natural water where the concentration of organic ligands (such as humic and 
fulvic acids) are unknown, the contribution of the complexed metals relative to the free 
ions will not be adequately measured. A more restricted pore size of the diffusive gel can 
be achieved by varying the composition of the polyacrylamide gel, so that the diffusion 
coefficient is about 60% of that in water and retardation of  humic and fulvic complexes 
higher than the standard open pore gel (Scally et al., 2006). If open-pore and restricted 
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pore are used simultaneously, provided that the diffusion coefficients for the different gel 
types and species are known, information about the distribution of metal between small 
inorganic species and organic ligands can be obtained (Unsworth et al., 2005; Zhang, 
2004; Zhang and Davison, 2000). Scally et al. (2004) suggested that the use of restricted 
DGT’s in waters containing high amounts of complexed ions will lead to an 
underestimation of the labile fraction. 
 
A cleaning protocol for the Chelex resin has shown to reduce blank levels for most of the 
trace metals (Olofsson et al., 2001) which is important so that blank levels can clearly be 
separated from measured values. By this operation and general high level of clean 
technique precautions, detection limits of the DGT method can be lowered (Garmo et al., 
2003). 

3.2.3 BIOLOGICAL RELEVANCE 
DGT measured metal concentrations in soils have shown to be better predictors for plant 
bioavailability than free metal ions (Nolan et al., 2005; Zhang et al., 2001). In waters, 
relatively few studies on bioavailability correlation to DGT labile species have been 
reported. It has been shown that in water containing Cu-EDTA complexes, DGT labile Cu 
could predict the toxicity to the aquatic crustacean species Daphnia magna, whereas Cu-
NTA complexes were fully DGT-labile, but not toxic (Tusseau-Vuillemin et al., 2004). 
The binding of Cu and Al to fish gills has shown good correlation to DGT labile 
concentrations (Luider et al., 2004; Royset et al., 2005). 

3.2.4 APPLICATION IN THIS STUDY 
Of the factors affecting DGT performance (see “Effects of environmental conditions 
above”), only the DBL and biofuoling should be of concern, since pH and ionic strength 
ranged within the interval where DGT has been found to function well. Considering the 
high-energy marine environment in the Baltic Sea the diffusive boundary layer (DBL) 
was assumed to be negligible. 
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Figure 3. Design of the piston-type DGT unit A, and cross sections (B, C). 
 
Standard piston-type DGT units were used throughout the studies in ppI, ppII, ppII and 
ppIV (fig 3). The units were prepared as described previously (Dahlqvist et al., 2002) 
with APA-gel (15% acrylamide, 0.3% patented agarose-derived cross-linker) as diffusive 
layer, Chelex® 100 resin (Na-form, 200-400 mesh) as binding agent and a 0.22 m 
cellulose nitrate membrane lter as protective outer layer. Diffusion coefficients provided 
by DGT Research Ltd. (DGT Research Ltd, 2006) were used for the average water 
temperatures calculated from in situ temperature measurements every second hour during 
the deployment periods. The hydrogel thicknesses were 0.75 mm at Ekhagen, 0.77 mm at 
BY31 and 0.8mm at the BY15 and C3 stations. Membrane lter thickness was 0.13 mm 
for all DGT units and the exposed diffusion area was 3.14 cm2. 

3.3 ULTRAFILTRATION 
Ultrafiltration is a technique that was originally developed for industrial and biochemical 
purposes, e.g. separation of proteins or viruses from solution. However it has now 
emerged as a successful tool for speciation studies in aquatic research. In natural waters, 
this is a commonly used technique for determination of the size distribution of elements 
and for isolating colloidal material (Buesseler et al., 1996; Dai and Martin, 1995; Dai et 
al., 1998; Gustafsson et al., 1996).  
 
The term cross-flow filtration (CFF) is commonly used when ultrafiltration is discussed, 
and is often used synonymous with ultrafiltration, which is not fully correct. The term 
CFF is equal to tangential flow filtration (TFF) which refers to a process where the water 
is recirculated parallel (tangential) to the filter membrane at a high flow rate. Since the 
term CFF is the most widely used, it will be used in the text. Ultrafiltration by itself is not 
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fundamentally different from microfiltration (discussed below), except for the size of the 
molecules/particles that are retained, but when applied with the CFF technique (which is 
most common) the procedure is dissimilar.  
By using the CFF ultrafiltration process (fig 4), colloids/particles will remain suspended 
in solution in contrast to ordinary membrane filtration where these will be retained on the 
surface of the filter. Due to the high hydrostatic pressure, components smaller than the 
membrane cut-off will permeate trough the filter and thus this fraction is denoted 
permeate. Constituents of the water sample larger than the membrane cut-off will be 
retained by the filter, and is denoted retentate. There are some additional terms and 
parameters that apply to CFF: 
 
-LMW: Low molecular weight, often the same as the permeate fraction, or, if several 
ultrafilters are used, the fraction of small colloids, e.g. 1-10 kDa. 
 
-HMW: High molecular weight, often the same as the retentate fraction, or if several 
ultrafilters are used, the fraction of large colloids, e.g. 10 kDa-0.22 μm. 
 
-CF: Concentration factor. The factor by which colloids and particles are concentrated in 
the retentate, calculated by following formula: 
 

volumeretentate
volumeretentatevolumepermeate

CF
)()(

  (6) 

-CFR: Cross-flow ratio, which is retentate flow divided by permeate flow. 
 
-Recovery: The concentration of a certain element in permeate and retentate as percent of 
the concentrations in the feed, which gives a figure in percent of how much of the element 
that is left in solution after the ultrafiltration process: 
 

Recovery 100
.

.)(.)(
x

concfeed
concretentateconcpermeate

 (7) 
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Figure 4. The principle of Cross-flow filtration (CFF). 
 
The goal is to get a recovery as close to 100 % as possible, which means that a minimum 
of adsorption to the filter membrane and contamination takes place. To accomplish 
reliable ultrafiltration procedures, it is therefore important to apply correct operational 
parameters, which can be done by altering the cross-flow ratio (CFR) and the 
concentration factor (CF). A CRF >15 and CF>10 was suggested by Larsson et al. (2002) 
to achieve high recoveries for organic carbon, Ca, Mo, Fe, Cu and Ni. Other workers 
suggest that a high CF (>40) is needed to reduce the effect of retention of LMW species 
(Guo et al., 2000), but this may on the other hand enhance breakthrough of HMW species 
(Dai et al., 1998; Wilding et al., 2004). 
One very important thing, when using a ultrafilter, is to be sure of the actual cut-off, since 
the manufacturer’s specified cut-off may differ from the actual (Gustafsson et al., 1996). 
Studies on a 1 kDa Millipore Pellicon ultrafilter membrane showed that it had an effective 
cut-off of 2.1 to 2.5 kDa (Larsson et al., 2002; Wilding et al., 2004). This filter membrane 
is similar to the 1kDa Prep/Scale filters used in the in ppI, but they differ in shape. 
 

3.3.1 APPLICATION IN THIS STUDY 
During this study, the concentrations of the <1kDa permeate was of interest for the 
comparison to DGT measurements, and to get a measurement of the soluble fraction of 
Fe. The retentate fraction was only evaluated as a quality control for the filtration process. 
The CFF ultra ltration modules used in ppI, ppII, ppIII and ppIV were Millipore 
Prep/Scale Spiral Wound TFF-6 with manufacturer-speci ed cutoffs of 1 and 10 kDa (the 
latter was only used in ppI). For both modules, the lter membrane area was 0.54 m2 and 
the lter material was regenerated cellulose. The lters were used in combination and 
with microfiltration (see below). Operational settings for the different procedures are 
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presented in ppI. The retentate volume was kept constant at ~3L during the ltration 
process and was circulated for approximately 10 min, with the permeate line closed at the 
end of the process. Pre- ltered water was sampled prior to ultra ltration and permeate and 
retentate were sampled integrally from the bulk permeate/retentate sample after the 
completed filtration process. Before every new sampling occasion and after every 

ltration, the lters were rinsed with MilliQ water and solutions of NaOH and HCl, 
according to a previously described procedure (Larsson et al., 2002). 

3.4 MEMBRANE FILTRATION 
In this thesis, 0.22 μm membrane filtration (using 142 mm diameter Millipore mixed 
cellulose esters) was performed as an on-site fractionation procedure preceding the 
ultrafiltration (ppI) and as a stand alone speciation procedure (ppII, ppIII and ppIV). 
The filters used were mounted in Geotech polycarbonate filter holders. The first filter was 
completely clogged at each sampling occasion; the filtrate volume was measured and then 
discarded. New filters were used for the actual sample, through which half the clogging 
volume passed trough the filter. The reason for this was to minimize the discrimination of 
colloids that is caused when clogging filters (Morrison and Benoit, 2001). All the 
<0.22μm filtrate was collected integrated in a 25L polyethylene bottle from which sub 
samples for analyses were taken. All tubing, filter holders and containers were acid-
leached in 1.5M HCl for 1-2 weeks with a subsequent wash in MilliQ water (Millipore, 
>18.2 M ) prior and after sampling. The filters were washed in 5% acetic acid, as 
described by Ödman et al (1999).  

3.5 FIELD WORK 
In Ekhagen, sampling was performed from a 40m-long wooden pier. Three replicate DGT 
devices were deployed for approximately 2 weeks in 6 deployment periods between April  
and June 2003. The units were suspended with plastic rope from a buoy to 4m depth. A 
StowAway TidbiT® temperature logger was connected to the DGT device to record 
temperatures every second hour during the deployment. On six occasions between March  
and June, usually at the start and end of the DGT deployments, water was collected at the 
sampling site for membrane ltration and ultra ltration in laboratory. Un ltered water 
samples for direct analyse were also collected at the sampling point. At the Landsort Deep 
and Gotland Deep, all sampling was conducted from the ship M/S Fyrbyggaren, at the C3 
station in the Bothnian Sea, with R/V KBV005 being used.  
 
DGT units were deployed in duplicates for 2 to 6 weeks at 0.5, 5, 20, and 40 meters depth 
attached to a rope suspended from a buoy and stretched out with a plastic-covered weight. 
During 2007, measurements were also done at 120m depth. As in Ekhagen, temperature 
loggers were attached to the DGT devices.  
 
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 sampling to minimize the 
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risk of contamination by the ship.  The sampled water was transported via a peristaltic 
pump (Masterflex, Colepalmer) into a laminar flow bench inside a laboratory container, 
where all sample handling took place.  Water for measurements of dissolved iron (DFe), 
iron ligand titrations, and deck incubations was filtered through trace metal cleaned 0.22 

m membranes (142 mm diameter, Millipore mixed cellulose ester, GSWP14250).  
Further more, unfiltered 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 closure mechanism. 
   
1 kDa ultra ltration was conducted in laboratory within 24hours after sampling, except 
for 2007, when ultrafiltration was performed in a ship-based laboratory. 
 
Cyanobacteria were collected with an acid washed plankton net (0.5 m diameter, mesh 
size 90 m). The net was vertically lowered from the pole in front of the ship to 10 m 
depth and material was only collected on the way up. During the hand-picking procedure 
for the cyanobacteria trace metal samples, all the equipment was acid-washed and a 
special needle (made of gold, silver and copper) was used to avoid contamination when 
picking colonies. The sorting took place under a laminar flow hood and the petri dishes 
were filled with seawater sampled from a trace metal clean system. For details about the 
method see ppV.  

3.6 CHEMICAL ANALYSES 

3.6.1 TRACE METALS - ICP-SFMS 
DGT resin gels were eluted in 5 ml of 10% HNO3 (quartz distilled from analytical-reagent 
grade HNO3). DGT eluents, 0.22 m ltrate and permeate and retentate from the 
ultra ltration were analysed by Inductively Coupled Plasma – Sector Field Mass 
Spectrometry (ICP-SFMS) or Inductively Coupled Plasma – Atomic Emission 
Spectroscopy (ICP-AES). For analyses of particulate Cd, Co, Cu, Fe, Mn, Ni and Zn, the 
0.22 m membrane lters were digested in a microwave oven with HNO3 and H2O2 in 
closed Te on containers and analysed with ICP-SFMS. For particulate Fe and Al, the 

lters were placed in Pt crucibles, digested in a regular oven at 1000°C and analysed with 
ICP-AES. Hand-picked filaments of cyanobacteria were microwave digested in nitric acid 
(Rodushkin et al., 1999) and then the trace metal content was determined using ICP-
SFMS. The resulting Me:P ratio were related to C by using results from C and P analysis 
carried out at the Department of Systems Ecology. 

3.6.2 MC-ICP-MS 
Suspended matter from clogged 0.22μm nitrocellulose filters and sediment trap material 
were analysed with regard to Fe isotopic composition. Fe-isotope ratio measurements 
were performed with double focusing high resolution MC-ICPMS instrument (Neptune, 
Thermo Finnigan, Germany) with detailed procedures described in Ingri et al (Ingri et al., 
2006). Results are presented using the -notation, defined as  
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1000*1/// standard

5456
sample

545656 FeFeFeFeFe ‰  (8) 

where (56Fe/54Fe)standard is the ratio for IRMM-014, corrected for instrumental mass 
discrimination using Ni. Similar notations were also used for the 57Fe/54Fe and 57Fe/56Fe 
ratios. 

3.6.3 CHEMILUMINESCENT FLOW-INJECTION ANALYSIS 
In ppIV, Fe(II) in seawater was determined by following Croot and Laan (2002) using 
Chemiluminescent Flow Injection Analysis (CL-FIA) with a luminol (5-amino-2,3- 
dihydro-1,4-phthalazine-dione) reagent. The flow injection analyzer (FIA, Waterville 
Analytical, Maine, USA) was equipped with a 50cm (1.2 mL) sample loop. No sample 
pre-concentration steps were applied. The effluent pH was monitored 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. A 10mM primary Fe(II) standard solution was prepared from a Merck 
Titrisol Fe(II) standard in 0.1M HCL. Secondary standards were prepared immediately 
prior to use by serial dilution of the primary standard using 0.01M HCl. Standard 
additions to the samples were kept below 0.1% volume to reduce the effect of lowering 
the sample pH to a minimum. Oxidation rates were calculated based on Millero et al.  
after approximating [OH]  using the program CO2SYS (Fox, 1989). 
 

3.6.4 FLOW FIELD-FLOW FRACTIONANTION 
Flow field-flow fractionation (FlFFF) is a chromatography-like elution technique for the 
characterization of colloids, where the retention of colloids depends on their ability to 
diffuse against a flow of liquid in an open channel. Diffusion coefficient, and thereby 
hydrodynamic diameter, can be calculated from retention time by rather simple equations 
(Giddings, 1993). The on-line coupling of FlFFF to UV-absorbance and fluorescence 
detectors and to inductively coupled plasma mass spectrometry (ICP-MS) has been 
described previously (Hassellöv et al., 1999; Stolpe et al., 2005). By this combination of 
techniques, the continuous colloidal size distribution of chromophores, fluorophores and 
different elements can be determined, information which is valuable for the identification 
of the different types of colloids present in a sample, and for investigating their 
importance as carriers of iron and other elements in aquatic systems. This method was 
used in ppIII. 
 

3.6.5  ORGANIC IRON(III) COMPLEXATION 
In ppIV filtered seawater samples (0.2 m) were analyzed for organic iron complexation 
using competitive 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 10 mol L-1 concentration of 2-(2-Thiazolylazo)-p-
cresol (TAC) competing with the natural ligands for iron complexation in a EPPS 
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buffered (pH: 8.0) seawater sample based on Croot & Johansson (2000).  All analyses 
were performed at 20°C in a 10 step titration series on thawed aliquots of seawater 
samples that were frozen after collection to -20°C.  Iron binding ligand concentrations 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 (  Fe(TAC)2’) for the salinities of the samples was calculated based 
on published values at different salinities (Croot et al., 2004; Croot and Johansson, 2000; 
Gerringa et al., 2007).  
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4 FINDINGS 
In Ekhagen bay and at Landsort Deep (ppI), concentrations of Mn, Zn and Cd measured 
by DGT were similar to the concentrations measured in 1 kDa ultra ltered samples. The 
generally good agreement between the two techniques can be explained by little organic 
complexation for these metals. For Cu and Ni, the ultra ltered concentrations clearly 
exceeded the DGT-labile concentrations. This indicates the existence of LMW Cu and Ni 
species, small enough to pass through the 1 kDa ultra lter but not labile enough to be 
retained in the DGT units. Organic complexation may also be responsible for the 
difference, since metal-ligand complexes will diffuse into the DGT at a slower rate than 
free ions. The comparison of DGT and ultra ltration in the Baltic Sea shows that both 
methods have strengths and weaknesses. Fouling of the diffusive window is one of the 
drawbacks for DGT, especially during long-term exposures, and the effect has not yet 
been elucidated. DGT measures a time-integrated average concentration, while the 
ultra ltrated concentrations are based on single grab samples. The ultra ltered 
concentrations may therefore not be representative for a longer period of time. On the 
other hand, if the results are supposed to be compared to un ltered grab samples or 
membrane ltrates, the ultra ltration might render a more direct comparison than DGT. A 
change in metal speciation between sampling and ltration is a problem of importance for 
ultra ltration. This is not a problem with an in situ method like DGT. The time and 
money saving factor using DGT is important, especially when sampling is conducted over 
prolonged periods. In waters with very low metal concentrations, where concentrations of 
ultra ltration permeate results in values below detection limits, DGT is useful because of 
the pre-concentration capability.   
 
In ppII, DGT was used from 0.5 to 40 meters depth to evaluate the dynamics of labile 
fraction of the trace metals Cd, Co, Co, Mn, Ni and Zn at the Landsort Deep. One 
important objective of this study was to estimate the importance of plankton productivity 
to trace metal speciation. The scavenging of trace metals in Mn oxyhydroxides was also 
of interest. Trace metal content in unfiltered water samples were only correlated to Mn in 
the DGT labile fraction, with labile Cd and Mn correlating to the filtered fraction, but no 
other trace element were showing such correlation. Marked changes took place in the 
DGT-labile fraction for all studied elements during the period of sampling, but not for the 
total concentrations (except Mn), indicating a change in the speciation 
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Figure 5. DGT-labile Mn ([Mn]DGT) versus average temperature during each deployment period 
obtained from temperature logger. Encircled values indicate when Mn showed a temperature 
dependent behaviour, in this study at T>4°C. 
 
Mn at the end the of sampling period comprised only 4% of the labile concentration in 
March, a decrease which was attributed to processes linked to primary production in 
March and April, and to bacterial oxidation during late April to September (fig 5). A 
similar seasonal variation to that of P was observed for DGT labile Mn, an indication of 
common controlling pathways. Co and Cd seem to follow Mn except during the first 
measurements, which indicate that these elements are removed by scavenging in Mn 
oxyhydroxides. Labile Zn is probably also coupled to this, since it has similar temporal 
patterns as Cd. Labile Cu and Ni show different patterns than the other trace metals, but 
appear to be slightly connected to the peak in biomass during May. By using the DGT 
method, it was possible to measure the temporal and spatial variations of the selected 
trace metals in situ and with lower risks of contamination.  
 
In ppIII, the physiochemical speciation of Fe was measured in the Baltic Sea euphotic 
zone at three different locations, over a well defined salinity gradient, during the 
phytoplankton growth season. The average of total Fe changed from 114 nM in the 
Bothnian Sea, 44 nM at Landsort Deep and 15 nM at Gotland Deep. Particulate Fe (PFe) 
was the dominating phase at all stations, on average 75-85% of total Fe. At all studied 
locations, steadily decreasing concentrations in the fractions TFe, DFe, SFe and [Fe]DGT, 
were measured. From FFF-ICPMS data, a significant, but decreasing, carbon fraction 
(most likely fulvic acid) dominated colloid bound Fe at all locations. This is analogous to 
the findings of humic substances (HS) controlling Fe in the coastal and open ocean 
(Laglera and van den Berg, 2009). The relatively high level of Fe in the <1 kDa fraction at 
all sampled stations (above 2 nM) indicate that the levels of SFe are replete with regard 
taken to phytoplankton demand. Calculations of Fe demand by Baltic phytoplankton are 
orders of magnitude lower than this number. 
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Figure 6. Regression between chlorophyll a and suspended Fe (PFe) at 5 m depth at the 
Bothnian Sea station (C3) during 2006. 
 
In spite of this, a strong correlation was observed between chl-a and PFe (fig 6). This was 
not attributed to active uptake, but a common cycling of Fe and P. These elements have 
similar sources, either terrestrial or from deep water. P is fuelling the growth of 
phytoplankton onto which PFe can attach and removal of PFe occurs during 
sedimentation. Hence, primary production strongly regulates cycling of suspended Fe. 
 
Iron isotope data reveal systematic temporal variations in the Fe-isotope signature, the 

56Fe value changed from 0.08 to +0.25‰ during three weeks in March and April at the 
Landsort Deep. This change was related to spring-bloom (diatoms) and subsequent 
sedimentation of iron with a negative isotope signature. All sediment trap data from the 
Landsort Deep showed a negative iron isotope value. During summer, a relatively stable 
positive 56Fe value was measured in suspended matter both in the Bothnian Sea and at 
the Landsort Deep. This positive value probably is probably a combination of river 
introduced aggregated oxyhydroxides and particulate iron formed from oxidation of 
dissolved Fe(II) in the euphotic zone. Hence, aggregated but still suspended Fe-
oxyhydroxides might be spread over large areas in the Gulf of Bothnia. Iron isotope data 
clearly show that a 56Fe value around zero does not mean that the sample consists of 
mainly detrital rock fragments; instead the value is reflecting a mixture of iron particles 
with positive and negative values. 
 
In ppIV, the focus is especially on evaluating the role of Fe and especially of Fe(II) for 
cyanobacterial bloom development in the Baltic Sea ecosystem. The data imply that 
photochemical reduction of organic Fe(III)-complexes is an important source of Fe(II) to 
the surface layer at Gotland Deep and Landsort Deep, while rainfall may introduce Fe(II) 
ligands into surface water.  But the contribution of rain deposited Fe(II) for the total Fe(II) 
concentrations is not elucidated. From iron ligand titrations, there are indications that the 
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iron ligand characteristics are connected to the phytoplankton bloom dynamics and that at 
least a proportion of the ligands present may be biologically produced or a byproduct of 
bloom development, such as transparent exopolymer particles (TEP) and surfactants 
(Boyanapalli et al., 2007; Ingri et al., 2004a). Local production of iron chelators may 
hence counteract the overall loss of humic substances by processes such as 
photoreduction and export over the summer that mainly enter the Baltic Sea via high fresh 
water input during spring time (Bergström and Carlsson, 1994; Hagström et al., 2001). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Relationships of 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 5m water depth. 
 
The cellular iron quota of Baltic Sea nitrogen fixing cyanobacteria is ca 100 mol Fe:mol 
C (from pp V) and thus results in a minimum cellular bound iron concentration of 0.23 
nM at the maximum cyanobacterial biomass of 2.32 mol C L-1. Using the cyanobacterial 
C fixation rate in (Walve and Larsson, 2007) and assuming 50% is needed for growth, the 
iron requirement of heterocystous cyanobacteria is ca 1 nM (0.017 nM day-1) for the two 
month growth period. Considering a lower Fe demand for non-N-fixing phytoplankton 
than for N2 fixing cyanobacteria (Kustka et al., 2003), and an approximate C fixation rate 
of 30 μg 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 nM (0.025-0.05 nM day -1).   

 
Fe(II) in Baltic Sea surface waters show a persistent stock throughout extended periods of 
time (fig 7). A good agreement between DGT-labile Fe and Fe (II) in surface waters 
suggest that Fe(II) is the major Fe species sampled by DGT. 
 
The Baltic Proper is a low nutrient - high iron system and that a large fraction of the 
bioavailable iron is supplied via Fe(II). This however is supplied via a combination of 
photochemical processes and rainwater deposition in surface water and apparently 
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maintained to some extent by organic-Fe(II) complexation. Wind driven mixing does not 
reach the oxic-anoxic interface during summer time, ruling out Fe(II) and PO4 rich deep 
water as a source of nutrients for cyanobacterial bloom development. 
 
 

m
ol

:m
ol

 
Figure 8. Seasonal data on P:C (mol:mol) in cyanobacteria from Bothnian Sea (C3) and Baltic 
proper (BY31 and BY15). Data from C3 are for Aphanizomenon (Aph), from BY31 also for 
Nodularia (Nod), and for BY15, the samples are a mixture between the two species. 
 
The study of elemental ratios in Baltic cyanobacteria was conducted in ppV. No 
indication of Fe control of the cyanobacterial summer bloom in the Baltic proper was 
found by interpreting the Fe:P ratios of Aphanizomenon and Nodularia. The results 
support earlier studies that indicate P limitation. The recurrent pattern of the P:C ratio, 
where P depletion is occurring each year during maximum biomass, is indicative of P 
limitation (fig 8). This pattern was observed at all three locations. By using clean 
sampling methods, the results from previous studies in limited areas (Walve and Larsson, 
2007) were confirmed to also be valid for other parts of the Baltic Sea and to be 
repeatable for different growth seasons. 
Corrections for lithogenic material, using Fe/Al ratios, made small changes to the Fe:C 
ratios, indicating that the Fe is of other origin. Removal of surface bound metals by an 
oxalate-EDTA reagent, indicated that less than 10% of all Fe in a mixed sample of both 
Aphanizomenon and Nodularia was surface bound. Mn is associated to cell surfaces of 
both studied species, but in particular Nodularia. This is likely to be coupled to bacterial 
oxidation, where also Cd and Co are adsorbed. 
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5 FUTURE RESEARCH 
The coupling between Mn and P in Baltic Sea surface waters found in pp (II) needs 
further studies. Fig. 9 (not included in the paper) clearly illustrates the correlation between 
the two elements. Since one of the major conclusions from this thesis is that there are 
strong indications that P is the limiting nutrient for cyanobacteria, further investigations 
are needed to find out whether Mn to any extent regulates the amount of P in Baltic Sea 
surface waters. Recently, the stable form of dissolved Mn(III) was measured in suboxic 
zones of the Black Sea (Trouwborst et al., 2006). Findings from the Fe(II) study also 
indicate the presence of this species in the Baltic Sea, since some of the depth profiles at 
the Landsort Deep show a decrease in Fe(II) when oxygen is depleted and no H2S is 
detected. Mn(III) could then be a possible oxidant of Fe(II). The question is what impact 
the occurrence of Mn(III) in the Baltic Sea will have on the already complex redox 
chemistry. 
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Figure 9. Total P versus labile Mn at 0.5, 5, 10, 20 and 40m depth, March to October 2004 at 
Landsort Deep. 
 
Thermodynamics favour all iron the anoxic layers of the Baltic Sea to be reduced to 
Fe(II), also suggested by Strady et al (2008). Preliminary measurements indicate that 
Fe(II) and total dissolved Fe measurements in anoxic deep water at the Gotland Deep 
station differ by one order of magnitude considering the total dissolved Fe data provided 
by Strady et al.(2008). The reason for the discrepancy between the expected and detected 
Fe(II) levels in anoxic waters remains to be shown. If this low value of Fe(II) is the true 
concentration, it will have implications for some of the planned geo engineering methods 
for stabilizing deep water P. These methods rely on phosphate precipitation on FeOOH 
(Stigebrandt and Gustafsson, 2007), which in turn is dependent on the amount of Fe(II). If 
the molar ratio of Fe(II) to P is less than 2, the available amount of Fe(II) will not be 
enough to precipitate P and further transport it to the bottom. The Fe(II) geochemistry of 
suboxic and anoxic zones of the Baltic Sea have to be studied further. 
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During the field studies in the Baltic Proper (2004 and 2007), the cyanobacteria bloom 
development was comparatively low in intensity. Studies of Fe biogeochemistry during an 
intense cyanobacterial bloom would be of interest. During these conditions, inside a patch 
of Aphanizomenon and Nodularia surface slicks, in particular, measurements at high 
temporal resolution would be of interest, on a smaller timescale of hours and days, rather 
than weeks. 
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6 GLOSSARY 
APA-gel: Acrylamide monomer cross-linked with a patented agarose derivative, the most 
commonly used diffusive gel in DGT measurements. Pore size is about 5nm. 
Chelex®  100: A binding resin that has selectively binding of cationic trace metals 
Cross Flow Filtration (CFF): A process where the feed stream flows parallel to the 
membrane face. Applied pressure causes one portion of the flow stream to pass through 
the membrane (filtrate) while the remainder (retentate) is recirculated back to the feed 
reservoir. 
DBL: Diffusive boundary layer, see description in the chapter about the DGT technique. 
DFe: Dissolved Fe (Iron), in this Thesis used for 0.22μm filtered samples 
DGT: Diffusive gradient in thin films 
EDTA: Ethylenediaminetetraacetic acid, a chelating agent 
Euphotic zone: the depth of the water in a lake or ocean that is exposed to sufficient 
sunlight to sustain photosynthesis.  
FIA: Flow-injection analysis 
FlFFF: Field flow fractionation 
HMW: High molecular weight, a term often used when referring to large colloids 
(>10kDa) 
In situ: Measurements performed without sampling, at exact location of interest (at depth 
in the water column, sediment of soil) 
kDa: Kilo Dalton, 1000Da, a size measure which corresponds to a molecular weight of 
1000 hydrogen atoms. 
LMW: Low molecular weight, a term often used when referring to small colloids (1-
10kDa) or solute fraction (<1kDa) 
[Me]DGT: In this thesis, this denotes the labile concentration of a metal measured by DGT 
NTA: Nitrilotriacetic acid, a chelating agent  
On site: Performed immediately after sampling, close to location of interest 
Permeate: The filtrate that is produced from an ultrafilter 
PFe: Particulate or suspended Fe (iron). Samples collected on 0.22μm filters. 
Recovery: The concentration of a certain element in permeate and retentate as percent of 
the concentration in the feed 
Retentate: The fraction that is retained by an ultrafilter. 
SFe: Soluble Fe (Iron), in this thesis used for 1kDa filtered samples 
Tangential Flow Filtration (TFF): equal to Cross flow Filtration 
TFe: Total Fe (iron) concentration. In this thesis based on the sum of <0.22μm and 
suspended matter samples (PFe) 
Trace metal: Initially metals that were hardly detectable were classified as trace metals. 
Different classifications are described, but trace metals are often denoted metals in water 
except the major ones (Ca, Na, Mg and K). 
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Diffusive gradients in thin films (DGT) and ultrafiltration
were used to measure trace metal concentrations in the
Baltic Sea. The results provide the first comparison of these
two fundamentally different speciation methods for trace
metals. Cd, Cu, Mn, Ni, and Zn were measured at two sites
with different total trace metal concentrations. DGT units
prepared with APA-gel as diffusive layer and Chelex 100
resin as binding agent were used throughout the study. The
ultrafiltration was performed with Millipore Prep/Scale
modules with cutoffs of 1 and 10 kDa. Concentration levels
of Mn, Zn, and Cd measured by DGT agreed with the
concentrations measured in 1 kDa ultrafiltered samples.
For Cu and Ni the ultrafiltered concentrations exceeded the
DGT-labile concentrations. The ability of DGT to precon-
centrate metals was found to be an analytical advantage
compared with ultrafiltration. DGT appears to be a
good alternative to 1 kDa ultrafiltration for measurement
of truly dissolved Mn, Cd, and Zn in the Baltic Sea.

Introduction
Distribution, mobility, and toxicity of metals in natural waters
are strongly related to their aqueous speciation (1). The
biological response of an organism depends not simply on
total concentrations but on the activities of the metal ions
and their complexes, and on the concentration of labile metal
species in solution (2, 3). To understand the behavior of an
aqueous element and the transformation between chemical
forms there is a need for reliable methods that enable
measurements of specific fractions of metals.

Ultrafiltration has frequently been used to study speciation
of metals in natural waters (e.g., 4, 5). In a recent study, Ingri
et al. (6) used cross-flow ultrafiltration technique to determine
the size distribution of trace metals and organic carbon in
the Baltic Sea. Various evaluations of ultrafiltration techniques
have been performed (7, 8). Two cross-flow ultrafiltration

systems were optimized by Larsson et al. (9) for Baltic Sea
surface waters. Some disadvantages are, however, associated
with ultrafiltration. The procedure is complicated and
demands a rigorous handling protocol for satisfactory results.
The laboratory-based filtration process implies sampling and
storage of water, which may trigger aggregation and oxidation
of metals and result in a change in metal speciation (10, 11).
Laxen and Chandler (12) found a change in metal speciation
in water stored for more than 2 h between sampling and
filtration. Since ultrafiltration is based on grab samples,
extensive sampling is necessary if correct average concen-
trations or temporal variations are to be measured (13),
particularly in dynamic waters such as coastal or estuarine
waters where metal concentrations may fluctuate exten-
sively. If sampling frequency is low, the measurements
may represent a temporary increase or decrease in concen-
tration level instead of the average metal concentration.
Ultrafiltration is also an expensive and time-consuming
procedure.

A possible alternative or complement to ultrafiltration is
the emerging technique of diffusive gradients in thin films
(DGT) introduced by Davison and Zhang (14). DGT has been
used for trace metal speciation in natural waters (e.g., 15, 16)
and provides an in situ measurement of labile metal species,
which prevents problems with speciation changes associated
with sampling and storage. DGT accumulates metals in
proportion to time and produces a mean concentration over
the chosen deployment period. The pre-concentration ability
is an important quality in waters with extremely low dissolved
metal concentrations. DGT is also a cheap, time-saving, and
easy-to-use method. In several studies, DGT has been
compared to other speciation methods in different types of
natural waters. It has been used together with membrane
filtration in estuarine waters (13) and compared to competi-
tive ligand exchange followed by voltammetric measure-
ments for measurement of the speciation of Cu in coastal
marine waters (CLE-ACSV) (17), Cu and Zn in streamwater
(CLE-DPASV or CLE-DPCSV) (18), and speciation of Cu, Zn,
Ni, Cd, Pb, and Mn in eutrophic lake water (CLE-DPCSV)
(16). DGT has also been used in conjunction with dialysis to
study speciation of trace metals in lake water (19).

The aim of this study was to compare in situ DGT
measurements of trace metals with concentrations measured
in 1 kDa ultrafiltered water. Both techniques were simul-
taneously used in the Baltic Sea at two sampling points with
different salinity and total trace metal concentrations (Table
1). The first point, Ekhagen (59°23N, 18°04E), is a low-salinity
coastal bay in the vicinity of Stockholm, and the second point
is Landsort (58°35N, 18°14E), 40 km off the Swedish coast in
the open Baltic Sea. Sampling was performed in Ekhagen 6
times in 2003, and in Landsort 10 times in 2004. This study
provides the first comparison of these two fundamentally
different techniques for speciation of trace metals.

Materials and Methods
Diffusive Gradients in Thin Films (DGT). Standard piston-
type DGT units (20) were used throughout this study. The
units were prepared as described previously (21) with an
APA-gel (15% acrylamide, 0.3% patented agarose-derived
cross-linker) as a diffusive layer, a Chelex 100 resin (Na-
form, 200-400 mesh) as a binding agent, and a 0.22 μm
cellulose nitrate membrane filter as a protective outer layer.

Calculations were performed as explained elsewhere (20).
With Fick’s first law of diffusion and known diffusion
coefficient of metal ions within the diffusive gel, the
concentration of metal in the bulk waters can be determined
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from the measured mass of metal accumulated in the resin
according to eq 1.

C is the concentration of metal in solution, M is the mass of
metal accumulated in the resin, Δg is the thickness of hydrogel
and membrane filter, D is the diffusion coefficient of the
metal ion within the gel, A is the exposure area, and t is the
deployment time. Diffusion coefficients provided by DGT
Research Ltd. (22) were used for the average water temper-
atures calculated from in situ temperature measurements
every second hour during the deployment periods. The
hydrogel thicknesses were 0.75 ( 0.02 mm at Ekhagen and
0.77 ( 0.02 mm at Landsort. Membrane filter thickness was
0.13 mm for all DGT units and exposed diffusion area was
3.14 cm2. The elution factor was assumed to be 0.8 for all
metals in this study (20). Considering the turbulent marine
environment, the diffusive boundary layer (DBL) was as-
sumed to be negligible.

The DGT units were assembled under clean conditions
and stored in clean plastic bags at 4 °C. All equipment was
washed in 0.1 M HNO3 and rinsed in MilliQ water prior to
use. Powder-free disposable gloves were worn during all
handling.

In Ekhagen the mean amount and the standard deviations
of the blanks (n ) 5) for each element were (in ng per disc)
3.87 ( 1.46 for Zn, 1.17 ( 0.77 for Cu, 0.35 ( 0.22 for Mn,
and 0.12 ( 0.06 for Ni. The percentage masses of metal in
the blanks compared to the amount accumulated in the field
devices were 2% for Zn, 3% for Cu, and less than 1% for Mn
and Ni. Measured masses in blanks from Landsort (n ) 10)
were (in ng per disk) 4.65 ( 2.44 for Zn, 1.51 ( 0.71 for Cu,
0.73 ( 0.37 for Mn, 0.42 ( 0.30 for Ni, and 0.028 ( 0.028 for
Cd. The percentage masses of metal in the blanks compared
to the amount accumulated in the field devices were 10% for
Zn, 9% for Cu, 2% for Cd, and 1% for Mn and Ni. The masses
of trace metals in these control blanks were used to correct
the masses extracted from the devices deployed in the field.

Ultrafiltration. The ultrafiltration system used in this
study was a MilliPore Prep/Scale system. Two Prep/Scale
Spiral Wound TFF-6 modules were used with manufacturer-
specified cutoffs of 1 and 10 kDa. For both modules the filter
membrane area was 0.54 m2 and the filter material was
regenerated cellulose. A Watson Marlow peristaltic base-
plate pump was connected to the system.

The sampled water in Ekhagen was pre-filtered through
a 0.22 μm membrane filter before ultrafiltration, starting with
the 10 kDa filter. During the filtration, the permeate (<10
kDa) was collected in an acid-cleaned plastic container.
Colloidal material (>10 kDa) was retained in the retentate.
The collected permeate (<10 kDa) was filtered again, this
time through the 1 kDa filter. Material between 1 and 10 kDa
was retained in the retentate and the permeate was collected
in a new container. Samples were collected for analysis from
0.22 μm, 10 kDa, and 1 kDa permeate and from 10 kDa and
1 kDa retentate. At Landsort permeate from the 0.22 μm
membrane filter was directly filtered through the 1 kDa Prep/
Scale module. Samples were collected for analysis from 0.22
μm and 1 kDa permeate and from 1 kDa retentate.

Concentration factors (CF) in Ekhagen were between 16
and 24 for the 10 kDa filter, and between 11 and 14 for the
1 kDa filter. Cross-flow ratios (CFR) (retentate flow/permeate
flow) were >20 for the 10 kDa filter and >80 for the 1 kDa
filter. At Landsort, concentration factors were between 16
and 22 and cross-flow ratios were >60 for the 1 kDa filter.
CF and CFR were calculated as described previously (23).
Mean recoveries for each metal are presented in Table 2.
The recoveries for Cd in Ekhagen are left out of Table 2,
because almost all values for Cd in Ekhagen were below the
detection limit.

Before every new sampling occasion and after every fil-
tration the filters were rinsed with MilliQ water and solutions
of NaOH and HCl, according to a procedure described by
Ingri et al. (23).

Field Work. Ekhagen. The sampling was done from a
40-m-long wooden pier in the Ekhagen Bay. Three replicate
DGT devices were deployed for approximately 2 weeks in 6
deployment periods between April 2 and June 2, 2003. The
units were suspended with plastic rope from a buoy to 4 m
depth. A StowAway TidbiT temperature logger was connected
to the DGT device to record temperatures every second hour
during the deployment. The recovered DGT units were
thoroughly rinsed with MQ water on the deployment site
and then placed in clean, airtight plastic bags. On every
deployment occasion 1-3 DGT units were chosen as control
blanks. These devices were not deployed in the water column.

On 6 occasions between March 18 and June 2, 2003, usually
at the start and end of the DGT deployments, water was
collected at the sampling site for membrane filtration and
ultrafiltration in laboratory. An all plastic Flojet diaphragm
pump (ITT industries, flow rate ∼5 L/min) was used to collect
approximately 25 L of water from 4 m depth in an acid-
cleaned polyethene (PE) container. The water was im-
mediately transported to the laboratory where the filtering
process began within 2 h. Unfiltered water samples for direct
analysis were also collected at the sampling point.

Landsort. All sampling was conducted from the ship M/S
Fyrbyggaren. DGT units were deployed in duplicate, 10 times,
for 2 to 4 weeks, over the period March 10 to September 9,
2004. At 5 m depth, the DGT units were attached to a rope
suspended from a buoy and stretched out with a plastic-
covered weight. The buoy was connected to another rope
anchored at the bottom. As in Ekhagen, temperature loggers
were attached to the DGT devices. The recovered DGT units
were, as in Ekhagen, rinsed with MilliQ water and placed in
plastic bags. On every sampling occasion two DGT units were
assembled but not immersed in the water column. These
units were used as blanks.

On 13 occasions between March 10 and September 9,
2004 water was collected at Landsort for filtration and

TABLE 1. Mean Values of Salinity (‰) and Total Metal Concentrationsa at Ekhagen and Landsort during Sampling Periods, n ) 6
for Ekhagen, n ) 13 for Landsort

salinity Ca Mg K Na S Fe Cd Cu Mn Ni Zn

Ekhagen 3.3 1.28 4.53 0.857 39.0 2.48 589 0.223 33.2 224 32.9 52.1
Landsort 6.3 2.30 9.18 1.81 80.3 5.02 29.5 0.186 8.66 30.6 11.8 5.84

a Concentrations in mM for Ca, Mg, K, Na and S, and in nM for Fe, Cd, Cu, Mn, Ni and Zn.

TABLE 2. Mean Recoveries for Ultrafiltrationa

Mn Ni Cu Zn Cd

Ekhagen (10 kDa) 88 90 88 89
Ekhagen (1 kDa) 91 74 81 66
Landsort (1 kDa) 96 73 94 73 78
a Ekhagen (n ) 6), Landsort (n ) 13).

C ) M Δg
DAt

(1)
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unprocessed samples. Water was sampled from 5 m depth
in an acid-cleaned polyethene (PE) container using a
Masterflex peristaltic pump. The tubing used to collect water
was attached to a flagpole which was mounted to the bow
of the ship. The water was therefore sampled approximately
10 m in front of the ship during slow steaming to avoid
contamination derived from the hull. Filtration with 0.22 μm
membrane filter was performed on board the ship im-
mediately after sampling. The 1 kDa ultrafiltration was
conducted in the laboratory within 24 h after sampling.

Analysis. All analytical work was performed in Class 100
clean room conditions. After sampling and transport to the
laboratory, the DGT devices were disassembled and the resin
gels were eluted in 5 mL of 5 M HNO3 (suprapur). Concen-
trations of elements in DGT eluents, unfiltered samples, 0.22
μm membrane filtrate, and permeate and retentate from the
ultrafiltration were determined by ICP-SFMS using an
Element (ThermoFinnigan, Bremen, Germany). See Rodush-
kin and Ruth (24) for operating conditions and measurement
parameters. Prior to analysis, water samples were diluted
4-fold with 0.16 M HNO3 (suprapur) in MilliQ water. Matrix-
induced signal variations and signal instabilities were cor-
rected for using internal standards (25 ppb In and Tl) added
to samples, blanks, and standards. Quality control was
accomplished by regular analyses of in-house control
samples.

Results and Discussion
Measurement Definition. Before the results are presented
it is important to emphasize the basic differences between
the measurement techniques. DGT measures a flux which
is used to calculate an average concentration over the
deployment period, and the discrimination of metal species
in the gel is based on size and lability. A gel pore size of
approximately 5 nm permits free metal ions, inorganic metal
complexes, and small organic metal complexes to diffuse,
while particles and large colloids are excluded (20, 25). Since
the complexes must dissociate in the hydrogel to be
measured, only complexes with sufficient dissociation rate
will be retained in the resin (20). Kinetically inert species are
excluded.

The ultrafiltration is performed in the laboratory and based
on a grab sampling approach. The discrimination of metal

species by ultrafiltration is based on size. A pore size of 1 kDa
equals approximately 2 nm. It should be noted that the pores
of a filter with manufacturer-specified cutoff of 1 kDa range
between ∼0.7 and ∼1.3 kDa (7) and also that the cutoff, in
daltons, is a nominal value and that the real cutoff depends
on the structure and chemical composition of the metal
species present (9). Studies with CFF ultrafilters have shown
that a manufacturer-defined cutoff of 1 kDa corresponds to
a real cutoff of 2.1-2.5 kDa (7, 9). Since a major part of
seawater colloids are just above 1 kDa in size (26) it can be
expected that the 1 kDa CFF permeate, besides free metal
ions, will contain different forms of complexes and colloids.
The ultrafiltration will, unlike DGT, not discriminate inert
and immobile complexes.

The metal concentrations in 1 kDa ultrafiltered permeate
are compared with DGT-labile concentrations in the two
sampling points in Figures1 and 2. DGT results are presented
as lines reflecting the deployment period and the ultrafiltered
results are shown as points at the time of sampling. The
error bars represent the instrumental deviation for ultrafil-
tered results and the standard deviation of replicate devices,
simultaneously deployed, for DGT.

Mn, Zn, Cd. Concentrations of Mn, Zn, and Cd measured
by DGT were similar to the concentrations measured in 1
kDa ultrafiltered samples, especially for Mn (Figures 1 and
2). The generally good agreement between the two techniques
is likely due to the weak tendency of these metals to form
organic complexes. Mn seems to exist predominantly in
particulate fractions or in truly dissolved species in Ekhagen
(6). Munksgaard and Parry (15) found that almost 100% of
the dissolved Cd is labile in estuarine waters. The agreement
between the two techniques is not as evident for Zn as for
Mn and Cd. Studies have shown that Zn can be strongly
bound in small nonlabile complexes (16). The measured
concentrations of Zn in ultrafiltered water from Landsort
were close to the detection limit for some samples, which
must be taken into consideration.

Cu, Ni. For Cu and Ni the ultrafiltered concentrations
clearly exceeded the DGT-labile concentrations (Figures 1
and 2). This indicates the existence of low molecular weight
Cu and Ni species, small enough to pass through the 1 kDa
ultrafilter but not labile enough to be retained in the DGT
units. A substantial complexation by organic substances has

FIGURE 1. Concentrations of Mn, Zn, Cu, and Ni in Ekhagen measured by DGT and ultrafiltration.
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been found for Cu and Ni in seawater (17, 27-29). Ingri et
al. (6) found that 35% of the Ni <0.22 μm and 54% of the Cu
<0.22 μm in Ekhagen was in colloidal forms. The organic
complexes have diffusion coefficients substantially lower than
free metal ions (30). Since diffusion coefficients for free ions
are used in this study, the DGT-labile concentrations are
probably underestimated, contributing to the difference in
concentrations measured by the two methods.

Complexation by simple organic ligands such as nitrilo-
triacetic acid (NTA) or diglycolic acid (DGA) lowers the
diffusion coefficient of trace metals in the gel by ap-
proximately 25%, whereas fulvic acid (FA) species will
contribute to the mass of metal measured by DGT with
approximately 20% of the sensitivity of uncomplexed metal
(31, 32). If we use these reduced diffusion coefficents for Cu
and Ni and assume that 100% of the concentration measured
with DGT is complexed with simple organic ligands we do
not reach the concentration measured in the ultrafiltered
fraction. Assuming 100% complexation with FA gives con-
centrations in the DGT over the observed concentrations in
the ultrafiltered fraction. For Cu, a combination of 20% free
metal ions and 80% FA-species gives the same concentrations
in the DGT and ultrafiltered fractions in Landsort. The
combination for Ni is 70% free metal ions and 30% FA-species.
In Ekhagen the figures are 40% and 60% for Cu and 60% and
40% for Ni, respectively.

General Assessment. Both methods have strengths and
weaknesses. DGT measures a time-integrated average con-
centration, while the ultrafiltrated concentrations are
based on a single grab sample. The ultrafiltered concen-
trations can therefore be nonrepresentative for a period of
time. On the other hand, if the results are supposed to be

compared to unfiltered grab samples or membrane fil-
trates, the ultrafiltration might render a more direct com-
parison. A comparison with DGT demands a composite sam-
ple comprising several grab samples collected during the
DGT deployment period. This was addressed in a study by
Dunn et al. (13). The importance of speciation change during
transport and storage has been shown in earlier work (12,
19), and a change in metal speciation, during the time be-
tween sampling and filtration, cannot be ruled out for
water collected for ultrafiltration in this study. The time and
money saving factor using DGT is important, especially
when sampling is conducted over prolonged time periods.
In waters with very low metal concentrations, where analysis
of ultrafiltration permeate results in values below detection
limits, DGT is useful because of the pre-concentration
capability.
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Abstract
We used diffusive gradients in thin films (DGT) to evaluate the temporal 
variations of the labile fraction of the trace metals Cd, Co, Cu, Mn, Ni and Zn at 
the Landsort Deep, Baltic Sea. Sampling was done at five levels, from the 
surface to 40 m depth from March to September 2004. Marked changes took 
place in the DGT-labile fraction for all studied elements, in spite of small 
variations in total concentrations (except for Mn), which indicates changes in 
speciation.  
In this paper we show that seasonal formation of Mn-rich particles, coupled to 
temperature dependent oxidation of dissolved Mn, is an important process in the 
upper oxidised section (5-40 m) of the water column. Labile Mn in September 
comprised only 4% of the labile concentration in March, a decrease which was 
attributed to two processes; diatom production during spring bloom in March 
and April, and to bacterial oxidation during the rest of the season. Labile Co, Cd 
and Zn appear to follow Mn during the temperature dependent decrease of labile 
Mn, but not during the first measurements in March-April. This indicates that 
these elements are removed by scavenging of Mn oxyhydroxides, but are not 
significantly affected by the diatom bloom. Labile Cu and Ni show different 
patterns, but appear to be slightly connected to the peak in biomass during May. 
 
Keywords: Trace Metals; Manganese oxidation; Speciation; Phytolankton; 
DGT; Landsort Deep; Baltic Sea 
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1 Introduction
There are only a few studies that 
focus on the geochemistry of trace 
metals in the Baltic Sea  (e.g. 
Brügmann, 1986; Brügmann et al., 
1997; Kremling and Streu, 2000; 
Kremling et al., 1997; Pempkowiak 
et al., 2000; Pohl et al., 2004) and 
there is limited information on 
temporal variations (Forsberg et al., 
2006; Ingri et al., 1991; Ingri et al., 
2004). In this paper we present 
temporal variations with high 
resolution of DGT-labile trace metal 
concentration in surface water of the 
open Baltic Sea. By using the DGT-
technique (Davison and Zhang, 
1994) time-integrated in situ 
measurements of the labile phase of 
a metal is obtained. This labile metal 
fraction comprises both free metal 
ions and complexes that are labile 
enough to diffuse into the gel. DGT 
measurements for speciation of 
metals in natural waters have been 
discussed in a number of papers (e.g. 
Dahlqvist et al., 2007; Dahlqvist et 
al., 2002; e.g. Denney et al., 1999; 
Dunn et al., 2003; Odzak et al., 
2002; Torre et al., 2000; Twiss and 
Moffett, 2002; Unsworth et al., 
2006; Zhang, 2004). In the present 
study, we have especially addressed 
the role of primary production and 
the Mn-redox cycle when 
interpreting the temporal trace metal 
variations observed in the oxidised 
upper part of the water column (0-40 
m) in the Landsort Deep.  
 
Trace metals enter the Baltic Sea 
from rivers and via atmospheric 

deposition. High concentrations of 
particles provide adsorption sites for 
metals, which influence the 
sedimentation rate.  Humic 
substances are generally known to 
affect the speciation for several trace 
metals in estuaries (Muller, 1996; 
Wells et al., 2000). Due to the 
influence of river runoff, the 
brackish Baltic Sea water is 
characterized by relatively high 
concentrations of suspended matter 
and humic substances, which affects 
the speciation and cycling of trace 
metals (Brügmann et al., 1997).  The 
biological production in the Baltic 
Sea probably also has an effect on 
the trace metal speciation in several 
different ways. Seasonal changes of 
strong copper binding ligands, 
suggested to be produced by the 
cyanobacterium Synechococcus in 
the Gullmar fjord (adjacent to the 
Baltic Sea), were shown to have a 
clear impact in the Cu speciation 
(Croot, 2003). This is similar to 
previous findings where strong 
ligands were found to be produced 
by this species (Moffett, 1995; 
Moffett et al., 1990). Bacteria may 
also sequester elements such as Fe 
and Mn, which was found in 
bacterial cells in coastal waters of 
Norway, Denmark and Finland 
(Heldal et al., 1996).  
Another impact of bioproduction on 
trace metals is attributed to the 
polysaccharide exudates that 
phytoplankton and bacteria 
produces. These exudates form 
sticky gel-like particles, Transparent 
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Polymeric Particles (TEP), which 
provide sites to which metals can 
adsorb (Quigley et al., 2002) and 
glue small particles together, which 
affects the sedimentation rate 
(Passow, 2002). 
The Baltic Sea is characterised by 
high dissolved and suspended 
concentrations of Mn. In a study by 
Balzer (1982), significant fluxes of 
dissolved manganese from the 
bottom sediments were measured, 
and more recently Pakhomova et al. 
(2007) discussed sediment-water 
Mn-flux under various redox 
conditions. At the Gotland Deep, 
Baltic Sea, it was concluded by 
Neretin et al. (2003) that the upward 
flux of dissolved Mn from anoxic 
sediments and waters has little net 
effect on the dissolved 
concentrations at the surface. From 
that study, it was concluded that in 
the suboxic zone below 90 meters 
depth, upward diffusing dissolved 
Mn was rapidly oxidized into Mn-
particles, which mostly were sinking 
back to the anoxic zone, and to a 
lower extent transferred to surface 
waters. Furthermore, large amounts 
of suspended manganese-rich 
particles are formed when anoxic 
bottom water is oxidised by 
inflowing oxidised seawater, as 
shown by Ingri et al. (1991). 
Manganese oxides and 
oxyhydroxides (MnOx) have large 
surface areas for scavenging of trace 
metals (Burdige, 1993; Murray, 
1975; Tessier et al., 1996). 
Scavenging by Mn-particles have to 
some extent been studied in the 
Baltic Sea but mostly in the lower 

part of the water column and in the 
sediment (Brügmann et al., 1998; 
Pohl and Hennings, 1999). 
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Figure 1. Map of the Baltic Sea with 
the ampling site BY31 (Landsort deep) 
58º 35´N, 18º14´E. 
 

2 Material and methods

2.1 Study area
This study was performed at the 
Landsort Deep station (BY 31, 58º 
35´N, 18º14´E; 40 km off the 
Swedish coast, depth 459 m) in the 
open Baltic Sea (Fig. 1). Monitoring 
regarding hydrographic, biological, 
and chemical parameters has taken 
place at this station since 1890s 
(Voipio, 1981), and since 1990 with 
higher frequency (22-25 times per 
year). Also this site has been chosen 
for many specific research projects 
(e.g. Gustafsson et al., 2004; 
Gustafsson et al., 2000; Larsson et 
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al., 2002; Larsson et al., 2001; Sobek 
et al., 2004). 

2.2 DGT (diffusive gradients in
thin films)

Piston-type DGT units (Zhang and 
Davison, 1995) were used in this 
study. Only open pore (APA2) gels 
were used to sample the labile 
fraction of trace metals. Preparation 
of the gels follow procedures 
described earlier (Dahlqvist et al., 
2002; Zhang and Davison, 1999). 
The open pore gel (or APA2) 
comprises an acrylamide monomer 
cross-linked with a patented agarose 
derivative (DGT Research Ltd). It 
has been used for most previous 
DGT work (e.g. Davison and Zhang, 
1994; Denney et al., 1999; Sigg et 
al., 2006; Zhang and Davison, 1995). 
The open pore gel has a pore size of 
about 5 nm and allows diffusion of 
free ions and small inorganic and 
organic complexes while lager 
colloids are excluded (Zhang and 
Davison, 1999). To be able to 
diffuse (and thus measured by the 
DGT method), the complexes must 
be able to dissociate in the DGT, 
thus only complexes having a 
sufficient dissociation rate will be 
retained in the Chelex® resin (Zhang 
and Davison, 1995).The gels used in 
this study were mounted with a 
Chelex® 100 resin (200-400 mesh, 
Na-form) where the labile metals are 
retained. 
 
The labile metal concentrations were 
calculated from the accumulated 
amounts in the DGT:s according to 
Zhang and Davison (1995). In short, 

this operation is based on Fick’s first 
law of diffusion. By using a known 
diffusion coefficient the 
concentration of the metal in bulk 
water can be determined from the 
analysed mass of metal accumulated 
in the resin according to equation 1. 
 

DAt
gMC   (eq. 1) 

Where C is the concentration of 
metal in solution, M is the mass of 
metal accumulated in the resin, g is 
the thickness of hydrogel and 
membrane filter, D is the diffusion 
coefficient of the metal ion within 
the gel, A is the exposure area and t 
is the deployment time. Diffusion 
coefficients from DGT Research Ltd 
were used and corrected for average 
temperatures measured in situ every 
5th hour during the deployment 
period. Hydrogel thickness was 0.77 

 0.02 mm, membrane filter 
thickness was 0.13 mm and exposed 
diffusion area was 3.14 cm2 for all 
DGT units used in this study. The 
elution efficiency was assumed to be 
0.8 for all elements (Zhang and 
Davison, 1995). All DGT units were 
assembled in clean conditions and 
stored in clean plastic bags at 4°C 
before use. All equipment was acid 
cleaned and rinsed in MilliQ before 
use. Blanks (not deployed in water) 
from each batch of assembled DGT:s 
were measured and subtracted from 
the calculated labile metal 
concentrations derived from the 
deployed DGT:s. Labile 
concentrations are reported as the 
average result from duplicates. 
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The DGT field blanks for Cd, Co, 
Cu, Mn, Ni and Zn were on average 
1.6 (  2.5)%, 22 (  21)% ,7.9 (  
4.0)%, 0.40 (  0.25)%, 0.76 (  
0.66)%, and 7.9 (  5.8)% compared 
to the measured concentrations 
respectively. DGT-labile 
concentrations will be denoted as 
[Me] DGT from here on in the text. 
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Figure. 2.Schematic illustration of DGT 
deployment set-up (not to scale). 
 

2.3 DGT deployment
For practical reasons, DGT:s were 
placed at 58º36’19’’ N, 018º 
22’60’’E, about 8.5 n.m. from the 
actual Landsort Deep position where 

sampling of water at 5 m depth and 
monitoring data were collected. 
DGT:s were deployed at 10 
occasions for 2-4 weeks from March 
10th to September 9th during year 
2004 (Forsberg et al., 2006). 
 
DGT units were deployed in 
duplicates at 0.5, 5, 10, 20 and 40 
meters depth. These units were 
attached to a rope hanging from a 
buoy and stretched downward by a 
plastic covered weight (Fig. 2). The 
buoy was connected to another rope, 
anchored to the bottom by a weight. 
Onset StowAway TidbiT® 
temperature loggers were attached to 
the rope at all the depths where 
DGT:s were deployed. The mean 
temperature from each logger was 
used to calculate the average 
diffusion coefficient for the studied 
elements during deployment time. 
When collected, the DGT units were 
rinsed in MilliQ water, placed in 
clean, airtight plastic bags and stored 
in a fridge until analysis. 

2.4 Water samples
Water samples for subsequent 
filtration were taken at 5 m depth 
(the middle of the upper mixed 
layer) from M/S Fyrbyggaren at 13 
occasions from March 10th to 
October 6th 2004 at the actual 
Landsort Deep position. To avoid 
trace metal contamination from the 
hull, tubing was attached to a pole 
that was pointing out vertically 10m 
from the bow of the ship. Having 
this set-up during the ship slow 
steaming, the opening of the tubing 
was at least 10m from the hull. 
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Water was pumped through the 
tubing by a peristaltic pump 
(Masterflex, Colepalmer) into 25L 
poly-ethylene (PE) containers. 
Immediately after collecting the 
unprocessed water, membrane 
filtration (0.22 μm pore size, 142 
mm diameter, Millipore mixed 
cellulose esters) of the water sample 
was carried out. The first filter was 
completely clogged; the filtrate 
volume was measured and then 
discarded. New filters were then 
used to collect the particulate 
fraction from seawater, through 
which only half the clogging volume 
was pumped. The reason for this was 
to reduce the removal of colloids 
that is caused by clogging of filters, 
i.e. colloids will be discriminated in 
the filtrate when the filter gets 
clogged (Morrison and Benoit, 
2001). Filtrate from several 
filtrations was collected in a 25L 
polyethylene container from which 
sub samples for analysis were taken.  
 
All tubing and containers were acid-
cleaned in 5% HCl with subsequent 
wash in MilliQ water (Millipore, 
>18.2 M ) prior and after sampling. 
Prior to use filters were washed in 
5% acetic acid, as described by 
Ödman et al. (1999). Unfiltered 
water samples were taken from all 
depths where DGT:s were deployed 
(at the position described above) 
using a Niskin-type water sampler 
from General Oceanics. 

2.5 TEP
In this study, the amount of TEP was 
determined by a 

spectrophotometrical method 
described by Passow and Alldredge 
(1995). Briefly, 100-300 ml of water 
was vacuum filtered onto 0.4 μm 
pore size polycarbonate filters 
(Millipore) and stained with 0.02% 
alcian blue in 0.06% acetic acid. 
Filters were eluted using 5 ml of 
80% H2SO4 and absorption at 787 
nm was measured with a Hitachi U-
3200 UV/vis spectrophotometer. The 
absorbance data was normalized to 
that of a standard curve of Gum 
Xanthan and thus reported as μg/L 
GXE. 

2.6 POC
For POC analysis, 4.5-6 litres of 
water was filtered onto 
precombusted 47 mm diameter GF/F 
filters (Whatman) using a stainless 
steel holder. Preparation follow 
previously described methods 
(Gustafsson et al., 2001). 
Quantification was performed on a 
Micromass Optima isotope ratio 
monitoring gas mass spectrometer. 
 

2.7 Monitoring data
During all cruises in 2004, water 
samples were collected at Landsort 
Deep from surface down to 
maximum depth within the Swedish 
Environmental Protection Agency’s 
Marine Monitoring Program. 
Dissolved oxygen was determined 
by Winkler titration and water 
samples were taken for analysis of 
nutrient (tot-P, tot-N, NO3/NO2 and 
PO4), chlorophyll and planktonic 
content. Enumeration of 
phytoplankton (>2 μm), was 
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determined in depth-integrated 
samples (0-20 m), collected with a 
plastic hose (i.d. 25 mm) during all 
sampling occasions. A subsample of 
200 mL was then preserved with 0.8 
mL of acid Lugol’s solution and 
counted after sedimentation in a 
settling chamber (10-50 mL) using a 
Nikon inverted microscope with 
phase contrast and 100-400  
magnification. Preservation, 
counting procedure, and cell volume 
calculation followed the 
recommendation of the Baltic 
Monitoring Programme (HELCOM, 
1988). Carbon contribution from 
different planktonic species and total 
biomass were estimated with the 
equations according to Menden-
Deuer and Lessard (2000). 
 

2.8 Chemical analyses
Analytical work for trace metal 
analysis of water and DGT samples 
was performed in class 100 clean 
room conditions. After sampling, 
DGT devices were disassembled in 
the laboratory and the gels were 
eluted in 5ml of 5M HNO3 
(suprapur). Concentrations of 
elements in DGT eluents, unfiltered 
samples, and 0.22 μm membrane 
filtrate were measured with an 
Inductively Coupled Plasma 
SectorField Mass Spectrometer 
(ICP-SFMS, Element, 
ThermoFinnigan, Bremen, 
Germany) at ALS Scandinavia in 
Luleå. For details about the 
instrument operation, see Rodushkin 
and Ruth (1997). Prior to analysis, 
water samples were diluted 4-fold 

with 0.16 M HNO3 (quartz-distilled) 
in MilliQ water. Matrix induced 
signal variations and signal 
instabilities were corrected for using 
internal standards (25 ppb In and Tl) 
added to samples, blanks, and 
elemental standards. Quality control 
was accomplished by regular 
analyses of in-house control 
samples. 
 
The 0.22μm nitrocellulose filters 
were analyzed by ALS Scandinavia 
in Luleå and prepared according to 
the procedure described by Ödman 
et al. (1999). Dried filters with 
particulate material were wet-ashed 
with concentrated nitric acid in a 
platinum crucible at 50 C and dry-
ashed at 550 C. The residue was 
weighted, average ashed weight 
subtracted, giving the ash weight of 
suspended material. The sample was 
subsequently digested with an equal 
amount of dried lithiummetaborate 
at 1045 C for 45 min, giving a bead 
which was dissolved in 5% HNO3.  
Analysis was then performed by 
atomic emission spectroscopy with 
inductively coupled plasma as 
excitation source (ICP-AES) for 
major elements. 
 
Nitrogen and phosphorous were 
simultaneously oxidized using a 
modification of the method of 
Koroleff (1983). Standard flow 
injection analysis (QuickChem® 
8000 method 31-115-01-3-A, 31-
107-06-1-A, Lachat Instruments) 
was used to measure dissolved 
inorganic phosphorous (DIP) and 
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dissolved inorganic nitrogen (DIN; 
(NH4

+ + NO2
- + NO3

-)). 
 
The analytical protocols for DOC 
samples have been described in 
detail by Gustafsson et al. (2001). 
The DOC samples were acidified 
with 200 μL of 1.2 M HCl to remove 
inorganic carbon and were 
quantified with a high-temperature 
catalytic oxidation instrument 
(Shimadzu TOC 5000). 
 

3 Results and discussion

3.1 The biogeochemical
framework

During the whole sampling period, 
the water column down to about 60 
meters depth was oxygenated close 
to saturation (data not shown). 
Generally, the Baltic Sea has a 
relatively constant halocline at about 
70 m depth (Kullenberg, 1981), 
which also was the case at the 
Landsort Deep during 2004. Salinity 
decreased about 0.8 from March to 
mid August in the integrated upper 
10 m of water, but was much more 
stable at 40 m depth (Fig. 3a).  
The temperature in the upper 10 
meters was rising steadily from 
February and showed a maximum in 
late July (Fig. 3b), but remained 
quite stable at 40m depth. A clear 
stratification of the upper water 
column was established from late 
June and persisted until beginning of 
September, which is evident from 
the temperature and potential density 
data (not shown). During this period, 
water exchange between the upper 

10 meters with the underlying parts 
of the water column was restricted.  
Chlorophyll a had a peak in the 
upper 10 meters at the end of March, 
reflecting the spring bloom (Fig. 3c). 
This peak was followed by a peak 
during mid-April and undulating 
enhanced values from mid-June to 
September, indicating the presence 
of cyanobacteria. The levels and 
changes were very low at 40 m 
showing only one peak in early 
April, which probably was a remnant 
of the spring bloom close to the 
surface.  
 
The difference in pH between the 
surface mixed layer and 20 m during 
the summer is most likely a 
reflection of primary production. 
Primary production consumes CO2 
in surface waters, which in turn 
increases the pH. When stratification 
of the water column was most 
pronounced during summer, CO2 
from degradation of sinking organic 
material would not easily mix, and 
this could explain the decrease in pH 
at 20 meters from late June to 
August.  
 
Phosphate had similar concentrations 
from the surface down to 40 m in 
March, but then decreased 
drastically at 0-10 meters during 
spring and summer (Fig. 3e). Also at 
20 meters a decrease was observed, 
but levels at 40 meters remained 
high, around 25 μg/L, throughout the 
measured period. Initial levels were 
elevated down to 40 meters due to 
mixing with high phosphate 
containing underlying water masses  
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Figure 3. Temporal variations of some major oceanographic variables at the 
Landsort deep during March to October 2004. The 0-10m line for graphs a) to e) 
represents an integrated value for several depths. POC was only measured at 5 m 
depth and total biomass were measured integrated from 0-20 meters (f). 
 
 
during wintertime. In this part of the 
Baltic Sea, active uptake by plankton 
have been shown to be the 
mechanism that decreases the 
amount of PO4

2- during March and 
April, but the decline during rest of 
season can not be fully explained by 
biological uptake. This pattern has 
been observed to be consistent inter-
annually at the Landsort Deep, even 

though the absolute concentrations 
of PO4

2- differ (Larsson et al., 2001).  
 
DOC did not exhibit great variations 
during the season. Concentrations 
ranged between 310 and 350 μM, 
with a trend of somewhat lower 
concentrations during June-August. 
The concentration of TEP (Fig. 4) 
showed a peak in early April, which 
corresponded to the spring bloom. 
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The levels decreased in the 
beginning of May, and then 
increased again. Two peaks were 
observed at June 30 and September 
9. 
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Figure 4. Temporal variation of TEP, 
transparent exopolymeric particles at 
5m depth, March to October 2004. 
 
Active uptake by plankton can be an 
important scavenging mechanism for 
trace elements in marine waters. 
Assuming a demand from plankton 
of 3.5 μmol/mol C for Cd, Cu and Ni 
and 16 μmol/ mol C for Zn 
(Whitfield, 2001) and 20 μmol/mol 
C for Mn respectively (Roitz et al., 
2002), and applying these numbers 
on the total biomass measurements 
the following concentrations are 
obtained. At maximum biomass in 
late April the demand was calculated 
to 0.02 nM for Cd, Cu and Ni, 0.10 
nM for Zn and 0.12 nM for Mn. The 
observed decrease in concentrations 
for these elements during the 
summer was much larger than the 
calculated biomass demand, except 
for Cd. This means that the uptake 
by plankton was insignificant as a 
controlling mechanism for the 
concentration of Mn, Zn, Cu and Ni 
in this study. We therefore focus on 
the role of Mn-scavenging for the 

measured labile trace metal patterns 
discussed below.  
 

3.2 Manganese
The [Mn]DGT showed a high 
concentration in February 
throughout the water column down 
to 40 m (Fig. 5). There was a large 
decrease of dissolved (<0.22 μm) 
Mn from 75 nM in early March 
down to 10 nM in early April at 5 m 
depth (Fig. 6), which,  at that period, 
was closely related to the spring-
bloom and diatom production. The 
decrease observed for dissolved 
(<0.22 μm, 5 m depth) Mn was also 
present in the Mn-labile fraction, 
from 0.5 m down to 20 m. From an 
initial [Mn]DGT at 0.5, 5 and 10 m 
depth of about 50 nM in March, the 
levels dropped to about 15 nM in 
May and continued to drop to a 
minimum of about 2 nM during 
August/September. This was a 
decrease of 96% over the whole 
measured period at 0.5-10 meters 
and about 85% at 20 meters. At 40 
meters the pattern for [Mn]DGT was 
different with high levels until mid 
July (40-85 nM) and then a drop 
occurred, down to an average 
concentration of about 7 nM during 
the last three measurements, which 
corresponds to a decline of about 
88% over the sampling period. A 
decrease was also observed at 40 
meters in unfiltered water samples, 
but levels never reached that low 
concentrations.  
Neretin et al. (2003) suggested that 
the dissolved concentrations of Mn 
in the oxidised upper water column  
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Table 1. Unfiltered and DGT labile concentrations ([Me]DGT) of Cd, Co, Cu, Mn, Ni 
and Zn from the Landsort deep 2004. Mean values at each depth during March to 
September 2004 are shown (n=10, for Co n=7). RSD is indicated by  . 
 
Depth (m) [Cd]DGT (nM) Unfilt. Cd (nM) [Co]DGT (nM) Unfilt. Co (nM) 

0.5 0.098 0.023 0.16 0.036 0.022 0.0072 0.23 0.025 

5 0.091 0.023 0.17 0.031 0.018 0.0072 0.20 0.053 

10 0.090 0.024 0.16 0.022 0.017 0.0068 0.23 0.043 

20 0.101 0.011 0.14 0.017 0.017 0.0070 0.22 0.044 

40 0.105 0.010 0.16 0.026 0.022 0.0010 0.21 0.039 

Depth (m) [Cu]DGT (nM) Unfilt. Cu (nM) [Mn]DGT (nM) Unfilt. Mn (nM) 

0.5 2.06 0.69 12.0 1.98 15.3 15.4 20.5 5.82  

5 1.68 0.39 10.8 2.74 13.8 14.9 20.6 6.27 

10 1.63 0.35 10.1 2.80 15.3 17.3 20.7 5.94 

20 1.52 0.32 10.1 2.80 19.7  18.7 23.9 8.37 

40 1.47 0.30 8.52 1.46 42.7 27.8 43.9 16.6 

Depth (m) [Ni]DGT (nM) Unfilt. Ni (nM) [Zn]DGT (nM)  

0.5 5.76 0.90 12.12 0.78 4.78 1.21  

5 5.24 0.68 12.1   0.85 4.40 1.38  

10 5.39 0.66 12.0   0.77 4.17 1.31  

20 5.55 0.74 11.6   1.31 4.78 1.24  

40 5.91 1.21 11.0   0.87 5.72 1.14  

 
 

 
 

at the Gotland deep mainly originate 
from atmospheric deposition. 
However, from this study, it seems 
more reasonable to suggest that the  
relatively high concentration of Mn 
in March at the Landsort deep 

originate from upwelling deepwater, 
similar to the behaviour of P (see 
above). The deceasing pattern of Mn 
was similar to that of PO4

2- (Fig. 3e), 
which also decreased considerably in 
March-April. Levels of phosphate 
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are probably to a high extent reduced 
by biological uptake at the studied 
location (discussed above). 
However, for Mn this was not the 
case since the calculated biological 
demand was at sub-nanomolar level. 
The absence of a large peak of 
suspended Mn (Fig. 6) during the 
removal of dissolved/labile Mn in 
March to early May suggest that 
most of this particulate Mn was 
rapidly removed from the surface 
water by sedimentation. We suggest 
that during the spring bloom, the 
high concentration of diatoms 
provided sites for Mn sorption. The 
extensive removal of dissolved and 
labile Mn in March-May was 
probably related to this; Mn was 
sorbed to sedimenting diatoms, 
possibly associated to TEP, and was 
then rapidly removed from the upper 
water column. We have no direct 
measurements that can confirm the 
nature of the sorption, but Mn was 
correlated to the occurrence of 
diatoms, which were the dominating 
species during the spring bloom 
(data not shown).  
 
 

0 

10 

20 

30 

40 

50 

60 

70 

80 

M
n 

(n
M

)
 

<0.2μm

M A M J J A S O 

particulate

 
Figure 6.Temporal variations of 
dissolved and particulate Mn at 5 
meters, Landsort Deep during March to 
October 2004. 

 
Furthermore, sediment trap data also 
indicate enhanced Mn concentrations 
during the spring bloom of diatoms 
(Gelting unpublished data). 
As mentioned above, a peak in 
particulate Mn at the same time as 
the diatom bloom could not be 
observed, but from late May and 
onwards, some of the particulate Mn 
formed seemed to remain suspended. 
Note the pulsating pattern of 
particulate Mn, showing four distinct 
peaks (Fig. 6). Furthermore, three of 
the peaks in suspended particulate 
Mn correspond to the peaks of TEP 
observed in figure 4. This suggests 
that the polysaccharide exudates 
may be related to the newly formed 
particulate Mn in the upper water 
column and therefore, possibly 
influencing coagulation, scavenging 
properties and sedimentation rate for 
these Mn-particles. When comparing 
TEP data to the DGT measured Mn, 
we could observe a correlation in the 
upper 20 meters (R2= 0.6). Data in 
Neretin et al. (2003) indicate the 
presence of relatively large Mn-rich 
organic aggregates in the Gotland 
Basin, which may be a sign of the 
existence of Mn-TEP particles.  
[Mn]DGT showed a negative 
correlation to temperatures above 4 
°C (Fig. 7), which in this case 
includes all data between 0.5-20 m 
except for the first two DGT-
samples in March and April. The 
correlation between [Mn]DGT and 
temperature was R2(adj) = 0.74 
(P<0.001). One explanation for this 
could be the occurrence of 
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manganese oxidizing bacteria that 
were promoted by higher 
temperature, which would catalyze 
the oxidation of the dissolved and 
labile Mn. Microorganisms that 
oxidize dissolved Mn(II) to 
particulate Mn(III/IV) oxides are 
widespread in nature and greatly 
accelerate the rate of oxidation in 
many environments (Tebo et al., 
2004). This temperature dependency 
is a typical bacterially mediated 
process, which has been found in 
lakes, estuaries and rivers (e.g. 
Tipping, 1984, Sunda and 
Huntsman, 1987, Ponter et al 1992). 
We suggest that the decrease of 
labile Mn observed from early May 
to September was related to 
oxidation of labile Mn and the 
subsequent formation of particulate 
Mn. 
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Figure 7. [Mn]DGT versus average 
temperature during each deployment 
period obtained from temperature 
logger. Encircled values indicate when 
Mn showed a temperature dependent 
behaviour, in this study at T>4°C. 

3.3 Cobalt
 [Co]DGT were low and had the 
highest blank:sample ratio of all 
DGT measured trace metals 

discussed in this paper. 
Measurements during the first two 
deployment periods and some from 
40 m depth are not included, due to 
the high Co blank level for these 
batches. However, cobalt data 
clearly show (in spite of the low 
levels and high blanks) that the 
[Co]DGT changed dramatically during 
May to September. From late May to 
September, the decrease was about 
60% at surface and similar at 5 and 
10 m depth (Fig. 5). Also at 20 and 
40 meters a large decrease was 
observed. [Co]DGT was lower than 
the concentration in unfiltered water 
by a factor of 10, which was lowest 
among the studied elements. The 
overall Co-patterns are very similar 
to Mn, and [Co]DGT is linearly 
correlated to Mn from late April to 
September (Fig. 8). It is likely that 
both Co and Mn were closely linked 
due to oxidation processes of both 
Co and Mn in the upper part of water 
column. A common microbial 
pathway for Co and Mn has been 
suggested by Moffett and Ho (1996). 
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Figure 8. [Mn]DGT vs. [Co]DGT from late 
April to September 2004 at 0.5-10 
meters depth. 
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Table 2. Average of dissolved (D) and particulate (P) metals at 5 m depth, Landsort 
deep, from March to September 2004. RSD is indicated by  . 

 
 

3.4 Cadmium and Zink
Total dissolved concentrations of Cd 
(table 1) agree well with previous 
studies of surface waters in the 
Baltic Sea (Kremling et al., 1997; 
Pempkowiak et al., 2000; Pohl et al., 
2006). The patterns of dissolved Cd 
at 5m depth and [Cd]DGT 
corresponded well during this study, 
although the DGT-labile 
concentrations were on average 
about 70% lower, compared to the 
dissolved level. [Cd]DGT had a 
similar behaviour at 0.5, 5 m and 10 
m depth where the levels changed 
during the study, but concentrations 
at 20 and 40 meters showed a more 
or less stable concentration around  
 
0.12 nM (Fig. 5). The amount of 
[Cd]DGT increased slightly during 
springtime in the upper 10 meters 
and then decreased to a minimum 
during late July-August. The decline 
from beginning of May to August 
 was about 50% for samples at 0.5-
10 m depth.  
 
[Zn]DGT and [Cd]DGT showed similar 
patterns in the upper 10 meters (Fig. 
5), with higher concentrations during 
the first measurements, and lower at 
the end of the studied period. 

[Zn]DGT and [Cd]DGT at all depths 
correlated well with a R2(adj) = 0.67 
(p<0.001) during the whole sampling 
period.  
Due to suspected contamination, 5 
values of Zn measurements were 
excluded from figure 5 and table 1.  
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Figure 9. [Mn]DGT vs. [Cd]DGT from late 
April to September 2004 at 0.5-10 
meters depth. 
 
The first drop of [Mn]DGT, which we 
attribute to the spring bloom 
dynamics, did not significantly affect 
Cd or Zn. Mn and Cd had a positive 
correlation in the DGT measured 
fraction from late April to September 
down to 20 meters (Fig. 9), which is 
the temperature dependent oxidation 
period of [Mn]DGT, as discussed 
above. Dissolved (<0.22 μm) Cd and 
Mn at 5 meter depth also correlated 
during late April to September, but 
there were no obvious correlation 
between Mn and Cd in the unfiltered 

DCu  (nM) 
(n=13) 

PCu (nM) 
(n=12) 

D Ni (nM) 
(n=14) 

P Ni (nM) 
(n=9) 

D Mn (nM)( 
(n=14) 

P Mn (nM) 
 (n=14) 
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water samples. Cd also showed a 
correlation with PO4

2- at 0.5-20 
meters depth, but not as strong as the 
correlation with [Mn]DGT. In the 
world ocean, there is a close 
relationship between Cd and PO4

2- 
(e.g. de Baar et al., 1994). 
Furthermore,  Schneider and Pohl 
(1996) made some analogous 
findings in the south western Baltic 
Sea. It is difficult to rule out a 
common process between Cd and 
PO4, which also may play a role 
along with Mn scavenging.  
 
Cd was the only element in this 
study that exhibits a potential sink 
from biological uptake (see above). 
A demand of 0.02nM Cd during the 
biomass peak in late April makes up 
about 15% of the [Cd]DGT at 0.5-
20m. However, a corresponding 
decline in [Cd]DGT was not observed 
until second half of May, which  
make that removal process doubtful. 
Zn and Mn were the only elements 
that had a significantly higher 
concentration at 40 meters in the 
DGT labile fraction compared to the 
other depths (Table 1). This, together 
with the correlation to Cd, suggests 
that Zn also to some extent was 
coupled to the Mn scavenging 
process. 
 

3.5 Copper and nickel
The total and dissolved 
concentrations of Cu and Ni (Table 1 
and 2) agreed with data from other 
parts of the Baltic (Kremling and 
Petersen, 1978; Kremling et al., 
1997; Pempkowiak et al., 2000; Pohl 

et al., 2006). The temporal 
concentration profiles for [Cu]DGT 
display rather similar patterns for all 
depths, except for the peak at 0.5 m 
in April-May, which decreases in 
magnitude with depth. Average 
concentrations at 0.5 m are slightly 
higher, dropping from 2 nM to about 
1.5 nM at 40 m (Table 1, Fig. 5). 
[Cu]DGT was at its minimum at the 
first measurement (March) at 20 
meters, and rises to a maximum 
during May. Values are fluctuating 
during June and July, and 
concentrations decrease again in 
August and September. On an 
average for all depths, [Cu]DGT 
decreased 35% from May to early 
August. The correlations to 
dissolved and unfiltered water 
samples were low, but on average 
the [Cu]DGT fraction had the same 
trend as the unfiltered fraction with 
higher concentrations at the surface. 
DGT-labile Cu comprised less than 
20% of the total concentrations. 
Similar to [Cu]DGT, [Ni]DGT has a 
fairly similar temporal variation for 
all depths (Fig. 5). [Ni]DGT has 
initially a low concentration, about 
5-5.5 nM, and like [Cu]DGT, the 
concentration rises to a maximum 
during May. In late June and July, a 
decrease was observed, and in late 
summer the level was similar or 
slightly higher than the initial value 
in March at 0.5-10 m, but 
significantly higher at 20 and 40m. 
The major change in concentrations 
takes place between May and late 
June, when [Ni]DGT drops about 32% 
on average for all depths. There were 
no clear correlations, temporally or 
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spatially, between [Ni]DGT and 
filtered or unfiltered samples, and 
[Ni]DGT was about half of the mean 
total Ni (Table 1). 
DGT measured concentrations are 
about 4 times lower than any number 
reported for dissolved samples from 
surface Baltic waters for Cu and 
about the half for Ni. Forsberg et al. 
(2006) suggested that the reason for 
the large difference in concentrations 
between the <1kDa fraction and the 
DGT fraction for these two elements 
at the Landsort Deep was due to high 
degree of organic complexation 
which would make some of the Cu 
and Ni kinetically inert and not 
measured by the DGT sampler. The 
labile concentrations changed 
significantly during the season 
compared to unfiltered 
concentrations, indicating changes in 
the speciation. [Cu]DGT show very 
weak correlations to the other 
elements or to other measured 
parameters, although the pattern has 
similarities to [Ni]DGT. Both [Ni]DGT 
and [Cu]DGT showed rising 
concentrations during spring time, 
while the total biomass was 
increasing. One interpretation of this 
is that that presence of planktonic 
species makes these elements more 
labile, or alternatively that this 
increasing pattern of [Ni]DGT and 
[Cu]DGT was a reflection of release of 
these elements during 
remineralization. Over the whole 
sampling period, [Cu]DGT correlated 
to the occurrence of dinoflagellates, 
a group where some species are 
known to produce strong Cu 
chelating ligands (Croot et al., 

2000). If these ligands were small 
enough to be retained in the DGT, 
this could be an explanation for the 
elevated DGT-labile concentrations 
in May. Labile Cu seems to have a 
source at the surface, since 
concentrations continuously 
decrease down to 40 m. This 
generally decreasing concentration 
towards depth both in unfiltered 
samples and DGT labile fraction was 
only seen for Cu. Ni concentrations 
decease towards depth in the 
unfiltered fraction, but not in the 
[Ni]DGT. Also [Ni]DGT was correlated 
to [Cd]DGT from late April to late 
July, but not in the beginning and 
end of the sampling period. 
 

4 Concluding remarks
Mn showed a strong correlation to 
phosphate during the whole 
sampling period (March-September), 
but it is reasonable to believe that 
these constituents were partly 
constrained by different processes, 
as active biological uptake appeared 
irrelevant as a sink for Mn but not 
for PO4

2-. During late April to 
September, [Mn]DGT concentrations 
decrease with increasing 
temperature, indicating oxidation of 
dissolved Mn by bacteria. We 
hypothesize that the strong decrease 
in early spring was connected to 
adsorption onto sinking plankton and 
that the regulation of Mn during the 
rest of the period was controlled by 
microbial oxidation. [Co]DGT 
followed [Mn]DGT from late April to 
September, which was the same 
period of time that [Mn]DGT was 
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temperature dependent. This couples 
Co to the proposed bacteria mediated 
oxidation of Mn. Also [Cd]DGT was 
connected to [Mn]DGT and [Co]DGT 
during the same period of time. 
[Zn]DGT was correlated to [Cd]DGT 
over the whole season, which makes 
it a member of the group of elements 
including Mn, Co and Cd.  
 
[Cu]DGT and [Ni]DGT showed weak 
correlation to the other DGT-labile 
trace metals and mainly follow other 
biogeochemical pathways in the 
surface waters. Direct uptake by 
phytoplankton was not a significant 
process controlling the trace metal 
concentration, but total biomass was 
slightly correlated to [Ni]DGT and 
[Cu]DGT, and [Cu]DGT was also 
correlated to the presence of 
dinoflagellates. 
 
By using the DGT method, it was 
possible to detect temporal and 
spatial variations in the truly 
dissolved fraction for several trace 
metals in situ, with a low risk of 
contamination. The close correlation 
between P and Mn in the surface 
waters detected in this study should 
be investigated more in detail. If 
further studies confirm that the 
biogeochemical pathways of P and 
Mn are closely linked then this could 
be of fundamental importance for the 
understanding of P-cycling and 
eutrophication in the Baltic Sea.  
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Abstract 
Measurements of the physiochemical speciation of Fe in the euphotic zone were 
performed at three different locations, over a well defined salinity gradient, during 
spring and summer in the Baltic Sea. The average of total Fe changed from 114 nM 
in the Bothnian Sea, 44 nM at Landsort Deep and 15 nM at Gotland Deep. Particulate 
Fe (PFe) was the dominating phase at all stations and on average accounted for 75-
85% of the total Fe pool. At all three locations, a decrease in total Fe of 80-90% from 
initial measurements compared to the summer was found. A strong positive 
correlation between PFe and chl-a was observed. Hence, primary production strongly 
regulates cycling of suspended Fe. However, this relation is not dominated by active 
uptake of Fe in phytoplankton; instead this reflects cycling of phosphorus, growth of 
diatoms, and removal of PFe during phytoplankton sedimentation. The average 
colloidal iron fraction, CFe, showed decreasing concentrations along the salinity 
gradient; Bothnian Sea 15 nM; Landsort Deep 1nM and Gotland Deep 0.5 nM. Field 
Flow Fractionation data indicate that the main colloidal carrier phase for Fe in the 
Baltic Sea is a carbon-rich fulvic acid associated compound, likely of riverine origin. 
The Fe isotope composition ( 56Fe) of the PFe showed constant positive values in the 
Bothnian Sea surface waters (+0.08 to +0.20‰). Enrichment of heavy Fe in the 
Bothnian Sea PFe is most likely associated to input of aggregated land derived Fe-
oxyhydroxides and a rapid overturn of Fe(II). At the Landsort Deep, the fractionation 
of PFe changed between -0.08‰ to +0.28‰. The negative values, in early spring, 
probably indicate exchange over the oxic-anoxic boundary at ~80m depth. 
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1 Introduction 
Iron, the fourth most abundant element 
of the Earth’s crust, has a dynamic and 
fundamental role in all earth surface 
systems. It is essential as micronutrient 
to all living organisms, as it is required 
for photosynthesis and respiratory 
electron transport, for nitrate, nitrite 
and sulphate reduction and for nitrogen 
fixation (Whitfield, 2001). The role of 
iron as a regulating element for 
phytoplankton in large regions of the 
world ocean, also referred to as the 
High Nutrient, Low Chlorophyll 
regions, is now well established (Boyd 
et al., 2007; de Baar et al., 2005). In 
costal and estuarine regions Fe 
depletion is not considered at first 
hand, but due to the extremely low 
solubility and the high degree of 
organic complexation (Rue and 
Bruland, 1995), the actual bioavailable 
amount of iron may be very low. 
Findings in coastal California suggest 
that Fe might be a limiting factor also 
in near shore waters (Bruland et al., 
2001; Hutchins and Bruland, 1998). 
 
Iron is also an important determinant of 
trace metal speciation in soils and 
natural waters due to the highly 
reactive properties of hydrous ferric 
oxides (Dzombak and Morel, 1990), 
which affect the bioavailability of other 
elements. Control on adsorption and 
competition of ligands to other trace 
elements also gives iron an essential 
role in these environments (Tipping et 
al., 2002; Warren and Haack, 2001). 
Colloidal size distributions of iron and 
other elements have been  determined 

by Field Flow Fractionation coupled to 
Inductively Coupled Plasma Mass 
Spectrometry (FFF-ICPMS) in a 
number of studies, ranging from river 
water (Dahlqvist et al., 2007; Lyvén et 
al., 2003), estuarine mixing (Stolpe and 
Hassellöv, 2007), and surface seawater 
from the brackish Bothnian Sea 
(salinity ~4.7) through the Baltic 
Proper (this study) and the Skagerrak 
coast (Salinity 5 - >20) at the North 
Sea boundary (Fig. 1) (Stolpe and 
Hassellöv, 2009). In river water, 
colloid-associated iron is mainly 
distributed between 0.5-4 nm 
macromolecules of humic-type 
fluorescent organic matter (presumed 
fulvic acid) and 3-50 nm iron rich 
colloids (presumed Fe(III)-
hydroxide/oxyhydroxide) (Hassellöv 
and von der Kammer, 2008). The 
occurrence and relative importance of 
the iron oxyhydroxide colloids in 
relation to iron complexed by fulvic 
acid depend on catchment geology and 
water chemistry (e.g. pH, dissolved 
organic carbon (DOC) concentration, 
suspended particulate matter (SPM) , 
and total iron concentration). The 
physicochemical fractionation of iron  
between iron oxyhydroxide and fulvic 
acid showed drastic seasonal variations 
in the Kalix river, a typical boreal river 
that is one of the major contributors of 
fresh water to the  Baltic Sea 
(Dahlqvist et al., 2007). During the 
winter, when the top soil is frozen and 
groundwater is the major source of 
water in the river, the colloidal iron is 
dominated by iron oxyhydroxide (Fig. 
1a). During the snow melt and 
following spring flood, colloid- 
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Figure 1. 0.5-50 nm colloidal size spectra of iron in: A. Kalix River at Kamlunge on 9 April 
2002 (A1) and during maximum spring flood on 1 May 2002 (A2). B. Bothnia Sea at 5 m 
depth on 19 July 2006. C. Baltic Sea (offshore) at 5 m depth on 14 April 2004. D. Baltic 
Sea at Kalmar Sound (near shore) at 1 m depth on 5 September 2005, E. Gullmarsfjord at 
10 m depth on 21 March 2005 (E1) and on 22 June 2005 (E2). F. Skagerrak Sea 
(nearshore) at 1 m depth on 30 June 2005. Relative Fe-concentrations shown on y-axis 
are proportional to, but not equal to, concentrations in the samples. 
 
 
associated iron is mainly complexed to 
fulvic acid that is carried from mires 
and eroded from the forest top soils by 
the snowmelt water (Dahlqvist et al., 
2007). It has been suggested (Ingri et 
al., 2006) that iron isotopes could be 
used to roughly identify these two 
phases. The general conception of Fe 
behaviour in estuarine systems, is that 
Fe is rapidly removed by aggregation at 
higher salinities (e.g. Boyle et al., 
1977; e.g. Dai and Martin, 1995; Guieu 
et al., 1996) but exceptions to this have 
also been observed (Shiller and Boyle, 
1991) 
In estuarine mixing experiments, it was 
shown that the iron oxyhydroxide 
colloids from river water aggregate into 
much larger particles in contact with 
seawater, while the fulvic acid phase 

was virtually unaffected (Stolpe and 
Hassellöv, 2007), similar to the results 
from previous mixing experiments 
(Sholkovitz, 1976). This will lead to an 
enrichment of heavy Fe in the 
aggregated fraction (Bergquist and 
Boyle, 2006). The aggregation of iron 
oxyhydroxide colloids can be explained 
by compression of the electrical double 
layer due to high ionic strength and by 
charge neutralization due to surface 
complexation of Ca2+ and Mg2+ to the 
colloids (Hunter, 1983). The fact that 
fulvic acid macromolecules are less 
affected by the increase in salinity is 
likely to be a consequence of their 
higher charge densities. Fulvic acid 
from rivers can therefore be expected 
to be transported through estuaries and 
out in the sea. Recent findings from 
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Laglera and van den Berg (2009), 
suggest that it is possible that terrestrial 
humic matter may reach the open ocean 
and account for a significant proportion 
of the Fe binding ligands. 
 
The Baltic Sea is a semi-enclosed shelf 
sea and the largest brackish water body 
in the world. The environment and 
chemistry of this large estuary is 
complex due to strong influences from 
land combined with the occasional 
Atlantic water salinity pulses through 
the Danish straights. The Baltic Sea has 
been given growing attention due to 
changes in the ecosystem (e.g. Bianchi 
et al., 2000; Larsson et al., 1985) and 
recent satellite monitoring studies have 
shown abundances of intense, yet 
varying, cyanobacteria blooms (Kahru 
et al., 2007). Nitrogen fixation by 
cyanobacterial contributes to 20-40% 
of the nitrogen supply to the Baltic Sea 
(Larsson et al., 2001).  Nitrogen 
fixation is favoured by low N:P ratios 
and cyanobacterial blooms generally 
develop during the summer after 
eukaryotic phytoplankton has depleted 
dissolved nitrogen sources. The recent 
increase in cyanobacteria occurrence 
and density has been attributed to 
eutrophication (Finni et al., 2001). 
Alternatively, up-welled phosphorus 
from deep waters may stimulate growth 
of cyanobacteria (Kononen et al., 1996; 
Stal et al., 2003). 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). Nitrogen-fixing cyano-
bacteria have a Fe demand that is 4-6 

times higher than other phytoplankton 
(Kustka et al., 2002; Sanudo-Wilhelmy 
et al., 2001), hence the development of 
cyanobacterial blooms may to some 
degree be regulated by iron 
bioavailability.  
 
Ingri et al. (2004) showed that the 
LMW fraction (<5kDa) of several trace 
metals was depleted during a spring 
bloom in a coastal bay of the Baltic 
Sea. The levels of Fe were depleted 
below detection limit in the <5kDa 
fraction (Ingri, unpublished data). That 
study suggested a very slow exchange 
between the particulate, colloidal and 
the truly dissolved fraction. Very 
limited data on size-fractionated iron 
concentrations and its temporal 
variation in the Baltic Sea can be found 
in the literature.  
 
Our objective in this study was to 
investigate the physicochemical 
speciation of Fe over several months in 
the euphotic zone at three different 
locations in the Baltic Sea, using a 
wide set of methods. We investigate 
the processes affecting Fe speciation 
during transport from lower to higher 
salinity. In order to assess the transport 
and contribution of Fe from continental 
sources to the world ocean, one key 
question is how much Fe will be left in 
the LMW fraction. As pointed out by 
for instance Boyd et al. (2007), not 
only low Fe open ocean systems are of 
interest for the understanding of Fe 
biogeochemistry, but also knowledge 
about Fe cycling in high-Fe regimes. 
An improved understanding of how 
estuarine processes control Fe 
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speciation in the Baltic Sea is also of 
general use for estimating fluxes of Fe 
to coastal waters. 
 

2 Materials and methods 

2.1 Sampling 
Samples were taken at three locations 
in the Baltic Sea; the Bothnian Sea 
(station C3), Landsort Deep (BY31) 
and Gotland Deep (BY15) which all 
are shown on the map (Fig. 2). 
At the Landsort deep and Gotland 
deep, all sampling was conducted from 
the ship M/S Fyrbyggaren, while 
sampling at the C3 station was done 
from R/V KBV005. Water samples for 
subsequent filtration were taken at 5 m 
depth, March to October 2004 at BY31, 
April to September 2006 at C3 and 
from May to August at BY15. To avoid 
iron contamination from the hull, a 
piece of tubing was attached to a 
flagpole that was pointing out 
vertically 10m from the bow of the 
ship. Having this set-up during the ship 
slow steaming, the opening of the 
tubing was at least 10m from the hull. 
Water was pumped through the tubing 
by a peristaltic pump (Masterflex, 
Colepalmer) into 25L poly-ethylene 
(PE) containers. Prior to use, all 
sampling tubing and containers used 
for metal analysis were acid-cleaned in 
5% HCl with subsequent wash in 
purified water (Millipore, >18.2M ). 
Water samples were taken from 0.5, 5, 
10 and 40 m depth using a Niskin-type 
water sampler from General Oceanics. 
These were afterwards analyzed for 
elemental composition without 

filtration. Sediment traps were 
deployed at 30 meters depth at the C3 
and BY31 station. The design and set-
up was slightly modified from Larsson 
et al. (1986). 
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Figure 2. Map of the sampling stations, 
C3 in the Northern Bothnian Sea (62° 
39’N  18° 57’E), BY31 in the open Baltic 
proper (58º35’N, 18º14’E) and BY15 in 
eastern Gotland basin (57°18 N; 20°04 E). 
 

2.2 Filtration 
Immediately after collecting water 
from the flagpole system, membrane 
filtration (0.22 μm pore size, 142 mm 
diameter, Millipore mixed cellulose 
esters) of the water sample was carried 
out. The first filter was completely 
clogged; the filtrate volume was 
measured and then discarded. New 
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filters were then used to collect the 
particulate fraction from seawater, 
through which only half the clogging 
volume was pumped. The reason for 
this was to reduce the removal of 
colloids that is caused by clogging of 
filters, i.e. colloids will be 
discriminated in the filtrate when the 
filter gets clogged (Morrison and 
Benoit, 2001). Filtrate from several 
filtrations was collected in 25L 
polyethylene containers from which 
sub samples for analysis were taken. 
All tubing and containers were acid-
cleaned in 5% HCl with subsequent 
wash in MilliQ water (Millipore, >18.2 
M ) prior and after sampling. Prior to 
use, filters were washed in 5% acetic 
acid, as described by Ödman et al. 
(1999). Cross-flow ultrafiltration 
started within 5 to 24 hours after the 
0.22μm filtration (which was the feed 
to the ultrafiltration system) collected 
and was performed on water samples 
taken at five meters depth. 
Ultrafiltration was carried out on a 
Millipore Prep/Scale system 
(Prep/Scale Spiral Wound TFF-6 
module) with a 1 kDa cut-off size. 
Approximately 12 litres of sample 
water were used for each ultrafiltration. 
Before the procedure began, sample 
water was circulated through the filter 
to precondition the system. Half a litre 
of permeate was collected and the 
system was emptied where upon the 
actual filtration begun. The 
concentration factor of the retentate 
was above 10 to achieve good 
recovery, as recommended by Larsson 
et al. (2002). The cross flow ratio 
(retentate flow/permeate flow) was 

between 60 and 80. After every 
ultrafiltration the system was washed 
with base and acid solutions and Milli-
Q water, following a procedure 
described by Larsson et al. (2002),  
with the slight modification that both 
the solutions had a concentration of 
0.01M. 

2.3 Diffusive gradients in thin 
films 

DGT samplers with Chelex 100 
binding gels were manufactured during 
2004, but thereafter purchased from 
DGT Research Inc (Lancaster, UK). 
The thickness of the diffusive gels were 
specified by the manufacturer to be 
0.8mm. All DGT sampling was carried 
out in situ, at several depths and DGT 
samplers were deployed in duplicates. 
The exposure time for DGT samplers 
varied from location to location 
between 14 days and up to two months. 
A temperature logger (StowAway 
TidbiT, Onset Computer Corporation) 
was attached along with the DGT units, 
logging the temperature every fifth 
hour. The mean temperature of the 
deployment period was used to 
recalculate the diffusion coefficient in 
the gel. DGT concentrations ([Fe]DGT) 
were calculated assuming a 0.23 mm 
diffusive boundary layer (DBL), which 
is reasonable to expect in moderate to 
well mixed waters (Warnken et al., 
2006). The accumulation area was 
assumed to be equal to 3.8 
cm2(Warnken et al., 2006). Diffusion 
coefficients in the gels were taken from 
DGT Research Inc 
(www.DGTresearch.com). 
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2.4 Elemental analyses 
Analytical work for trace metal 
analysis of water and DGT samples 
was performed in class 100 clean room 
conditions. After sampling, DGT 
devices were disassembled in the 
laboratory and the gels were eluted in 
5ml of 5M HNO3 (quartz-distilled). 
Concentrations of elements in DGT 
eluents, unfiltered samples, and 0.22 
μm and 1kDa filtrate were measured 
with an Inductively Coupled Plasma 
SectorField Mass Spectrometer (ICP-
SFMS, Element, ThermoFinnigan, 
Bremen, Germany) at ALS 
Scandinavia (Luleå, Sweden). For 
details about the instrument operation, 
see Rodushkin and Ruth (1997). Prior 
to analysis, water samples were diluted 
4-fold with 0.16 M HNO3 (quartz-
distilled) in MilliQ water. Matrix 
induced signal variations and signal 
instabilities were corrected for using 
internal standards (25 ppb In and Tl) 
added to samples, blanks, and 
elemental standards. Quality control 
was accomplished by regular analyses 
of in-house control samples. For six 
some samples close to or below 
detection limit of ICP-SFMS, 
Chemiluminescent Flow Injection 
Analysis (CL-FIA) with a luminol (5-
amino-2,3-dihydro-1,4-phthalazine-
dione) reagent was used to determining 
total Fe in samples. For details see the 
Bowie et al. (1998). Overlapping 
measurements from CL-FIA and ICP-
SFMS, showed less than 10% 
difference. 
 
The 0.22μm nitrocellulose filters and 
sediment trap material were analyzed 

by ALS Scandinavia in Luleå and 
prepared according to the procedure 
described by Ödman et al. (1999). 
Dried filters with particulate material 
were wet-ashed with concentrated 
nitric acid in a platinum crucible at 
50 C and dry-ashed at 550 C. The 
residue was weighted, average ashed 
weight subtracted, giving the ash 
weight of suspended material. The 
sample was subsequently digested with 
an equal amount of dried 
lithiummetaborate at 1045 C for 45 
min, giving a bead which was 
dissolved in 5% HNO3.  Analysis was 
then performed by atomic emission 
spectroscopy with inductively coupled 
plasma as excitation source (ICP-AES) 
for major elements. 
 
Nitrogen and phosphorous were 
simultaneously oxidized using a 
modification of the method of Koroleff 
(1983).. Standard flow injection 
analysis (QuickChem® 8000 method 
31-115-01-3-A, 31-107-06-1-A, Lachat 
Instruments) was used to measure 
dissolved inorganic phosphorous (DIP) 
and dissolved inorganic nitrogen (DIN; 
(NH4

+ + NO2
- + NO3

-)). For 
chlorophyll a (chl-a) determinations, 2 
L of sea water were filtered on 47mm 
Whatman GF/F filters, which were 
stored frozen and extracted by acetone 
before spectrophotometric 
measurements at 664 nmol L 1 (SS 02 
81 46). At BY31 and BY15, this was 
done for samples from discrete depths, 
at the C3 station an in integrated 
sample of the upper 10 meters were 
taken. Total organic carbon (TOC) 
content was analysed at Umeå Marine 
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Science Centre (Norrbyn, Sweden) 
using high-temperature catalytic 
oxidation instrument (Shimadzu TOC 
5000). The analytical protocols for 
dissolved organic carbon (DOC) 
samples have been described in detail 
by Gustafsson et al. (2001). The DOC 
samples were acidified with 200 μL of 
1.2 M HCl to remove inorganic carbon 
and were quantified with a high-
temperature catalytic oxidation 
instrument (Shimadzu TOC 5000). 

2.5 FlFFF 
Flow field-flow fractionation (FlFFF) 
is a chromatography-like elution 
technique for the characterization of 
colloids, where the retention of colloids 
depends on their ability to diffuse 
against a flow of liquid in an open 
channel. The diffusion coefficient, and 
thereby the hydrodynamic diameter, 
can be calculated from the retention 
time (Giddings, 1993). The on-line 
coupling of FlFFF to UV-absorbance 
and fluorescence detectors and to 
inductively coupled plasma mass 
spectrometry (for simplicity hereafter 
abbreviated as FFF-ICPMS) has been 
described previously (Hassellöv et al., 
1999; Stolpe et al., 2005). By this 
combination of techniques, the 
continuous colloidal size distribution of 
chromophores, fluorophores and 
different elements can be determined, 
information which is valuable for the 
identification of the different types of 
colloids present in a sample, and for 
investigating their importance as 
carriers of iron and other elements in 
aquatic systems.  

2.6 Iron isotopic measurements 
Suspended matter from clogged 
0.22μm nitrocellulose filters collected 
at the C3 and BY31 stations (5m depth) 
and sediment trap material from the 
BY31 station were analysed with 
regard to Fe isotopic composition. Fe-
isotope ratio measurements were 
performed with a double focusing high 
resolution MC-ICPMS instrument 
(Neptune, Thermo Finnigan, Germany) 
with detailed procedures described in 
Ingri et al (2006). Results are presented 
using the -notation, defined as  
 

1000*1/// standard
5456

sample
545656 FeFeFeFeFe ‰ 

 
where the (56Fe/54Fe)standard is the ratio 
for IRMM-014, corrected for 
instrumental mass discrimination using 
Ni. Similar notations were also used for 
the 57Fe/54Fe and 57Fe/56Fe ratios.  

2.7 Optical measurements 
To measure the concentration of humic 
substances (HS), a Jasco FP-777 
spectrophotometer with a quartz-cell 
was used. Intensity was read at an 
emission at 350 nm from excitation at 
450 nm and was then converted to HS 
concentration by comparison with a 
standard curve of Quinine Sulphate. 
The samples were collected in clean 
amber glass bottles and refrigerated 
before reading. The flourometer cell 
was rinsed with deionised water and 
sample before every reading. The 
molar extinction coefficient at 280nm 
(  280) was derived from normalizing 
the absorbance at 280 nm (A280) to the 
TOC content of the sample. This. 
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Table1. Iron concentration at 5 m depth in different fractions at the three studied stations 
in the Baltic Sea. All Fe concentrations are given in nM. The ± notation indicate the  
standard deviation for mean values, for max and minimum values, ± indicate the precision 
of the measurement. 

Station C3 (Bothnian 
Sea)  n=8 

BY31 (Baltic Proper)
n=15 

BY15 (Baltic Proper)
n=5 

Mean Salinity 4.69 ± 0.23 6.29 ± 0.30 7.03 ± 0.10 
    

Mean TFe 114 ±87 44 ±30 15 ±2.5 
Max TFe 309 ±11 108 ±1 24 ±0.3 

    
Mean DFe 21.3 ±10 7.0 ±3.8 3.8 ±1.8 
Max DFe 32.4 ±2.5 13.7±0.41 7.0 ±4.0 
Min DFe 6.0 ±0.09 1.9 ±0.11 2.7 ±0.17 

    
Mean SFe 6.2 ±2.5 5.9 ± 3.0 3.2 ±0.96 
Max SFe 10 ±1.8 13.1 ± 0.78 4.4 ± 1.8 
Min SFe 3.2 ± 0.18 2.7 ± 0.19 2.1 ± 0.12 

    
DGT (top 40m 

average) 
1.3 in spring, 0.9 
during summer 

0.35 on average, but 
no clear tend during 

the year. 

0.44 May-June 
0.26 July-Aug 

    
 
 
parameter represents the - * transition 
of aromatic carbon atoms of the 
organic matter  (Chin et al., 1994; 
Gauthier et al., 1987). Absorbance 
measurements (2 nm bandwidth) were 
carried out on a UV/VIS absorption 
spectrophotometer having two parallel 
light paths. Both sample and distilled 
water reference were probed in 1-cm 
quartz cuvettes 

3 Results and Discussion 
An overview of Fe concentrations in 
different fractions, and average 
salinities at the three stations is 
presented in table1. In table 2 the 
percentage of different fractions (as % 
of TFe) is given. We discuss the results 
with particular respect to the aspects of 

the high Fe concentrations measured in 
the spring, the role of riverine input 
versus upwelling as a source of Fe, the 
observed strong correlation of PFe and 
chlorophyll, and the size fractionation 
and isotopic fractionation during Fe 
transport through the Baltic Sea. 
Generally, the sources of the initial 
high Fe concentrations at C3 and BY31 
(Fig. 4 and 8 respectively) could be 
primarily terrestrial input, lateral 
transport of water from other basins 
and vertical mixing. Atmospheric input 
or diffusive flux of Fe is unlikely, 
especially at the BY31 station where 
changes take place within two weeks. 
In detail, the processes affecting Fe 
transport and cycling at the separate 
stations are discussed below. 
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3.1 Bothnian Sea 

3.1.1 Biogeochemical framework 

At the C3 station, a weak stratification 
was developed in May, which became 
stronger towards the end of sampling 
period (Fig. 3). A very weak permanent 
halocline was observed at about 50-70 
m depth during the course of the study 
(Fig. 3), which is quite typical for the 
Bothnian Sea (Kullenberg, 1981). A 
minimum in salinity was observed on 
23 May, where the water column down 
to 12m was below 4.4. A chl-a 
maximum of 6.7 μg/L (integrated value 
for the upper 10 meters) was measured 
in April, and after that date, the 
concentration was gradually deceasing 
down to 1.3 μg/L in late June. Then the 
amount of chl-a was quite stable above 
1 μg/L until September. TOC was 
rather stable around 350 μM, where the 
colloidal fraction comprised about 130 
μM.  Both 280 and HS showed a 
small increase from April to May and 
were then continuously decreasing until 
September. 

 

3.1.2 Iron speciation 
During the whole measured period, the 
iron in surface waters of the C3 station 
was dominated by the particulate 
fraction; DFe was only 9% of TFe 
initially and was then increasing its 
proportion (table 2). TFe decreased 
89% from April to mid August (309 
nM to a minimum of 34 nM), followed 
by a slight increase in early September 
(Fig. 4a).  
 
When minimum salinity was observed 
on 23 May (4.3), the highest levels of 
unfiltered Fe and P were measured, and 
at the same time a minima of major 
elements like Na, Ca and Mg were 
observed (Fig. 5). After this date, 
salinity was continuously increasing 
along with the major elements, whilst 
Fe, Al, P and Mn decreased. This is  
reflected in a clear negative correlation 
between salinity and TFe (R2=0.83), if 
 

 
Figure 3. Time series of salinity, density and PO4

2- in the upper 100m at the C3 station 
(Bothnian Sea) during 2006. Date format is decimal year. This figure was prepared with 
Ocean Data View using DIVA gridding. 
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the value from April is excluded (Fig. 
4b). A clear positive correlation was 
also observed between unfiltered Fe, 
280 and humic substances. Both the 

total and the dissolved Fe showed this 
correlation. PFe had a clear correlation 
to chl-a during the whole sampling 
period (r2=0.98, Fig. 4c). The filtered 
fractions also showed a clear decline 
(Fig. 4d), where <0.22μm (DFe) 
decreased 69% (28 nM to 8.7 nM) and 
<1kDa (SFe) 43% from April to 
August (10 nM to 3.2 nM). The 
colloidal bound Fe (CFe) was clearly 
decreasing during the sampled period, 

which is indicated by the differences 
between SFe and DFe fractions (Fig. 
4d). The amount of CFe was higher 
than the BY31 and BY15 stations, and 
also the proportion CFe of TFe (table 
2). This is possibly connected to higher 
amount of colloidal C from riverine 
input, FFF-ICPMS-data (Fig. 1b, 
discussed further down in the text) are 
also indicating the presence of a much 
larger fraction of carbon-bound 
colloidal Fe organic bound colloidal 
fraction, compared to the two stations 
in the open Baltic Proper.  
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Figure 4. Bothnian Sea (C3 station) 2006. Concentrations of TFe (total Fe), DFe 
(<0.22μm) and SFe (<1kDa) (A). Regression between unfiltered Fe and Salinity at 5 m 
depth, May to September (B). Regression between chlorophyll a and suspended Fe (PFe) 
(C). Concentrations of DFe (<0.22μm), SFe (>1kDa) and DGT-labile Fe ([Fe]DGT ) (D). For 
DGT measurements, the vertical lines indicate the time period for the measurement, and 
the filled squares represent the mid-date. 
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The decline for the DFe and SFe 
fractions are clearly not as pronounced 
as the PFe fraction, but they follow a 
similar pattern. Removal of these two 

fractions is likely to follow that same 
process as the removal of suspended 
Fe, see discussion below. The turnover 
of water of the Bothnian Sea 

is mainly governed by the inflow of 
surface water from the Baltic Proper 
(Marmefelt and Omstedt, 1993), and 
not by thermohaline circulation. Since 
the most of the bottom water is 
renewed annually in the Bothnian Sea 
(Kullenberg, 1981), a considerable 
amount of Fe and associated elements 
are likely to be supplied from this deep 
water. But because of the coincidental 
peak in total Fe concentration and dip 
in salinity during this study (Fig. 4b), it 
is likely that, at least partly, riverine 
input is responsible for the elevated 
concentrations in May.  

Spring flood from Swedish rivers at the 
same latitude peaks at this time 
Bergström and Carlsson (1994). The 
positive correlation between terrestrial 
biomarkers such as HS and 280 to 
unfiltered iron, also suggests terrestrial 
influence. The negative correlation 
between TFe and salinity, further 
supports that conditions at the C3 
station are governed by mainly a two 
component mixing of a freshwater 
compound (that has a high 
concentration of nutrients and Fe), and 
a seawater compound, that is diluting 
the concentration of Fe. 

 
Table 2. DFe (dissolved Fe, <0.22μm), SFe (soluble Fe, <1kDa) and CFe (colloidal Fe, 
between 1kDa to 0.22μm) expressed as percentage of total Fe (TFe) at 5 m depth for the 
stations C3 (Bothnian Sea), BY31 (Landsort Deep) and BY15 (Gotland Deep). 
    
 DFe (<0.22μm) SFe (<1kDa) CFe (1kDa-0.22μm) 
C3 9% of TFe in April, 20-

30% May-August 
3.2% of TFe in April,  
6.5-13% May-August 

5.8 % of TFe in April, 16-
20%, May-August 

    
    
BY31 27% of TFe in March 10-

22% during April-May, 
varying during June-
October, showing a 
maximum of 50%. 

Initially 15% of TFe in 
March. 5-10% during 
spring and a few high 
numbers June-October 
(max ~50%) 

12.6 % of TFe in March, 
3.6-10% during spring, 0-
8% June- October 

    
    
BY15 23-54% of TFe 18-41% of TFe 5-10% of TFe 
    
 
Since the particulate Fe phase (PFe) is 
dominating the system at this station, it 
is motivated to further evaluate the 
changes in this fraction during the 
studied period. A strong correlation of 
chl-a and PFe was observed (Fig. 4c). 

This correlation is not driven by active 
phytoplankton Fe uptake, because 
stoichiometrically the Fe 
concentrations are much too high. 
Phosphorous is the limiting nutrient for 
the bloom, and is supplied to the 
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surface waters via similar pathways as 
iron. It is especially in the suspended 
phase that phosphorus and iron have 
linked hydrogeochemical pathways; P 
is transported adsorbed on or co-
precipitated with Fe oxyhydroxides in 
river systems (Fox, 1989; Pokrovsky 
and Schott, 2002). The removal of 
dissolved P and Fe during estuarine 
aggregation has in previous studies 
shown to be coincidental; formed Fe 
oxyhydroxides incorporate phosphate 
which drastically diminish the 
dissolved P concentration through a 
salinity gradient (Gunnars et al., 2002). 
In this study, both suspended P and 
PO4

2- are correlated to PFe (r2=0.90 and 
0.82 respectively). Probably, Fe-
oxyhydroxides can act as P scavengers, 

and remove P from the euphotic zone. 
High levels of chlorophyll-a in April 
indicate growth of phytoplankton.  
Cells of phytoplankton can serve as 
surfaces to which iron in different 
forms may adsorb. This process may be 
related to the occurrence of sticky 
exudates from the plankton (transparent 
exopolymeric particles, TEP; Passow, 
2002), that scavenges suspended and 
colloidal Fe in the water. We believe 
that suspended Fe is supplied to the C3 
station mainly by a terrestrial 
component, which also is enriched in P. 
As the bloom declines, P is consumed 
from the water, and at the same time Fe 
is attached to cell surfaces and lost 
form the surface water. From sediment 
trap data (not shown), although very 

 
 

 
Figure 5. Variations of total Fe (unfiltered samples), phosphorus (P) and sodium (Na) for 
the uppermost 10 meters at the C3 station. Date format is decimal year. This figure was 
prepared with Ocean Data View using DIVA gridding for samples taken at 0.5, 5 and 10 m 
depth. 
 
few data points, there is a clear 
correlation to the removal of C, N and 
P and Fe. While the amount of PFe at 5 
m depth is decreasing during the 
summer, the amount of sedimenting Fe 

is fairly constant from May to August 
(~50 μmoles/day/m2). There has to be 
an additional source of PFe, since the 
sum of the loss in the upper 30 meters 
does not budget the amount collected in 



Fractionation of Iron Species and Iron Isotopes in the Baltic Sea Euphotic Zone 
  

 13

the sediment traps. Taken together with 
the fact that  sediment traps usually are 
underestimating the sedimenting 
material (Gustafsson et al., 2004), data 
indicate that there is a continuous, yet 
diminishing supply of PFe during the 
whole measured period.  
 

3.1.3 Isotopic signatures 
Isotope signatures in PFe were 
throughout the measured period 
positive, i.e. enriched in heavy isotopes 
relative the IRMM-014 standard (Fig. 
6a). The lowest 56Fe was measured 
from a sample collected on 23 May 
(0.07‰) and the highest (0.20‰) was 
measured on 30 June. The Fe/Ti (w/w) 
ratio was above 23 during the whole 
measured period, which may be 
compared to the average crust ratio of 
10.2 (Rudnick et al., 2003).  If the 
suspended Ti represents lithogenic, 
detrital particles, then the excess Fe/Ti 
(above the crustal average) represents 
non-detrital particles. 
The most common normalization in 
these cases is to Al, and although the 
relationship between Al and Ti appears 
to be almost linear for all filters 
collected, there are indications from 
our data that Al does not at all times 
have a conservative behaviour. Al may 
be associated with the humic fraction 
(Ingri et al., 2006; Warren and Haack, 
2001), and since this fraction may also 
be a carrier for Fe, Al can neither be 
regarded to always behave conservative 
nor to only represent the lithogenic 
phase 

0

0.05

0.10

0.15

0.20

0.25

δ56
Fe

 [‰
]

0

50

100

150

200

250

300

PF
e 

[n
M

]

 δ
  PFe

Apr May June July Aug Sept

56Fe
A

B
y = 87.291x + 10.885

R2 = 0.83

0

5

10

15

20

25

30

35

40

0 0.05 0.10 0.15 0.20 0.25 0.30

 δ56Fe [‰]

Fe
/T

i

 
 
Figure 6. PFe at the C3 station (Bothnian 
Sea) 2006 (filled dots) and Fe isotopic 
signatures of the suspended matter (open 
diamonds) (A). Regression between Fe 
isotopic signature and Fe/Ti ratios of the 
suspended matter (PFe) (B). 
 
Throughout this paper, Fe/Ti ratios are 
used. The isotopic composition of the 
suspended matter shows a linear 
positive correlation with the Fe/Ti ratio 
(Fig. 6b). Findings from Ingri et al 
(2006) suggest that the isotopic 
signature of riverine Fe-oxyhydroxides 
is heavy (positive 56Fe), while carbon-
rich colloidal material with high Fe 
content have a negative 56Fe. 
Following this model, the Bothnian Sea 
suspended phase is dominated by 
oxyhydroxides. However, the intercept 
of the regression line on the Fe/Ti axis 
shows a value of 17, clearly above 
average crust. Hence, the iron isotope 
signature is also influenced by a phase 
with a negative value. If the regression 
line is extrapolated to the average crust 
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Fe/Ti value, 56Fe is approximately -
0.07‰, a value close to what has been 
measured in the Kalix river during 
spring flood (Ingri et al., 2006). These 
low 56Fe were attributed to Fe-C 
colloids. Stolpe and Hassellöv (2007) 
suggested that this phase mainly 
consists of fulvic acids due to its low 
tendency to form aggregates at 
increasing salinities. River water-
seawater mixing experiments by 
Bergquist and Boyle (2006) showed 
that aggregated Fe was enriched in 
heavy isotopes. Hence, aggregation and 
sedimentation of the oxyhydroxide 
fraction during estuarine mixing should 
remove heavy isotopes from surface 
suspended matter, resulting in a more 
negative isotopic signature in the 
remaining suspended phase. The 
general pattern of positive 56Fe at the 
C3 station is probably caused by strong 
terrestrial influences. 
 
The filters analyzed in this study were 
clogged to collect some of the colloidal 
Fe, which is believed to consist of both 
the Fe-carbon rich phase and the Fe-
oxyhydroxide phase (Lyvén et al., 
2003). Probably, the removal of Fe-
oxyhydroxides is still not very high at 
these salinities (4.7) and this phase is 
dominating to such an extent that it 
masks the isotopic signature from the 
Fe-C colloids. Stolpe & Hassellöv 

(Gustafsson et al., 2000) concluded that 
most of the removal of Fe colloids 
takes place at salinities below 2.5‰. In 
our study, the case might be that Fe-
oxyhydroxides are aggregated, but still 
present as suspended matter due to a 
relatively slow sedimentation. Findings 
in the Kalix river estuary (Gustafsson 
et al., 2000) indicate that the low 
presence of “sinkers”, i.e. detrital 
particles, inhibited sedimentation even 
though aggregation took place trough 
the salinity gradient. The situation 
could be similar for the Bothnian Sea 
station. Except for the supply of 
riverine Fe-oxyhydroxides, in-situ 
redox cycling may cause enrichment of 
56Fe in Bothnian Sea surface waters. In 
the Baltic Proper a high persistent 
standing stock of Fe(II) recently was 
measured in the summer (Breitbarth et 
al., 2009). Studies have shown that 
non-biogenic oxidation of Fe(II) 
generates Fe-oxyhydroxides enriched 
in 56Fe (Bullen et al., 2001). If the 
levels of Fe(II) in the Bothnian Sea are 
similar to the standing stock of 0.25-0.5 
nM in the Baltic Proper (Breitbarth et 
al., 2009), and the half-life is in the 
same order of magnitude (minutes to 
seconds), then the redox cycle of Fe in 
the euphotic zone may affect the 
isotopic composition of the suspended 
matter as much as the riverine input.  
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Figure 7. Time series of salinity, density, chl-a and PO4

2- in the upper 100m at the BY31 
station (Landsort Deep) during 2004. Date format is decimal year. This figure was 
prepared with Ocean Data View using DIVA gridding. 
 
Probably a large portion of the oxidized 
Fe is recycled back to Fe(II), but if 
only 10% take part in the formation of 
PFe, this process will contribute to the 
fractionation of several tenths of 
nanomolar per day. 

3.2 Landsort Deep 

3.2.1 Biogeochemical framework 
During the whole sampling period the 
water column down to about 60 meters 
depth was oxygenated close to 
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saturation, which also was the level of 
the permanent halocline (Fig. 7) 
Generally, the Baltic Sea has a 
relatively constant halocline at about 
70 m depth (Kullenberg, 1981). 
Salinity decreased by ~0.8 units from 
March to mid August in the integrated 
upper 10 m of water, but was much 
more stable at 40 m depth (Fig. 7). 
From rather well mixed water above 
the halocline in March, conditions 
changed to a more stratified situation in 
June to September, where the upper 
mixed layer was about 10-20m (Fig. 7). 
Chl-a demonstrated a peak in the upper 
10 meters on 24 March, reflecting the 
spring bloom (Fig. 7). This peak was 
followed by a peak during mid-April 
and rising and falling values from mid-
June to September, indicating the 
presence of cyanobacteria.  
 
Phosphate had similar concentrations 
from the surface down to 40 m in early 
March, but then decreased drastically at 
0-10 meters during spring and summer 
(Fig. 7). Levels at 40 meters remained 
high, around 25 g/L, throughout the 
measured period. The initial 
concentrations were elevated down to 
40 meters due to mixing with high 
phosphate containing underlying water 
masses during wintertime. In this part 
of the Baltic Sea, active uptake by 
phytoplankton has been shown to be 
the mechanism that decreases the 
amount of PO4

2- during March and 
April. This pattern has been observed 
to be consistent inter-annually at the 
Landsort Deep, even though the 
absolute concentrations of PO4

2- differ 
(Larsson et al., 2001). TOC did not 

show great variations during the 
season. Concentrations were between 
310 and 350 μM, with a trend of 
somewhat lower concentrations during 
June-August. Colloidal organic carbon 
was rather stable, with an average of 90 
μM.  

3.2.2 Iron speciation 
High initial concentrations of Fe were 
observed (fig. 8a), a similar pattern as 
for the Bothnian Sea. Around 80% of 
TFe was removed after the spring 
bloom. A clear correlation between chl-
a and PFe was observed for the first 5 
sampling occasions (Fig. 8b). The 
decrease for the DFe and SFe fraction 
from March 10 to May 4 was almost 
similar (69% and 64% respectively; 
Fig. 8c). The decrease in DFe was 
similar to the Bothnian Sea. Patterns in 
the SFe fraction though indicate a clear 
difference in colloidal speciation. Even 
though the DFe concentration at the 
BY31 station was less than half the one 
in the Bothnian Sea, the SFe 
concentrations were almost similar. 
Data on SFe are partly missing from 
the summer, but  the data we have 
suggest that the CFe pool is almost 
depleted from May on.. 
 
There was no correlation between TFe 
and salinity. A peak of DFe (and SFe) 
was observed at 26 July (Fig. 8c), 
where the concentration was elevated 
from 4 to 14 nM in one month time. 
This peak correlates with an elevated 
level of 280 during the summer, while 
no other measured parameter showed 
this drastic change.  
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The origin of the high Fe levels in at 
the Landsort Deep in March could be 
explained by direct terrestrial input or 
by the transport of lower saline water  
from the Bothnian Sea via the 
southward current along the Swedish 
east-coat. However, station BY31 is far 
from any major river, and the average 
peak of riverine freshwater contribution 
to the Baltic Proper until April 
(Bergström and Carlsson, 1994). 
During this study, most of the Fe in the 
surface water was already lowered 
considerably in April. A riverine 
source, as well as lateral transport of 
Bothnian Sea surface water, would also 

probably affect the salinity and the 
concentrations of the major elements, 
not causing maximum levels as 
observed here.  
The pattern of higher Na 
concentrations at the same time as 
elevated levels of Fe and P (Fig. 9) 
indicate that the supply of Fe (and 
associated elements) is from mixing of 
deeper laying water masses with higher 
salinity. A strong relationship between 
P and Mn was observed during 2004 at 
the BY31 station (Gelting et al., 
2009a), where the high initial 
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Figure 8. Landsort deep (BY31 station) 2004. Concentrations TFe (total Fe), DFe 
(<0.22μm)and SFe (<1kDa) (A). Regression between unfiltered Fe and Salinity at 5 m 
depth, the five first sampling occasions (B). Concentrations of DFe(<0.22μm), SFe(>1kDa) 
and DGT-labile Fe ([Fe]DGT ) (C). For DGT measurements, the vertical lines indicate the 
time period for the measurement, and the filled square represent the mid-date. Temporal 
variations of Mn/Ti and Fe/Ti in the suspended phase at 5m depth (D). 
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concentration of these elements were 
suggested to be supplied from deeper 
levels. It is also clear from salinity and 
density data that the water column 
above the halocline was well mixed in 
March and April. The area where this 
station is located also belongs to an 
upwelling regime (Myrberg and 
Andrejev, 2003), which supports that 
iron is supplied by vertical mixing. 
According to Eilola and Stigebrandt 
(1998), the input of juvenile freshwater 
to the Baltic Sea (water from the 
Bothnian Sea)  has its second highest 
monthly average during March. 
Probably this input of Bothnian Sea 
water has some importance, but from 
our data, the vertical mixing appears to 
be the dominant source.  
Similar to the Bothnian Sea, there is a 
correlation between chl-a and 
particulate Fe, but at the Landsort 
Deep, this relationship only exists 
during the five first occasions sampling 
occasions (Fig 8b). The explanation to 
this phenomenon is similar to the one 

in the Bothnian Sea. Changes in chl-a 
reflect changes in the phytoplankton 
biomass. Phytoplankton provides 
surfaces and also exudates onto which 
Fe and other elements can adsorb. 
Measurements of TEP at the BY31 
station were made, but no clear 
correlation with suspended or 
sedimenting Fe was observed. Still, 
exudates from plankton may be of 
importance, since they exist over a 
continuum of size ranges (Verdugo et 
al., 2004), and the TEP method only 
measures those >0.45μm. Stolpe & 
Hassellöv (2009) found significant 
amounts of Fe associated to colloidal 
biopolymers in surface seawater in the 
Skagerack Sea after periods of high 
primary production. However, FFF-
ICPMS data (Fig. 1c, see also section 
3.4) from the BY31 station does not 
indicate presence of such colloids. 
Initially, on 10 March, chl-a and PFe 
are relatively low, but chl is increasing 
fourfold, and PFe almost tripled in two 
 

Figure 9. Variations of total Fe (unfiltered samples), phosphorus (P) and sodium (Na) for 
the uppermost 10 meters at the BY31 station. Date format is decimal year. This figure was 
prepared with Ocean Data View using DIVA gridding. for samples taken at 0.5, 5 and 10m 
depth. 
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weeks time. We suggest that Fe is 
supplied in a similar way as the 
supplied of P that feeds the spring 
bloom, namely from mixing with 
deeper layers of high P and Fe. Further, 
the decrease of PFe after the peak of 
the spring bloom appears to be due to 
the sedimentation of dead 
phytoplankton cells and adsorbed 
elements. The decrease in the DFe and 
SFe fractions are possibly coupled to 
this process, where soluble and 
colloidal Fe aggregate during the 
spring bloom and are rapidly removed 
together with fast sinking diatom 
shells. As indicated by figure 8d, the 
formation of non-detrital Mn seems not 
to be coupled to the formation of non-
detrital Fe. The Fe/Ti (w/w) ratio in 
suspended matter was above 15 during 
the whole measured period, except for 
26 July when the ratio reached 13.4. 
This indicates an enrichment of Fe in 
the suspended matter, since the average 
crust ratio is 10.2 (Rudnick et al., 
2003). Elevated Fe/Ti ratios in PFe on 
30 June and 15 July, occur at the same 
time as the peak of cyanobacteria 
(Walve et al., unpublished data), which 
indicate that there may be a coupling to 
the formation of particulate non-detrital 
Fe. The vertical flux of Fe to the 
sediment traps were decreasing from 
131 in April to 6.9μmoles/day/m2 in 
August (Fig. 10), which means that the 
sedimenting Fe follows roughly the 
same temporal trend as the PFe at 5m 
depth. As for the C3 station, the 
sedimenting amount is higher than the 
decrease in PFe at 5m, which indicates 
a continuous supply of suspended Fe.  
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Figure 10. Suspended Fe (PFe) at 5 m 
depth and sediment trap collected Fe at 
30 m depth at Landsort deep (BY31) 
2004 (A). Fe/Ti in PFe at 5 m depth and 
in sediment trap collected material (B). 
 
During the highest level of DFe (26 
July, Fig. 8c), Fe/Ti in the particulate 
phase reached its minimum (Fig. 8d), 
which is a sign of a connection 
between the processes regulating PFe 
and DFe. The reason of the sharp 
increase during the summer may be 
explained by terrestrial input, due to 
the coincidental high levels of 280. 
One other possible source is addition 
by rain. Measurements from the Polish 
coast showed that rainwater in Gdansk 
contained on average about 7 μmol per 
mm of precipitation (data from 
Falkowska et al., 2008). If this holds 
for the open Baltic Sea, this is a 
potential major contributor of Fe. An 
evaluation of precipitation data from 
the Swedish Hydrological and 
Metrological Institute (SMHI) does, 
however, not support this since the 
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precipitation in late June-July does not 
significantly differ from the previous or 
subsequent periods of the summer. 
Lower salinity (Fig. 7) and lower 
concentration of the major elements 
(exemplified by Na in Fig. 9) suggests 
a dilution that may be caused either by 
fresh- or rainwater input. The 
increasing population of cyanobacteria 
during the summer may also be 
responsible for keeping Fe in solution 
and extract DFe from PFe by 
siderophore-like pathways. The amount 
of cyanobacteria reached its peak on 

July 15 (Gelting et al., 2009b) and the 
elevated levels of DFe and SFe on 26 
July could possibly origin from 
remineralization by cyanobacteria. The 
stratified conditions (Fig. 7) suggest 
that no vertical mixing took place at 
this event of high DFe in the summer. 

3.2.3 Isotopic signature of PFe and 
sediment trap material 

The isotopic signature of PFe is 
changing drastically during the spring 
bloom, from -0.10 to +0.25 ‰ in only
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Figure 11. Isotopic signatures of suspended Fe (PFe) at 5m depth and sediment trap 
collected material at 30 m depth, all data from Landsort deep 2004.. The seasonal 
variation of 56Fe in PFe and the PFe concentration (A). 56Fe plotted against Fe/Ti in PFe 
(B). Temporal variation of 56Fe in sediment trap collected material and amount of 
sedimenting Fe (C). 56Fe plotted against Fe/TI in the sediment trap collected material (D). 
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2 weeks (Fig. 11a). During the 
summer, the 56Fe is positive at all 
measured occasions. At October 6th, the 

56Fe decreased back to zero. 
Staubwasser (2006) found that the 
composition of the PFe in the anoxic 
bottom waters of the Gotland Deep 
were about half a permille lower than 
the samples from oxic deep water, 
which were close to zero. They also 
presented data from the upper 50m, 
which showed the lowest 56Fe values 
close to the surface. In more recently 
presented data (Staubwasser et al., 
2008), also from the Gotland Deep, a 
change in the isotopic composition of 
the suspended matter was attributed to 
the surface cyanobacterial bloom. The 
authors hypothesize that the low initial 
values are originating from water 
diffusing up from the basin margin 
sediments after suboxic early-
diagenetic remineralization, since such 
a process commonly generate low 

56Fe values. This hypothesis follows 
the findings of fractionation of Fe 
during redox processes, both by abiotoc 
processes (Bullen et al., 2001) and 
microbially mediated (Balci et al., 
2006).The initial PFe at the surface 
water of the Landsort Deep has a low 

56Fe, probably originating from the 
suboxic zone, and it then rapidly 
changed when the bloom alters the pool 
of PFe. Between September 9 and 21, 
salinity was increasing from 6.0 to 6.7 
at 5 m depth, and total P increasing 
from 14.6 to 25.5 μg/L. This is clearly 
indicating an event of vertical mixing, 
which also explains the lowering of the 

56Fe from +0.28‰ July15 to zero at 
October 6th (Fig. 11a). There seems not 

to be a correlation between the Fe/Ti 
ratios and the 56Fe value, as for the 
Bothnian Sea (Fig. 11c). One probable 
reason for this is that the suspended 
material in the surface water of the 
BY31 station is less homogeneous and 
more affected by the processes 
occurring in the suboxic zone. The 
conditions in the Bothnian Sea, on the 
other hand, may to a higher extent be 
affected by the higher load of 
suspended material of terrestrial origin, 
and by the case that the whole water 
column is oxygenated. From a study of 
the isotopic composition of dissolved 
Fe in the Sheldt estuary, de Jong et al 
(2007) pointed out the importance of 
local sinks and sources. In the case of 
the Baltic Sea, the anoxic conditions 
below the halocline would fall into that 
category, since this is a mixing of at 
least tree different non-detrital Fe 
phases. In the Bothnian Sea, the 
original model of two carrier phases 
with two different isotopic signatures 
seems to be valid (Ingri et al., 2006). 
 
The Fe removal during the spring 
bloom can clearly be detected in the 
sediment traps, as well as elevated 
levels of P and Si (data not shown).  Fe 
isotopic signatures of the sedimenting 
material are at all measured occasions 
negative (Fig. 11c) and show a trend of 
more negative values towards the 
summer (with the exception of June 
23). No linear correlation between 
Fe/Ti and the 56Fe value could be 
observed (Fig 11d). It is notable, that 
while the Fe/Ti ratio in the sedimenting 
material is close to the average crust 
value of 10.2 at all except the last two 
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occasions (Fig. 10b), the 56Fe value is 
the entire time negative. A PFe phase 
with a Fe/Ti value close to average 
crust ratio would be regarded as mainly 
composed of lithogenic particles and is 
predicted to have a 56Fe of 0. This is 
not the case here, which means that the 
use if elemental ratios should be 
carefully evaluated. The suspended 
matter at 5 m depth is much more 
enriched in Fe, as reflected by the 
higher Fe/Ti values (Fig. 10b). These 
ratios are intermediates of those in the 
sediment traps and what was measured 
in the Bothnian Sea suspended matter. 
In July, during the drop in Fe/Ti in PFe, 
the sediment trap data show an 
increased ratio, which indicates that the 
particles formed at surface (high Fe/Ti) 
end up in the sediment trap with some 
lag. Furthermore, the 56Fe value 
changes from -0.08 to +0,28 whereas 
the Fe/Ti ratio is constant at 
approximately 16 (Fig. 11b) 
The general negative values of 56Fe in 
the sediment trap seem at least initially 
to be connected to the light signature of 
the suspended matter at 5m depth that 
is removed from the euphotic zone and 
collected in the sediment trap. The 
reason for the persisting negative 56Fe 
in the sediment traps when suspended 
PFe in surface water is enriched in 
heavy Fe isotopes, is not easy to 
explain. Not only isotope data, but also 
the Fe/Ti ratios indicate that the 
composition of the sedimenting 
material is different from the PFe in the 
surface.  
 
 

Phytoplankton was shown to 
fractionate Fe isotopes to a relative 
high extent. Bergquist & Boyle (2006) 
measured 56Fe values of – 0.24‰ for 
Amazon plume plankton tows, where 
they attributed this signature to both 
intra- and extracellular bound Fe. This 
is an likely explanation, but there may 
also be a component of Fe(II) enriched 
in light Fe, diffusing from the suboxic 
deeper water and perturbing the 56Fe 
value of sedimenting material. 

3.3 Gotland Deep 

3.3.1 Biogeochemical framework 
At 5 m depth, salinity was rather stable 
around 7, but showed a slightly lower 
value in the end of June and a 
maximum in mid August. Chl-a was 
rising throughout the whole sampling 
period to reach the highest value of 
4.13 μg/L in mid August. Surface 
temperatures increased from 15.4 to 
19.7°C during the sampled period. As 
for the BY31 station, BY15 is 
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.  A 
differentiation between oxygenated 
surface water and oxygen-depleted 
deeper water, separated by a redox-
cline at ~80 m, was present throughout 
the sampling period (Fig. 12). Salinity 
and temperature indicate a mixed layer 
depth of 16 to 21 m (Fig. 12).  
 
 TOC concentrations were stable 
around 400 μM, having a colloidal 
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Figure 12. Time series of salinity, density, chl-a and PO4

2- at the BY15 station (Gotland 
deep Deep) during 2007. Note that differences in depth scale. Date format is decimal year. 
This figure was prepared with Ocean Data View using DIVA gridding. 
 
 
fraction that varied from 70 to 120μM 
during the summer. 

3.3.2 Iron speciation 
Changes of Fe concentrations were less 
pronounced compared to the other two 
stations (table 1 and Fig.13). Initial TFe 
concentrations are higher, but the DFe 
and SFe fractions are rather stable 
through the sampling period. 
Concentrations are changing during the 
measured period, but the differences 
are not as large as for the other two 
stations. TFe is 24.4 nM in May and 
deceases to a minimum of 7 nM in 
July. The correlation between 
suspended Fe and chl-a was not seen at 
this station. We can observe similar 
declining patterns of the measured Fe 
fractions at this station, as for the other 
two at lower salinities (Fig. 13), but the 
total concentrations are clearly lower. 
This is mainly due to a much lower 
abundance of PFe at this location, 
while the DFe and SFe fractions are 
less different than at the BY31 station. 

Due to the remoteness from land, the 
costal upwelling is probably much 
weaker in the Gotland basin. Vertical 
mixing and contribution from land may 
be important sources of Fe also in this 
area of the Baltic Sea, but we find no 
clear evidence of this in our 
measurements. The sampling for this 
station started later than for C3 and 
BY31, which means that the peak in 
spring time would possibly have been 
higher if sampling stared already in 
March or April 
 

Colloidal iron size distributions 
determined by FFF-ICPMS 
The results from the FFF-ICPMS (Fig. 
1) suggest that terrestrial fulvic acid 
associated Fe is the major colloidal 
component. This hypothesis has been 
confirmed in seawater samples from 
several stations along the Swedish west 
coast, where 0.5-4 nm humic-type 
fluorescent organic matter has been 
found to bind most trace elements. 
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In addition, different types of larger (3-
50 nm) colloidal biopolymers have 
been found to form in surface seawater 
after periods of high primary 
production (Stolpe and Hassellöv, 
2009). In the Bothnian Sea, although 
these types of biopolymers occurred 
during summer, iron was found to be 
exclusively associated to fulvic acid 
from terrestrial sources (Fig. 1b). 
Similar results were obtained in surface 
water of the Baltic Sea, both in 
offshore samples (Fig. 1c) and in the 
coastal Baltic Proper (Fig. 1d). Data 
from the Gotland Deep is very similar 
to the obtained fractogram from the 
Landsort Deep station (Fig. 1c). In 
contrast, in the more marine coastal 
system of the Gullmarsfjord on the 
Swedish west coast, where the 
influence of rivers is less strong, iron 
was found to associate to biopolymer 
nanofibrils during the summer (Fig. 1e) 

(Stolpe and Hassellöv, 2009). By the 
use of Atomic Force Microscopy 
(AFM) the sizes of these nanofibrils 
were determined to 50-250 nm in 
length and 0.5-1.1 nm in thickness.  

3.4 DGT measurements 
During 2004 the DGT measurements at 
Landsort Deep were conducted at a 
temporal resolution, which affected the 
precision of the method. During the 
short time of deployment (2-3 weeks) 
the amount of accumulated Fe was 
often very low, and the blank 
contribution made it difficult to 
interpret any temporal changes in 
[Fe]DGT, even tough an average for the 
whole sampling period could be 
obtained. The DGT-labile fraction was 
low at all stations compared to SF (less 
than 10% on average, table 1). If 
assuming that all DGT-labile Fe 
([Fe]DGT) was bound to fulvic acids the 
concentrations becomes about 5 times 
higher, but still lower than SFe. 
Breitbarth et al. (2009), showed that the 
DGT labile fraction is very similar to 
the Fe(II) concentration. 
 
Clearly, the average [Fe]DGT was 
deceasing from the Bothnian Sea (1.1 
nM) to about 1/3, with similar 
concentrations at the Landsort Deep 
and Gotland Deep stations (0.35 nM). 
This means that, as well for the TFE, 
DFe and SFe fractions, there is a 
terrestrial proximity-salinity 
dependency on the fraction. We were 
able to detect a 30-40% decrease in 
[Fe]DGT from the spring towards later in 
the season at the C3 and BY15 stations. 
This change from low to higher 
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salinity, and from spring to summer, is 
possibly connected to the amount of 
complexed Fe that changes along this 
gradient. As discussed above, FFF-
ICPMS data (Fig. 1), indicate that most 
colloidal Fe is bound to fulvic acid, and 
also that this compound is decreasing 
from C3 to similar levels at BY31 and 
BY15. It has been shown in several 
studies (e.g. Scally et al., 2006), that 
complexes between metals and fulvic 
acids may pass through the diffusive 
gel and are thus measured by the DGT 
technique. 
 

4 Conclusions 
We conclude three major findings from 
our study: 
 

1) All three studied locations 
showed a steadily decreasing 
pattern of Fe in the measured 
fractions TFe, DFe, SFe and 
[Fe]DGT, from the first measurement 
in spring towards the summer. From 
FFF-ICPMS measurements, a 
significant, but decreasing, carbon 
fraction (most likely fulvic acid) 
dominated colloid bound Fe at all 
locations. This is analogous to the 
findings of humic substances (HS) 
controlling Fe in the coastal and 
open ocean (Laglera and van den 
Berg, 2009). 
 
2) The relatively high level of 
Fe in the <1kDa fraction at all 
sampled stations (above 2nM) 
indicate that the levels of SFe are 
sufficient for Fe-replete 
phytoplankton growth. Calculations 

of Fe uptake by Baltic 
phytoplankton are orders of 
magnitude lower than this number. 
In spite of this, a strong correlation 
was observed between chl-a and 
PFe. This was not attributed to 
active uptake, but a common 
cycling of Fe and P; similar sources, 
growth of phytoplankton onto 
which PFe attach and removal of 
PFe during sedimentation.  Hence, 
primary production strongly 
regulates cycling of suspended Fe. 
 
3) Iron isotope data reveal 
systematic temporal variations in 
the Fe-isotope signature, the 56Fe 
value changed from -0.08 to +0.25 
‰ during three weeks in March and 
April at the Landsort Deep. This 
change was related to spring-bloom 
(diatoms) and subsequent 
sedimentation of iron with a 
negative isotope signature. All 
sediment trap data from the 
Landsort Deep showed a negative 
iron isotope value.  During summer 
a relatively stable positive 56Fe 
value was measured in suspended 
matter both in the Bothnian Sea and 
at the Landsort Deep. This positive 
value probably is a combination of 
river introduced aggregated 
oxyhydroxides and particulate iron 
formed from oxidation of dissolved 
Fe(II) in the euphotic zone. Hence, 
aggregated but still suspended Fe-
oxyhydroxides might be spread over 
large areas in the Gulf of Bothnia. 
Iron isotope data clearly show that a 

56Fe value around zero does not 
mean that the sample consist of 
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mainly detrital rock fragments, 
usually the value is reflecting a 
mixture of iron particles with 
positive and negative values.  
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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 estuarine waters.  Depth profiles of Fe(II) were 
measured by chemiluminescent flow injection analysis (CL-FIA) and reveal several origins 
of Fe(II) to the water column.  Up to 0.9 nmol Fe(II) L-1 were detected in light penetrated 
surface waters and depth profiles indicate that photochemical processes are the main sources 
of Fe(II) with potential contributions from deposition by rainwater.  Measured Fe(II) half 
life times in oxygenated water exceed estimated values and indicated organic Fe(II) 
complexation.  The significant Fe(II) concentrations in surface waters apparently are a 
major contributor to the Fe requirements of diazotrophs and play a major role in 
cyanobacterial bloom development in the Baltic Sea.  Fe(II) was detected at water depths 
below the euphotic zone, but above the oxic anoxic interface.  Despite high Fe(II) 
concentrations in anoxic deep water though, it is unlikely that ferrous ions originating from 
sub-oxic waters could be a temporary source of bioavailable iron to the euphotic zone since 
mixed layer depths after strong wind events are not deep enough in summer time.  However, 
Fe(II) from anoxic water may diffuse into the sub-oxic zone, contributing to concentrations 
of up to 1.44 nmol L-1. 
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1. Introduction 
1.1 Iron and marine biogeo-

chemistry 
Iron and other trace metals have 

essential roles in the biosphere, serving as 
the active centers of enzymes and are 
responsible for electron transfer reactions 
in many different vital 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;Boyd et al., 2007). Generally, 
iron concentrations are orders of 
magnitude higher in coastal and estuarine 
like waters such as the Baltic Sea, but iron 
control of primary production has still 
been observed.  Iron bioavailability for 
marine algae largely is 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 and 
Bruland, 1998;Özturk 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 seasonal 
variations in iron speciation. 

 
In seawater, iron occurs in two 

oxidation states, Fe(II) and Fe(III). 
Thermodynamics strongly favor Fe(III) in 
the modern oxygenated ocean, whereas its 
solubility is low and only maintained at 
sufficient concentrations for 
phytoplankton growth by organic 
complexation (Firme et al., 2003;Rue and 
Bruland, 1995).   In contrast, Fe(II) is 
highly soluble but rapidly re-oxidized to 
Fe(III) in oxygenated seawater (Santana-
Casiano et al., 2006).  Next to oxygen, 

hydrogen peroxide, and reactive oxygen 
species; seawater pH and water 
temperature further affect Fe(II) oxidation 
rates (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 
significant source of Fe(II) in seawater 
(Barbeau et al., 2003;Croot et al., 2008), 
while photoreduction of inorganic iron 
species at seawater pH is negligible (King 
et al., 1991).  Fe(II) is considered both 
more labile and bioavailable than 
complexed Fe(III) since uptake of Fe(II) 
does not require energetically costly 
surface reduction of iron at the cell 
membrane, or across membrane transport 
of specific iron ligand complexes (Morel 
et al., 2008;Sunda, 2001;Martin et al., 
1994). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 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). 
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1.2 The Baltic Sea, cyano-
bacterial 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).  The Baltic 
Proper, with the Gotland Basin in its 
center and the Landsort Deep station on its 
northwestern margin, is considered as the 
origin of cyanobacterial bloom 
development during summers due to 
favorable conditions for their growth with 
regard to salinity and 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 N:P ratios favor nitrogen fixation and 
cyanobacterial blooms generally develop 
over the course of the summer after 
eukaryotic phytoplankton has diminished 
dissolved nitrogen sources. On the one 
hand, the increase in cyanobacteria 
occurrence and density has been attributed 
to eutrophication (Finni et al., 2001).  
Alternatively, phosphorus release from 
up-welled deep waters may stimulate 
cyanobacteria 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 demand than other 
phytoplankton (Kustka et al., 
2003b;Kustka et al., 2002;Sanudo-
Wilhelmy et al., 2001;Kustka et al., 
2003a) and thus cyanobacterial 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 
phytoplankton exudates 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 sediments 
into coastal surface water (Kuma et al., 
1995;Kuma et al., 1992).  Fe(II) is 
considered bioavailable, in that it may be 
directly taken up or form an intermediate 
in iron acquisition systems of eukaryotic 
phytoplankton (Martin et al., 1994;Morel 
et al., 2008;Shaked et al., 2005;Rose et al., 
2005).  Thus its presence may imply 
favorable growth conditions and an 
ecological advantage for surface dwelling 
nitrogen fixing cyanobacteria over other 
phytoplankton if concentrations of other 
inorganic nitrogen sources are low.   

The distributions of trace metals 
along the north-south salinity gradient in 
surface waters of the Baltic Sea 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).  Brügmann et al. 
(1998) and Pohl and Hennings (1999) 
have described metal speciation changes 
after the 1993/1994 salt water inflow and 
resulting bottom water oxygenation 
events.  However, deep water anoxic 
conditions reestablished and no salt water 
inflow event was preceding our field 
season in the summer of 2007.  Further, 
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Ingri et al. (2004) showed a shift in trace 
metal speciation 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 potentially 
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 data on iron 
complexation and surface or deep water 
concentrations of Fe(II) in Baltic Sea 
waters exist.   

 
1.3 Aim of the study 
In this study, we address the 

dynamics of Fe(II) concentrations over the 
course of the Nordic summer covering the 
full depth range at these two locations.  
The approach takes the main source for 
Fe(II) photoreduction in surface water 
(organically complexed iron), next to 
physico-chemical parameters (irradiation, 
temperature) and main oxidants (oxygen, 
hydrogen peroxide), as well as indicators 
for consumption (chlorophyll-a, 
cyanobacteria biomass) into account.  
Depth profiles also aim to indentify other 
sources of Fe(II) and set them in context 
of interactions with additional parameters 
(pH, total phosphate (PO4), total hydrogen 
sulfide (H2S)) and water column mixing. 

We hypothesize that iron has a 
regulatory function during cyanobacterial 
bloom development in the Baltic Sea and 
particularly that Fe(II) concentrations may 
play an important role.  We evaluate if A: 
what the sources of Fe(II) in the euphotic 
zone are; and B: if Fe(II) and PO4 rich 
water masses from deeper oxygen 
depleted layers can be mixed into surface 
waters after storm events (Fig. 2).  To the 
best of our knowledge, this is the first 
comprehensive study focusing on Fe(II) 

throughout the water column in estuarine 
water.  While the study aims to contribute 
to the general understanding of marine Fe 
redox cycling and biological processing, it 
is of additional relevance for other 
estuarine and coastal waters, as well as 
oceanic regions with oxygen minimum 
zones or sub-oxic bottom water.  

 
2. Methods 

2.1 Cruise locations 
A total of five cruises were 

conducted using the R/V Fyrbyggaren 
between 20 June and 14 August 2007 to 
two stations in the Baltic Sea.  Landsort 
Deep (LD, 459m depth, 58°36 N, 
18°14 E) is located close to the Swedish 
east coast and Gotland Deep (GD, 249m 
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 
intermediate depth.  Fresher estuarine 
Baltic water on the surface 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 
consumption.  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 
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Figure 2. Proposed Fe cycle for the Baltic Sea at Gotland Deep (image modified based on 
Sunda (2001) and Croot et.al. (2005)). 
 
 
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 
sampling 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 dissolved iron (DFe), 
iron ligand titrations, and deck incubations 
was filtered through trace metal cleaned 
0.22 m membranes (142 mm diameter, 
Millipore mixed cellulose ester, 
GSWP14250).  Further, unfiltered 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 closure mechanism.   
 
 Samples for Fe(II) and hydrogen 
peroxide (H2O2) analysis were taken from 
the Niskin bottles immediately after 
retrieval on deck.  Sampling was 
performed in a similar manner as common 
for dissolved gases, 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- m-pore 
size PVDF membrane (Sterivex-HV®, 
Millipore, protected by a small zip-lock 
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 allowing the water to 
overflow for approximately 10 seconds.  
A piece of silicone tubing attached to the 
nozzle of the Niskin bottle was used to 
pass the water into the syringe barrel 
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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 at the bottom 
of the PE vessel and analysis was started 
immediately, performing 5 successive 
analysis cycles.  Results of Fe(II) samples 
from anoxic water showed no decay in the 
signal response during the analysis period, 
thus indicating that introduction of 
significant amounts of oxygen into the 
sample did not take place.  Sampling 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 oxygenated 
surface water.  The exact timing from 
bottle closing to analysis was noted.  The 
chemiluminescent signal decay 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 water layer, while deep 
sampling in the anoxic zone was done in 
one cast.  Tapping for anoxic deep water 
took place maximum one hour after 
closing the Niskin bottles at depth and the 
bottles remained sealed until Fe(II)/ H2O2 
sampling took place.  Data from anoxic 
samples were not corrected for Fe(II) 
oxidation during the sampling procedure, 
since no signal decay was observed.   

 
Samples for dissolved oxygen were 

taken immediately after 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 
July 4 and August 1, 2007, at Landsort 
Deep station and on June 20, July 20, 
August 2, and August 14, 2007, at Gotland 
Deep.  H2O2 profiles were measured 
August 1, as well as on July 20 and 
August 2, 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 
Injection Analysis (CL-FIA) with the 
reagent luminol (5-amino-2,3-dihydro-1,4-
phthalazine-dione, Sigma BioChemika).  
The luminol reagent solution was allowed 
to stabilize overnight prior to use.  The 
flow injection 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 monitored 
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.  Blank values ranged 
around the equivalent signal strength of 30 
pmol L-1 in the Baltic waters.  A 10 mM 
primary Fe(II) standard solution was 
prepared from a Merck Titrisol Fe(II) 
standard in 0.1M HCL.  Secondary 
standards were prepared immediately prior 
to use by serial dilution of the primary 
standard using 0.01 M HCl. Standard 
additions to the samples 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 
approximating [OH]- using the the 
program CO2SYS (Fox, 1989) (see also 
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section 2.9).  To evaluate Fe(II) oxidation 
rates in the samples, the chemiluminescent 
signal over time was naperian log 
transformed, which yields a linear 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 (2003) using a second flow 
injection analyzer similar to the one 
described above.  A 60 L reagent loop 
was used.  The analysis utilizes the 
oxidation of luminol by H2O2 in an 
alkaline solution, which is catalyzed by 
cobalt(II).  Standards 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 
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  (Ho et al., 
2003). 
  
 2.5 Organic iron(III) complexation 

Filtered seawater samples (0.2 m) 
from the GD samplings were analyzed for 
organic iron complexation using 
competitive 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 10 mol L-1 
concentration of 2-(2-Thiazolylazo)-p-
cresol (TAC) competing with the natural 
ligands for iron complexation in a EPPS 
buffered (pH: 8.0) seawater sample based 

on Croot & Johansson (2000).  All 
analyses were performed at 20°C in a 10 
step titration series on thawed aliquots of 
seawater samples that were frozen after 
collection to -20°C.  Iron binding ligand 
concentrations 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 (  

Fe(TAC)2’) for the salinities of the samples 
was calculated based on published values 
at different salinities (Croot and 
Johansson, 2000;Croot et al., 
2004;Gerringa et al., 2007).  Values of  

Fe(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 followed 
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 coefficient for Fe 
(received from DGT Research Ltd) was 
corrected for average temperatures 
measured in situ every five hours during 
the deployment period.  All DGT units 
were assembled in a clean air trace metal 
laboratory and stored in clean plastic bags 
at 4°C before use.  Blanks (not deployed 
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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 20, for 4 weeks.  DGT units were 
deployed at 0.5, 5, 10, 40, and 120 meters 
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 analysis.  The DGT 
devices were disassembled again in a 
clean air trace metal laboratory and the 
gels were eluted in 5ml of 5M qHNO3 
(single sub-boiling quartz distilled, AR 
grade nitric acid, Merck).  Concentrations 
of Fe in DGT eluents and water samples 
were measured with an ICP-SFMS at 
Analytica AB in Luleå (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 M qHNO3  
in MilliQ water.   
 
 2.7 Reagents 

Hydrochloric acid (HCL, 30 %, 
Merck suprapur), Ammonia solution 
(NH4OH, 25%, Fluka trace select), 
Luminol (5-amino-2,3-dihydro-1,4-
phthalazine-dione), and sodium carbonate 
(Na2CO3, SigmaUltra) were used as 
received.  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 60 mol L-1.   For iron 
ligand titrations a 1.79 mol L-1 iron 
standard solution in 0.01 M quartz 
distilled HNO3 was prepared from a 1000 
mg L-1 stock (Titrisol, Merck) and a 0.01 
M 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 M NH4OH (NH4OH, 25%, 
Fluka trace select) to a concentration of 
1.0 M.  Purified water (MilliQ, MQ) was 
used for all reagent preparations. 
 

2.8 Analysis of associated 
parameters 

Seawater pH was determined using 
a temperature corrected pH electrode 
(Metrohm, 704 pH meter), which was 
calibrated on the NBS/NIST scale against 
buffer solutions (pH 6 and 11, Merck 
CertiPUR) prior to each use.  Second, the 
data were corrected to approximate the 
seawater pH scale using the CO2SYS 
program (Fox, 1989), taking alkalinity and 
in situ temperature into account.  We 
estimate the accuracy of this approach to 
be 0.05 pH units.  Salinity and 
temperature profiles were obtained from 
standard CTD casts (Landsort Deep: SST 
Memory probe by Sea & Sun Technology 
GmbH, Gotland Deep: Standard-Eco-
Probe by Meerestechnik GmbH and ADM 
Standard Probe by ADM-Elektronik 
GmbH), while alkalinity values are based 
on an alkalinity-salinity relationship for 
the Baltic Proper (S. Hjalmasson, personal 
communication, 2008).  Macro-nutrients 
(total phosphate, NO3

- and NO2
- analyzed 

together, and NH4
+), as well as total 

hydrogen sulfide, oxygen and chlorophyll-
a (chl-a) were acquired from discrete 
samples, which at Landsort Deep were 
part of a water quality monitoring 
program. Samples for nutrients were 
filtered (0.45 μm 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 
nitrification of ammonium.  PO4

3-, NH4
+ 

and NO2
-+NO3

- were determined by 
standard methods applied in segmented 
flow analysis (SFA, modified ALPKEM 
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O. I. Analytical Flow Solution IV methods 
# 319528, # 319526, # 319527, reporting 
limits: PO4

3- 16 nmol L-1, NH4
+ 36 nmol L-

1, and NO2
-+NO3

- 14 nmol L-1). Oxygen 
was determined by the Winkler method 
(SS-EN 25 813) and H2S according to 
Fonselius et al. (1999).  Where no H2S 
measurements were done, the presence of 
H2S smell during tapping from the Niskin 
bottles was recorded when present.  For 
chlorophyll a determinations, 2 L of sea 
water were filtered on 47 mm Whatman 
GF/F filters, which were stored frozen and 
extracted by acetone before 
spectrophotometric measurements at 664 
nm (SS 02 81 46). 
 
 2.9 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 gently 
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) solution 
supplemented with acetic acid.  Filaments 
of heterocystous cyanobacteria were 
counted in units of 100 μm in the whole 
bottom of a 25 mL settling chamber using 
a Leica inverted phase contrast 
microscope (10X objective and 150X total 
magnification).  Cell volume was 
estimated by multiplying the counted units 
with species-specific mean cell volumes, 
determined from measurements.  To 
convert to carbon, factors of 2.17, 14.4 
and 2.11 μg C m-1 filament were used for 
Aphanizomenon sp., Nodularia spumigena 
and Anabaena spp., respectively (Menden-
Deuer and Lessard, 2000). 
 
 
 

 2.10 Meteorology 
Meteorological data were obtained 

from the Swedish Meteorological 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; Östergarnsholm, a small island 
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°14 E), and data from 
there are thus representative 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 and 
Östergarnsholm being closest, Hoburg 
was further used for additional rain data) 
and the data from there are interpreted as 
being indicative 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 
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by a redox-cline at ~80 m, was present 
throughout the most of the sampling 
period (Fig 3a-d, 4a-d, 5a-d).  A deeper, 
less abrupt, redox-transition zone down to 
100 m was observed at GD during August 
14 (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+b) and GD respectively 
(Fig. 4a+b, 5a+b).  Salinity and 
temperature indicate a mixed layer depth 
of 7 to 16 m at LD (Fig. 3a+b) and 16 to 
21 m at GD (Fig. 4a+b, and Fig. 5a+b).  
Temperature data from June 20 at GD also 
indicate gradual re-stratification down to 
10.5 m after 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 (Fig. 4b, 
5a).  A second mixing event to 9.5 m 
depth as evident in the cast from August 
14 (Fig. 5b) followed a deeper mixing to 
21 m detected on August 2 (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+c), which 
indicate lateral mixing of a different water 
mass with lower temperature and salinity.  
Further, lateral transport of a water mass 
with higher temperature was observed at 
40-50m depth at Gotland Deep on 20 July.  
This water mass also affected the pH 
profile at 40m depth.  The temperature 
signal persisted through 2 August, but was 
only reminiscent on 14 August (Fig. 4b, 
5a+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 altering with calmer and 

sunnier conditions.  Rainfall has been 
shown to deposit H2O2, Fe(II), and Fe(II) 
binding ligands into seawater.  Hydrogen 
peroxide has a half life in the order of 
days in seawater between 14 and 20°C.  
Rain deposited Fe(II) ligands may extend 
the half life of Fe(II) in oxygenated 
seawater considerably from minutes to 
hours at the temperature range observed 
(Kieber et al., 2001;Willey et al., 2008), 
while little is known on the persistence of 
such rain deposited Fe(II) ligands in 
seawater.  Thus, we show rain data for the 
period of 10 days prior to each cruise (Fig. 
6). At LD, wind speeds during the 4 July 
sampling were exceeding 10 m s-1 from 
east and south-east, enabling a long fetch 
across the Baltic Sea.  Significant rain 
deposition was also recorded prior to this 
sampling. In contrast, considerably weaker 
winds (5 – 8 m s-1) coming with less fetch 
from westerly directions were persisting 
before and during the second sampling (1 
August) at this station and thus resulted in 
shallower mixing.  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 direction. Particularly the August 
2 and 14 cruises were preceded with 
periods of stronger rainfall (Fig. 6). 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.   

 
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 
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Figure 3. Depth profiles of parameters measured throughout the water column at Landsort 
Deep.  Note that the x-axis is stretched for better visibility of surface patterns between 0 
and 100m depth. A+B illustrate temperature in °C, salinity (PSU), and pH. C+D show 
dissolved oxygen (O2), hydrogen sulfide (H2S), and phosphate (PO4).  E+F show 
chlorophyll-a, iron(II), and hydrogen peroxide (H2O2, F only). Sampling dates were 04 July 
(A, C, and E) and 01 August 2007 (B, D, and F). 
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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 decrease proportionally with 
depth (LD 1 August, GD 20 June, 2+14 
August; Fig. 3f, 4f, 5e+f). At 5 m depth, 
chl-a increases from 1.6 to 4.1 g L-1

 over 
the course of the summer and Fe(II) shows 
a maximum of 0.64 nmol L-1 on 2 August 
(Fig. 7a). 

 
Oxidation rate calculations reveal 

short half life times (t1/2) of Fe(II), 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 
minutes on 20 June, 20 July, 2 August, and 
15 August, respectively.  Oxidation rates 
were slower at LD resulting in t1/2 = 1.03 
and 1.00 min. in surface water on 4 July 
and 1 August (Tables 1 + 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 40m, Fig. 4d+f), 
resulting in Fe(II) half life times (t1/2) of 
1.1 minutes versus 15.2 minutes, when 
only the present oxygen concentration 
would be considered (no Fe(II) was 
detected at this depth on this station). 
Additionally, O2 is undersaturated in this 
case, which promotes the role of H2O2 as 
an oxidant for Fe(II).  Oxygen 
undersaturation is a general pattern with 
increasing depths during our study in the 
Baltic Sea.  Thus, also lower H2O2 
concentrations can act as the main Fe(II) 
oxidant.  This is the case at Landsort Deep 
on 1 August (20+40m), Gotland Deep 20 
July (60m), and Gotland Deep 2 August 
(40m).  Here the calculated Fe(II) half life 
times are 27.2 vs. 30.7 and 45.7 vs. 56.9 
minutes, 13.0 vs. 350.2, and 7.6 vs. 44.6 
minutes for H2O2 and O2 respectively 
(Tables 1 + 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 chemiluminescent signal 
(Tables 1 + 2).  This is particularly 
prominent during the Landsort Deep 
sampling and results in a maximum Fe(II) 
half life of 21.4 minutes at the surface on 
July 4 as well as on August 1 (8.4 min.).  
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).  At Gotland Deep, 
measured oxidation rates were faster, 
resulting in Fe(II) half lifes of 2.4 – 4.2 
min at the surface (Tables 2 a + b).  Here 
though, oxidation rates increase with 
depth, albeit also remaining slower than 
predicted in the high pH upper water 
layers. 

 
The LD profile on 4 July was 

recorded at mid-night and reveals Fe(II) 
persistence into the night.  The sampling 
was preceded with 3.8 mm rain input on 3 
July and 0.2 mm on 4 July (Figure 6a).  
Before that, 18.9, 4.4, 0.1, and 2.3 mm 
precipitation was recorded on June 26, 27, 
28, and 30, respectively (Fig. 6a).  
However, the detected 0.45 and 0.43 nmol 
L-1 Fe(II) at 40 and 60m, respectively 
(Fig. 3e), are below the mixing depth and 
thus are unlikely a product of recent rain 
deposition.  This Fe(II) peak is paralleled 
by a temperature, salinity, and PO4 signal, 
which indicate lateral transport of a 
different water mass.  This signal was only 
reminiscent on 1 August. 

 
3.3.2 Fe(II) in subsurface waters 

and the oxic-anoxic transition zone 
Highest values were not always 

measured in the upper, most light 
pervaded, meters of the oxygenated water 
column.  Elevated Fe(II) levels were also  
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Figure 4. Depth profiles of parameters measured throughout the water column at Gotland 
Deep. A+B illustrate temperature in °C, salinity (PSU), and pH. C+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+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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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 July at 
LD (see above), but also at 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).  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.  However, in 
almost all cruises Fe(II) levels drop to 
zero at some point in the profile.  A 
different pattern was only observed on 20 
June at GD, where Fe(II) levels 
progressively increased with depth from 
20 meters on already (Fig. 4e).  Further, at 
both stations O2 was present at depths 
greater 40m, 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 (Fig. 
4c+d, Fig. 5 c+d).  Fe(II) concentrations 
rapidly increase by several orders of 
magnitude below the redox-cline, but we 
can not report on exact values as no 
calibrations were done in anoxic samples 
to correct for potential anoxia effects on 
the chemiluminescent reaction.  Therefore, 
Fe(II) data are reported to a maximum 
depth of 120 m throughout the manuscript. 

 
3.4 Hydrogen peroxide (H2O2) 
H2O2 profiles were measured on 1 

August at LD, where maximum 
concentrations of 14.2 nmol L-1 at 0.5 m 
depth are generally up to an order of 
magnitude lower than concentrations at 
GD.  A subsurface peak of 12.6 nmol L-1 

was detected 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 water (0.43 mg L-1) at 80 m 
depth may be interfered by high Fe(II) 

concentrations (7.25 nM, Fig. 3f).  At GD, 
two sampling occasions (20 July and 2 
August) included H2O2 measurements and 
revealed differing results.  Like at LD, 
H2O2 levels on 2 August at GD decreased 
with depth as an apparent 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 the 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 1.2 g L-1 
to 4.1 g L-1, with a strong gain between 2 
Aug and 14 Aug (Fig. 7a).  The biomass 
of heterocystous cyanobacteria was 
initially dominated by Aphanizomenon sp. 
(Fig. 7b).  This genus peaked on June 20 
(15 g C L-1) and thereafter its biomass 
progressively decreased again.  In parallel, 
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 were Nodularia 
and Anabena.  Anabaena showed a similar 
development in biomass as 
Aphanizomenon, albeit peaking at much 
lower concentrations (1.6 g C L-1).  The 
Nodularia biomass reached its maximum 
20 July (17 g C L-1) and thereafter 
dropped by more than 50% (2 August) and 
slightly recovered to 11 g C L-1 on 14 
August.  The combined biomass of all 
three genera though was elevated during 
20 June – 20 July (25-28 g C L-1, 
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Figure 5. Depth profiles of parameters measured throughout the water column at Gotland 
Deep.  A+B illustrate temperature in °C, salinity (PSU), and pH.  C+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+F show chlorophyll-a, 
iron(II), and hydrogen peroxide (H2O2, E only). Sampling dates were 02 August (A, C, and 
E) and 14 August 2007 (B, D, and F). 
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Figure 6. A: Rainfall at the meteorological station Landsort A. B+C: Rainfall at the 
meteorological stations Hoburg (light grey) and Gotska Sandön (dark grey). 
 
 
 
 



Dissolved iron (II) in the Baltic Sea surface water and implications for 
 cyanobacterial bloom development 

 

 16

Fig. 7b). The cyanobacterial biomass is 
integrated over the top 20 meters 
Concentrations at 5 meters depth may well 
be higher, especially when the mixed layer 
is shallow and particularly for Nodularia, 
which has high a buoyancy and 
usuallyaccumulates in the surface (Walve 
and Larsson, 2007). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. A:  Fe(II) and chlorophyll-a (chl-
a) measurements at 5m 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: Evolution of heterocystous 
cyanobacteria in surface water (0-20 m 
depth) at Gotland Deep during the 
summer of 2007 expressed in g C L-1. 
Open diamonds indicate Aphanizomenon, 
solid circles show Nodularia, and solid 
triangles depict Anabaena (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. 
 

3.6 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 May 24 to 
12.9 nmol L-1 on June 20.  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 May 24 and 
7.0 nmol L-1 on June 20. However, 
thereafter levels gradually decrease to 2.7 
nmol L-1 on 14 August.  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 organic iron 
ligands on June 20 (-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 constant 
(log KFe’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). 

 
3.7 DGT data 

DGT profiles resemble Fe(II) measure-
ments in the oxygenated 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,  
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Figure 8. A: Development of total iron 
(tFe) and dissolved iron (0.2 m filtered, 
dFe) during the study period at 5m depth 
at Gotland Deep.  Open diamonds are 
total iron and solid diamonds show 
dissolved iron. B: Organic complexation 
of the dissolved iron fraction and 
inorganic iron species (Fe’) concentration 
during the different sampling occasions at 
Gotland Deep, 5m depth.  Open 
diamonds 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. 

 
 
 

respectively). In both profiles, the signal 
decreases to 0.17 – 0.28 nmol L-1 at 5-10 
m depth.  In the first sampling interval, 
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 

(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 any FIA 
measured Fe(II) concentrations during this 
study with 63.4 nmol L-1 at 120 m depth 
(Fig. 9a+b).   
 
 3.8 Macronutrients at 5 m depth 

At GD, PO4 concentrations 
decrease from 179 to 12 nmol L-1 between 
24 May and 02 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 on 2 August 
(Fig. 10b).  Combined NO3+NO2 analysis 
showed concentrations close to the 
detection limit on all occasions.  Also NH4 
concentrations were low (<80 nmol L-

1)(Fig. 10a).  Comparing combined 
dissolved inorganic nitrogen 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 02 August, after which 
the ratio dropped again to 2.8.  At the 
Landsort Deep, DIN:DIP stoichiometry 
was 7.4 and 6.0 during 04 July and 02 
August respectively. 
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Figure 9. A: Profile of DGT measured iron in the top 120m water depth at Gotland Deep 
during the time period 24 May – 20 June, 2007. B: Profile of DGT measured iron in the top 
120m water depth at Gotland Deep during the time period 20 July – 14 August, 2007. 
 
 
4. Discussion 
 4.1 Main findings 

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. We identified 
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)-complexes and 
deposition by rain are the main sources of 
Fe(II). B – The oxic-anoxic transition 
zone above the pycnocline features also 
presence of Fe(II).  Here light levels are 
insufficient for photochemical processes 
to operate. Other mechanisms, such as 
lateral transport of water masses, local 
production by iron reducing bacteria, or 
diffusion of Fe(II) from anoxic deep 
waters may elevate Fe(II) concentrations 
in this sub-oxic part of the water column. 
C – The deep and bottom waters of the 

Gotland Basin and the Landsort Deep are 
an anoxic and reducing regime, resulting 
in reduction of all Fe(III) to Fe(II) and 
finally the formation of iron sulfide.  

 
4.2 Fe(II) in the oxic-anoxic 

transition zone and in anoxic deep 
water 

We hereafter mainly focus on the 
oxygenated surface water layer. Detailed 
results from the oxic anoxic transition 
zone will be published elsewhere. In brief, 
thermodynamics favor all iron in anoxic 
water to be reduced to Fe(II). Fe(II) levels 
rapidly increase below the redox-cline 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 deposition as 
production pathways. Further, any wind 
driven mixing of the water column. 
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Figure 10. A: Development of macro-
nutrients at 5m water depth during 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 
stoichiometry at 5m water depth at 
Gotland Deep. The ratio of dissolved 
inorganic nitrogen (DIN): dissolved iron 
(Fe) is shown by grey triangles (left y-
axis). Phosphate (PO4): Fe stoichiometry 
is depicted by black diamonds (right y-
axis). 
 
 
during the study period was not deep 
enough to reach the oxic-anoxic transition 
zone.  The maximum 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 water that 
previously passed over reducing sediments 
before entering the Gotland Basin, or also 
diffusion from the Fe(II) rich anoxic 
waters (as indicated by the progressive 
Fe(II) signal increase with depth below 
20m at Gotland Deep on 20 June, Fig. 4e) 
may be responsible for the Fe(II) signal 
within this depth range 
 
 4.3 Fe(II) in the oxygenated 
water layer 

In the oxygenated and euphotic 
upper water layer, Fe(II) is largely 
produced photochemically (Kuma et al., 
1995;Wells and Mayer, 1991;Croot et al., 
2001) and concentrations are subject to 
diel cycling (Croot et al., 2008). Fe(II) can 
also be deposited during rain events 
(Kieber et al., 2001), a product of 
biological Fe(III) reduction at 
phytoplankton cell surfaces (Shaked et al., 
2004) or after extracellular superoxide 
production (Kustka et al., 2005). 
However, it is not known if heterocystous 
cyanobacteria reduce Fe(III) at their cell 
surfaces. Our data imply photochemical 
reduction of organic Fe(III)-complexes is 
an important source of Fe(II) to the 
surface layer at Gotland Deep and 
Landsort Deep, while rainfall may 
introduce Fe(II) ligands into surface water. 
We can not elucidate the contribution of 
rain deposited Fe(II) for the total Fe(II) 
concentrations detected.  

 
4.3.1 The role of organic Fe(III) 

complexation 
While organically complexed 

dissolved iron is progressively decreasing 
at Gotland Deep over the course of the 
study (Fig. 8b), this substratum for 
photoreduction of iron apparently is 
present at sufficient levels since Fe(II) 
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concentrations do not correlate with iron 
ligand concentrations.  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 
(Fig. 7a, Fig. 10a).  Therefore, biological 
uptake of ligand bound iron probably is 
responsible for this trend in parallel to 
dissimilatory photoreduction of dissolved 
organic matter.  Moreover, the conditional 
stability constant of iron binding ligands 
(log KFe’L = 11.4 in the beginning of the 
study) increases during the summer to log 
KFe’L = 12.9 and remains elevated at ~ 
12.5 until early August (Fig. 8b).  During 
the June and July cruises, the total 
biomass of heterocystous cyanobacteria 
was elevated as well.  This indicates that 
the iron ligand characteristics are 
connected to the phytoplankton bloom 
dynamics and that at least a proportion of 
the ligands present may be biologically 
produced or a byproduct of bloom 
development, such as transparent 
exopolymer particles (TEP) and 
surfactants (Boyanapalli et al., 2007;Ingri 
et al., 2004). After this, log KFe’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 biomass 
increase in the late summer is preceded by 
a peak in Fe(II) concentration and a small 
peak in NH4 (Fig. 7a+b, Fig. 10a), which 
together with a shallower thermocline and 
N inputs from rain and senescent 
cyanobacteria, may have induced a second 
growth period for phytoplankton.   

 
Filamentous cyanobacteria peak in 

abundance and biomass during the earlier 
part of the summer (25 and 28 g C L-1 on 
20 June and 20 July respectively). 
Aphanizomenon sp., Nodularia 
spumigena, and Anabaena sp. are the main 
representative species identified. 
Anabaena sp. has been described to 

produce the siderophore schizokinen in 
response to iron stress (Clarke et al., 1987) 
as well as the cyanotoxin microcystein 
that also has siderophore type 
characteristics (Kaebernick and Neilan, 
2006;Utkilen and Gjolme, 1995;Humble 
et al., 1997).  Further, Stolte et al. (2006) 
observed that cyanotoxin production by 
Nodularia spumigena increases during 
incubations with combined additions of 
DOM and Fe.  The toxin production of 
Nodularia spumigena could be a response 
to increase metal bioavailability in media 
with strong DOM-metal complexation, 
where the dissolved iron concentrations 
are high, but the actual concentration of 
the bioavailable inorganic iron species 
(Fe’) is low, which is the case here.  
Moreover, the pico-cyanobacteria such as 
Synechococcus sp. were not assessed 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 
(Sañudo-Wilhelmy et al., 1996) that can 
be photolabile (Barbeau et al., 2003).  
While the main proportion of iron 
complexing substances in coastal 
seawater, and especially in the Baltic Sea, 
is dissolved organic matter such as humic 
and fulvic acids (Hagström et al., 
2001;Özturk et al., 2002;Rose and Waite, 
2003), which can be present in truly 
dissolved or colloidal form (Stolpe et al., 
2005;Wells et al., 1998), here the 
contribution of locally produced 
siderophores next to bloom byproducts 
such as TEP and surfactants may increase 
with the decrease of total ligand 
concentrations.  We suggest that local 
production of iron chelators may hence 
counteract the overall loss of humic 
substances by processes such as 
photoreduction and export over the 
summer that mainly enter the Baltic Sea 
via high fresh water input during spring 
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time (Hagström et al., 2001;Bergström 
and Carlsson, 1994).  What percentage of 
the total iron binding ligands detected here 
is supplied by Anabaena sp., Nodularia 
spumigena, or also Synechococcus sp. 
remains unclear, but given the high 
conditional stability constants of some 
siderophore iron ligands (Hutchins et al., 
1999) it seems plausible that the increase 
in iron-ligand complex stabilities was at 
least in part driven by cyanobacterial toxin 
and thus ligand production.  Stolte and co-
workers (2006) conclude that iron 
concentrations in the Baltic Sea are 
sufficient for cyanobacterial growth, but 
that species composition could be affected 
by species specific iron acquisition 
strategies.  Our observations of abundance 
and successive growth of Aphanizomenon 
sp., Nodularia spumigena, and Anabaena 
sp. at Gotland Deep during the 2007 
summer match this hypothesis, 
considering that the latter two are toxin 
and iron ligand producers.  

 
4.3.2 Loss of Fe(III) organic 

ligands and H2O2 production 
In general, loss of metal 

complexing ligands can be due to 
phytoplankton uptake or irreversible 
disintegration during photo reduction of 
the iron-ligand complex (Waite and 
Morel, 1984).  Here iron binding ligands 
were diminished into a state of ligand 
deficiency with regard to dissolved iron 
concentrations in the early summer (20 
June, Fig. 8b).  Fe ligand concentrations 
are in excess again of DFe concentrations 
for the remaining study period.  Despite 
the increase in total iron towards the end 
of the summer the dissolved iron 
concentrations in our study progressively 
decrease (Fig. 8a).  The particulate iron 
may in part be composed of iron taken up 
into phytoplankton cells, of which in this 
ecosystem a considerable fraction was 
initially supplied in form of Fe(II).  Thus, 

biogenic particles after phytoplankton 
blooms may be the major sink of iron, as 
also suggested by Gelting et al. (2009). 
Further, 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).  Ligand-
metal charge transfer 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., 2006).  Our data show that H2O2 
values coincide with Fe(II) in the upper 
part of the water column and indicate such 
mechanism (Fig. 3f, 4f, 5e).  H2O2 
concentrations > 200 nmol L-1 can affect 
Fe(II) oxidation rates above present O2 
concentrations in surface seawater 
(Santana-Casiano et al., 2006).  Such 
concentrations 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 
undersaturation is a general pattern with 
increasing depths during our study in the 
Baltic Sea.  Thus, also lower H2O2 
concentrations can act as the main Fe(II) 
oxidant. This is the case at Landsort Deep 
on 1 August (20+40m), Gotland Deep 20 
July (60m), and Gotland Deep 2 August 
(40m). Here the calculated Fe(II) half life 
times are 27.2 vs. 30.7 and 45.7 vs. 56.9 
minutes, 13.0 vs. 350.2, and 7.6 vs. 44.6 
minutes for H2O2 and O2 respectively 
(Figs: 3d+f, 4d+f, and 5c+e). We 
unfortunately 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  
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Figure 11. Relationships of 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 5m water 
depth. 
 
depletion with depth in Baltic Sea waters 
suggest that H2O2 control of 
Fe(II)oxidation rates may not be 
uncommon in subsurface waters. Presence 
of H2O2 at water depths below the 
euphotic zone also indicates that processes 
other than subsequent H2O2 formation 
after superoxide production from 
photodegradation of organic matter must 
be responsible for H2O2 production in 
these waters.  Hydrogen peroxide can also 
be a product of superoxide production on 
cell surfaces, cellular 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). 

 
 

4.3.3 Factors controlling Fe(II) 
concentrations 

Comparing irradiation, dissolved 
oxygen, hydrogen peroxide, and Fe(II) 
concentrations over the course of the 
summer at Gotland Deep suggest that on 2 
August the combination of the lowest O2 
concentration during the summer (303 

mol 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 
surface water (5 m depth) still dominates 
Fe(II) oxidation rates (Santana-Casiano et 
al., 2006), 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 minutes (Tables 2a + b). Further, the 
fact that irradiation was lowest of all 
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cruises at this station together imply a 
different cause of the high Fe(II) values 
during 2 August.  Rainfall has been 
identified as a major source of Fe(II) to 
seawater (Kieber et al., 2001) and recently 
also for Fe(II) binding ligands (Willey et 
al., 2008;Kieber et al., 2005).  The study 
period was subject to frequent rain events 
and especially the cruise on 2 August 
(Gotland Deep) and 4 July (Landsort 
Deep) were preceded with periods of 
significant rainfall.  Therefore, we infer 
that Fe(II) deposited or produced during 
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+2).  It should also be 
noted, that the profile on 4 July (Landsort 
Deep, Fig. 5e) was measured at mid-night. 
While the Nordic summer at this latitude 
(58°36 N) results in residual 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) concentrations to be 
present at mid-night.  Here, Fe(II) half-
life’s calculated for surface water at LD 
approximate 1 minute and 2.9 minutes at 
20m on 4 July.  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 minutes at this 
station, which must be maintained by 
organic ligand binding, or a combination 
thereof with cell surface reduction 
mechanisms (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 will be discussed in more detail 
elsewhere (see. 4.2). 

The Fe(II) concentrations in our 
study account for up to 20% of the 
dissolved iron concentration at 5 m depth 
and thus contribute a significant fraction 
to the dissolved iron pool, and greatly 
enhance the fraction of bioavailable iron.  
Roy et al. (2008) report Fe(II) 
concentrations in the HNLC western 
subarctic Pacific that account for up to 
50% of the dissolved iron fraction 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).  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) and 
copper complexation by thiol groups has 
been observed in Baltic waters (Breitbarth 
et al., unpublished data).  It is possible that 
copper ligand production has the side 
effect of Fe(II) complexation 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’ 
concentrations 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 
utilization of Fe(II) during daytime photo 
reduction and maybe even enhance the 
half life of Fe(II) at night.  However, the 
frequent wind driven mixing observed 
during the 2007 summer season prevented 
surface accumulation and large aggregate 
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formation of cyanobacteria, which would 
be required to generate such 
microenvironments. 

 
4.3.4 Standing stock and 

significance of Fe(II) for cyanobacterial 
growth 

Fe(II) in Baltic Sea surface waters 
apparently is persistent at relatively high 
standing stocks throughout extended 
periods of time.  Overall, the DGT and the 
Fe(II) profiles agree well on average 
concentrations of ~ 0.5 nmol L-1 at the 
surface and ~ 0.25 nmol L-1 at 5-10 m 
depth (Figs. 4 e+f, 5 e+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, organically complexed iron may 
also enter the DGT sampler. The diffusion 
rate for a metal bound to fulvic acid 
though is 5 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 disagreement of the 
two sampling techniques at 120 m (DGT 
profile 20 July – 14 August, Fig. 9b) 
indicates that while both techniques detect 
ferric ions, DGT may also detect iron 
sulfides, which intermediately can be 
present at this depth, if their clusters are 
still small enough to permeate the DGT 
membrane. 

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

mol C L-1 (20 July).  Using the 
cyanobacterial C fixation rate in (Walve 

and Larsson, 2007) and assuming 50% 
goes into growth, the iron requirement of 
heterocystous cyanobacteria 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 phytoplankton 
than for N2 fixing cyanobacteria (Kustka 
et al., 2003a), and an approximate C 
fixation rate of 30 μg 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).  A large part 
of this uptake is recycled in the surface 
layer, and a small fraction lost by 
sedimentation. Half saturation constants 
with respect to inorganic iron reported for 
growth of the cyanobacteria Microcystis 
aeruginosa and Planktothrix agardhii 
were 0.14 and 0.31 nmol L-1 respectively 
(Nagai et al., 2007).  Diatom species of 
the genus Thalassiosira have 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 
contributing a significant proportion of the 
iron demand 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 inorganic 
nitrogen exceed those in oceanic regions 
by 2-3 and 3-4 orders of magnitude, 
respectively (Franck et al., 2003). 
However, the relatively high iron 
concentrations compared to macro-
nutrients may not be directly accessible to 
phytoplankton. Thus, Fe(II) appears to 
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play a major role in iron acquisition by 
phytoplankton, namely diazotrophic 
cyanobacteria, in the Baltic Sea. The 
photochemistry of this micronutrient 
further also counteracts losses by colloid 
and particle formation of bioavailable iron 
in the LMW fraction during bloom 
development, given that such a 
mechanism as identified for other trace 
metals also affects iron biogeochemistry 
in the Baltic Sea (Ingri et al., 2004). 

 
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).  
This however is supplied via a 
combination of photochemical processes 
and potentially also rainwater deposition 
in surface water. The actual contribution 
of rainwater 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. Wind 
driven mixing does not penetrate down to 
anoxic waters during summer time, but 
Fe(II) and PO4 from deep water may 
diffuse across the oxic-anoxic interface 
into the sub-oxic zone.  The main sources 
of nutrients and particularly Fe for 
cyanobacterial bloom development though 
appear to be from surface water processes. 
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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 

m 

log kox  

s-1 

t ½  

min 

O2  

mol L-1 

H2O2  

nmol L-1 
pHt 

in situ 

T 

°C 

t ½ O2  

min 

t ½ H2O2 

min 

July 
4    

 
    

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 34999  

Aug  
1 

 
 

      

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 19194 4796 
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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 

m 

log kox  

s-1 

t ½  

min 

O2  

mol L-1 

H2O2  

nmol L-1 
pHt 

in situ 

T 

°C 

t ½ O2  

min 

t ½ H2O2 

min 

June 
20  

 
 

    
 

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 37917  

120   29.7  7.26 6.20 6110  

July 
20 

 
 

      

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 17256 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 

m 

log kox  

s-1 

t ½  

min 

O2  

mol L-1 

H2O2  

nmol L-1 
pHt 

in situ 

T 

°C 

t ½ O2  

min 

t ½ H2O2 

min 

Aug  
2         

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 15753 418.2 

100    NaN 7.08 5.93   

120   12.5 0.00 7.07 6.20 35077 - 

140   6.6  7.11 6.25 55572  

Aug 
14   

      

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 12624  
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Abstract 
The C, N, P cell content was studied in natural samples of cyanobacteria 
filaments together with Al, Cd, Co, Cu Fe, Mn, Mo and Ni. Samples were 
collected at three different locations in the open Baltic Sea. The Fe:C ratio of 
Aphanizomenon (76±13 mol mol-1 C, average ±1SD, n=35) was relatively 
constant compared to the P:C ratio that dropped rapidly from ~0,03 mol mol-1 C 
prior to the bloom start, to ~0.004 at the biomass peak, which indicate that P 
rather than Fe was limiting the bloom. A decline in the heterocyst frequency was 
observed as the P:C ratio decreased, and a corresponding increase when P:C 
increased in autumn, further supporting P limitation. This pattern was observed 
at all three locations. 
In Aphanizomenon Mo:C, but not Fe:C was correlated to the heterocyst 
frequency. Lack of correlation between Fe:C ratio and heterocyst frequency may 
be due to iron storage and/or surface scavenging in spring, when heterocyst 
frequency was low. The higher Fe:C ratio in Nodularia (336±196 mol mol-1 C, 
n=11, year 2004) than in Aphanizomenon (76±13 mol mol-1 C) can be a result 
of higher iron demand or a larger amount of surface-bound iron to Nodularia. 
The latter is supported by a lower Mo:C ratio in Nodularia than in 
Aphanizomenon.  Corrections for lithogenic material, using Fe/Al ratios, resulted 
in small changes for Fe:C ratios, indicating that the Fe associated to 
cyanobacteria is of other origin. Removal of surface bound metals by an oxalate-
EDTA reagent, indicated that less than 10% of all Fe in a mixed sample of both 
Aphanizomenon and Nodularia was surface bound. High amounts of surface 
bound Mn was found, which may be connected to a bacterial oxidation where 
also Cd and Co are adsorbed. 
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1 Introduction 
Blooms of diazotrophic 
cyanobacteria are naturally occurring 
in the Baltic Sea (Bianchi et al., 
2000). There are, however, 
indications of an increase of these 
blooms during the 20th century 
(Finni et al., 2001; Kahru et al., 
2007), often suggested as a response 
to anthropogenic eutrophication. 
From a Baltic Sea ecosystem 
perspective, nitrogen fixing 
cyanobacteria are of great 
significance, since their annual 
nitrogen fixation in the Baltic proper 
has been estimated to 20-40 % of the 
total nitrogen load (Larsson et al., 
2001). Furthermore, during calm 
conditions, aggregates of 
cyanobacteria form surface slicks 
that often drift by wind to recreation 
areas (Stal et al., 2003), producing 
an unpleasant smell when they 
decompose. The blooms may also 
cause health issues for both animals 
and humans as the species Nodularia 
produces the toxin nodularin 
(Lehtimäki et al., 1997). 
 
The Baltic summer blooms are 
dominated by two filamentous 
diazotrophic cyanobacterial species, 
Aphanizomenon sp. and Nodularia 
spumigena (Ohlendieck et al., 2000; 
Wasmund et al., 2001), whose 
distributions are restricted to the 
Baltic proper and the southern 
Bothnian Sea (Wasmund, 1997). 
Favourable conditions for summer 
blooms are low N:P ratios, high 

irradiance and water temperatures 
over 16ºC (Wasmund, 1997). Both 
species are photosynthetic and 
heterocystous, i.e. species with 
specialized cells dispersed on the 
filaments containing nitrogenase, an 
enzyme complex that reduces 
dinitrogen (N2) into ammonium 
(NH4

+). Nodularia prefers higher 
temperature, irradiance and salinity 
than Aphanizomenon (Lehtimäki et 
al., 1997) and dominate the southern 
part of the Baltic proper, while 
Aphanizomenon dominate the 
northern part (Stal et al., 2003). 
 
Growth of phytoplankton in the 
Baltic proper is in general limited by 
nitrogen, except for the nitrogen-
fixers whose growth has been 
considered to be regulated by 
phosphorus (P) (Granéli et al., 
1990). A study in the Baltic proper 
by Walve and Larsson (2007) 
indicated that both Aphanizomenon 
and Nodularia had a P limited 
biomass. Furthermore, experiments 
by Moisander et al. (2003) indicate 
that Baltic cyanobacterial blooms are 
P limited.  
It has been debated whether 
molybdenum (Mo), as a component 
of nitrogenase, may be a limiting 
factor for Baltic cyanobacteria  (Stal 
et al., 2003; Walve and Larsson, 
2007). The supply of Mo in the 
Baltic Sea, in the form of molybdate, 
should be sufficient, but the 
structural similarity to sulfate, SO4

2-, 
one of the main components in 
seawater, can competitively inhibit 
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the uptake rate of Mo (Cole et al., 
1993; Howarth and Cole, 1985), and 
thus limit their nitrogen fixation and 
growth rates (Howarth and Cole, 
1985; Marino et al., 2003).  
Iron (Fe) is regarded to limit 
phytoplankton growth in large areas 
of the ocean (Boyd et al., 2007; de 
Baar et al., 2005) which is attributed 
to the low dissolved Fe 
concentrations in the surface water 
of these areas, on average 0.07 nM 
(Johnson et al., 1997). In 
comparison, for the open Baltic 
Proper, there are recent 
measurements of dissolved Fe in 
surface water ranging from 1.9 to 
14nM, and in the Bothnian Sea, 
similar measurements range between 
6.0 and 32 nM (Gelting et al., 
2009a). Also when the dissolved Fe 
concentration is relatively high, as in 
coastal upwelling areas and estuarine 
environments, iron may act as a 
limiting factor for phytoplankton 
growth (Bruland et al., 2001; 
Hutchins and Bruland, 1998). 
Despite the higher Fe concentrations 
in coastal water, elevated cellular 
demand and biomass of coastal 
phytoplankton can create a large 
biological demand for Fe (Sunda and 
Huntsman, 1995). Studies have also 
shown Fe to limit cyanobacterial 
nitrogen fixation in major parts of 
the world ocean (Berman-Frank et 
al., 2001) 
 
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). 

Nitrogen-fixing cyanobacteria have a 
Fe demand that is 4 to 6 times higher 
than other phytoplankton (Kustka et 
al., 2002; Sanudo-Wilhelmy et al., 
2001), hence the development of 
cyanobacterial blooms may to some 
degree be regulated by iron 
bioavailability. As in phytoplankton 
in general, diazotrophic 
cyanobacteria utilize Fe in enzymes 
for photosynthesis, respiration 
(electron transport) and nitrite and 
nitrate reduction (Whitfield, 2001). 
In addition, Fe is needed in the Fe-
rich enzyme complex nitrogenase, 
used for nitrogen fixation, which 
increases the iron requirement for 
diazotrophic cyanobacteria (Kustka 
et al., 2002). Furthermore, 
heterocystous diazotrophic 
cyanobacteria require additional Fe 
due to their higher photosystem I: 
photosystem II ratio (Raven et al., 
1999). Thus, when supply of Fe is 
limited, it can reduce nitrogen 
fixation, photosynthesis and growth 
(Berman-Frank et al., 2001). In the 
Baltic Sea; mesocosm experiments 
by Vourio et al (2005) showed that 
Aphanizomenon responded 
positively to Fe addition. In that 
study, it was concluded that Fe may 
affect the phytoplankton community 
structure, but is probably not 
limiting the primary production. In 
another experiment, Schubert et al 
(2008) showed temporarily 
stimulation of Nodularia when Fe 
was added. The changing response 
was explained by Fe stimulation 
coupled to physiological 
photoprotection mechanisms. 
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Several other factors may regulate 
diazotrophic cyanobacterial blooms. 
Even though grazing might restrain 
the magnitude of their biomass 
(Marino et al., 2002) it is generally 
considered to have a small impact on 
their potential to bloom in the Baltic 
(Sellner et al., 1994). Diazotrophic 
cyanobacteria are considered bad 
competitors to other phytoplankton, 
however the capability to fix 
nitrogen gives them an infinite N 
source and hence a competitive 
advantage when the N/P ratio in the 
water is low (Stal et al., 2003). 
Irradiance is an important regulating 
factor since nitrogen fixation is an 
energy demanding process and light 
the energy source (Stal et al., 2003). 
 
The aim of this study is to evaluate if 
Fe may limit the growth of the two 
species Aphanizomenon sp. and 
Nodularia spumigena that dominate 
the Baltic summer cyanobacteria 
blooms. Cellular content of C, N, P, 
Mo and Fe are used to evaluate 
possible nutrient limitation and 
interpretations of our results are 
based on the fact that when a 
nutrient are short in supply its 
cellular content in phytoplankton 
decreases (e.g. Berman-Frank et al., 
2001).The Redfield ratio 
(C106:N16:P1) is used as an indicator 
of nutrient saturation since it is 
found in marine phytoplankton at 
maximum growth rate (Goldman et 

al., 1979). We also want to make 
reliable measurements for trace 
metals such and Mn, Cd, Co and Ni, 
which showed contrasting behaviour 
in a previous Baltic Sea study in the 
euphotic zone (Gelting et al., 
2009b). 

2 Material and methods 

2.1 Field sampling 
The Baltic Sea, fig. 1, is a semi-
enclosed brackish sea with an 
average depth of about 56 m and a 
maximal depth of 459 m at the 
Landsort deep (Kullenberg, 1981) 
The brackish environment results 
from the many rivers in the 
catchment area, precipitation and the 
limited saline water inflow from 
Kattegatt and Skagerak in the south.  
Samples were taken at three 
locations in the Baltic Sea; the 
Bothnian Sea (station C3), Landsort 
Deep (BY31) and Gotland Deep 
(BY15) which all are shown on the 
map (fig. 1). All stations are situated 
in the open Baltic Sea, far away 
from any major rivers. The research 
vessel M/S Fyrbyggaren was used 
when sampling the Landsort Deep 
station (March to October 2004) and 
BY15 (May to August 2004). 
Samples in the Bothnian Sea were 
taken from KBV005 from April to 
September 2006.  
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Figure 1. Map of the sampling stations, C3 in the Northern Bothnian Sea (62° 39’N  
18° 57’E), BY31 in the open Baltic proper (58º35’N, 18º14’E) and BY15 in eastern 
Gotland basin (57°18 N; 20°04 E). 
 
 

2.2 Cyanobacteria abundance 
and heterocyst frequency 

An integrated phytoplankton sample 
(0-20 m at BY15 and BY31, 0-10m 
at C3) was collected with a 15-25 m 
long plastic tube (inner  2.5 cm), 
equipped with a weight at its lower 

end. The tube was gently lowered to 
10 or 20 m depth, 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 (I2KI) solution 
supplemented with acetic acid 
(Throndsen, 1978), and counted in a 
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settling chamber (10 to 50 mL), 
using a Nikon inverted microscope 
with phase contrast, following 
Utermöhl (1958) and (HELCOM, 
1988).  Filamentous cyanobacteria 
were counted in diagonals or half the 
whole chamber bottom using a 10X 
objective (150X total magnification). 
Biomass was estimated by 
multiplying the cell numbers with 
species-specific mean cell volumes, 
determined from measurements. A 
factor of 0.11 pg C m-3 was used to 
convert volume to carbon 
(HELCOM, 1988). 
 
The heterocyst frequency of 
Aphanizomenon, i.e. the number of 
heterocyst per length of filament, 
was estimated by stereomicroscopy 
(magnification 200X). We used the 
0-10m cyanobacteria samples (n= 3-
8) preserved in Lugol’s iodine (I2KI) 
solution. A small amount of the 
cyanobacteria were added to a 0.7 % 
NaCl solution in a settling chamber. 
The number of heterocysts in about 
25000 m of filament (as a standard 
length, measured with 50 m 
resolution) was counted and the 
heterocyst frequency calculated as 
number per mm filament length.  

2.3 Elemental composition of 
cyanobacteria 

For the analysis of C, N and P 
content, cyanobacteria were 
collected with a plankton net (0.5 m 
diameter, mesh size 90 m) at the 
side of the vessel. Duplicate samples 
were taken from 10 and 20 m. When 
the amount of cyanobacteria 
filaments was sparse, two hauls were 

made. Zooplankton were removed 
by using a light trap, a funnel that 
was covered with black plastic 
except at the bottom where the light 
attracted the zooplankton and 
separated them from the buoyant 
cyanobacteria that floated upwards. 
Small zooplankton was then 
removed by filtering through a 90 

m sieve. The collection of 
cyanobacteria colonies and the 
separation of the two species were 
done by collecting small amounts of 
the samples kept in petri dishes with 
0.7% NaCl -solution using a fine 
needle attached to a handle. 
Remaining zooplankton and debris 
were removed with a suction pipette. 
When sorted, the cyanobacteria were 
rinsed on a 6 m plankton net, with 
0.7% NaCl-solution followed by a 
quick rinse with deionized water to 
remove salt  (Walve, 2002).The 
separated Nodularia and 
Aphanizomenon samples were 
moved to pre-weighted tin capsules 
(2-5 replicates), for the C and N 
analysis and to pre-weighed cover 
glasses (2-4 replicates) for the P 
analysis. The samples were kept 
frozen and prior to the analysis they 
were dried to a constant weight at 
60o C and weighed (Sartorius M3P 
microbalance, precision ±0.001 mg). 
A sub-sample was also preserved 
with Lugol’s iodine (I2KI) solution 
in a glass bottle and stored in a 
refrigerator. 
 
To analyze species specific N and P, 
we used a method that required low 
amounts of sample. With a needle, 
colonies were hand-picked to N and 
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P-free 0.7% NaCl solution in a Petri 
dish and finally placed in Eppendorf 
tubes with 2 mL of NaCl solution. 
At least five replicates were made. 
Blanks were made by repeated 
dipping of the needle into the 
cleaning solution and then into 
Eppendorf tubes. Samples 
(containing 20-100 Aphanizomenon 
bundles or Nodularia filaments, 
corresponding to ca 60 g dry 
weight) and blanks were transferred 
to15 mL glass tubes and stored dark 
at 4o C until further processing 
(within 24 h). 

2.4 Trace metals and P 
Samples for analyses of trace metals 
and P in cyanobacteria were 
collected with an acid washed net. 
All equipment used was soaked in 
1.2 M HCl for 1 day and rinsed in 
Milli-Q water. To prevent 
contamination from the ship a 15 m 
long flagpole was mounted 
horizontally from the bow and the 
net lowered from its masthead at the 
same time as the vessel steered 
against the current with low speed. 
The net was vertically lowered from 
the pole to 10 m depth and material 
was only collected on the way up. 
When the amount of cyanobacteria 
filaments was sparse several hauls 
were made. Four separate samples 
were collected and kept in acid-
washed plastic bottles and stored in a 
refrigerator until preparation. The 
hand-picking procedure for the trace 
metal samples was generally the 
same as for the C, N and P except 
that all the equipment was acid-
washed and a special needle (made 

of gold, silver and cupper) was used 
to avoid contamination when picking 
colonies. The sorting took place 
under a laminar flow hood and the 
petri dishes were filled with seawater 
(instead of NaCl-solution), sampled 
from a trace metal clean system. For 
each net haul 1-3 replicates were 
made and 1-2 blank samples that 
were kept frozen until analysis. In 
2004 (BY31), sepaerte samples for 
the two sepcise were possible to 
collect. In 2006 (C3), only 
Aphanizonenon occurred. During the 
2007 study (BY15) mixture between 
Aphanizomenon and Nodularia was 
sampled. 
 
During sampling in 2007, an 
oxalate-EDTA reagent was used for 
removing surface-bound metals 
(Tovar-Sanchez et al., 2003). 
Triplicate cyanobacteria samples 
were exposed to the reagent (50:50 
mix with seawater) in a filter funnel 
for 5 min, after which they were 
rinsed at least 5 times with NaCl-
solution (made from Merck 
Suprapur grade). A portion of each 
sample was only rinsed with NaCl 
solution. When tested, there was no 
difference between unrinsed and 
NaCl-rinsed samples. An acid 
washed gold needle was used to put 
the samples into 0.5 mL Eppendorf 
tubes filled with MQ water. 

2.5 Chemical analysis 

2.5.1 C, N and P 
The analyses of C, N and P content 
and of total N and P were carried out 
according to standard procedures at 
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the Department of Systems Ecology 
at Stockholm University. The C and 
N were determined in a LECO 
CHN-analyzer (CHNS-932) with 
EDTA as standard and dried poplar 
leaf as control. Standards and blanks 
were analysed at an interval of 10 
samples. The P content of samples 
collected on cover glasses was 
determined by combustion of 
samples for 2 h at 500oC in 15 mL 
glass tubes followed by digestion in 
6 mL persulfate solution (50 K2S2O8 
g L-1 + 30 mL L-1 H2SO4, 1 h at 
120oC). Four mL of 1.6 mol L-1 
NaOH were added before analysing 
for molybdate-reactive ortho-
phosphate with a flow injection 
system (slightly modified 
QuikChem® 8000 Methods: 31-115-
01-3-A, 31-107-04-1-A and 31-107-
06-1-A, Lachat Instruments). The 
tubes for total N and P determination 
were shaken to separate filaments 
and N and P were simultaneously 
oxidized using a modification of the 
method of Koroleff (1983) yielding a 
lower final pH (addition of 3 mL of 
borax-buffered persulfate-solution 
50 g K2S2O8 L-1, 30 min at 120 oC). 
After addition of 5 mL NaCl 
solution, segmented flow analysis 
(SFA) was used to measure N and P. 
This method has been extensively 
tested for total-N and P 
determination in Baltic Sea waters 
and is routinely used in the marine 
monitoring (with 7 mL sample 
volume).  

2.5.2 Fe, Mo and other trace 
metals 

The trace metal analyses were made 
in collaboration with ALS 
Scandinavia, Luleå, Sweden, with 
sector field inductively coupled 
plasma mass spectrometry (ICP-
SFMS, Element, ThermoFinnigan, 
Bremen, Germany) after microwave 
digestion in nitric acid (Rodushkin et 
al., 1999). For details about the 
instrumentation, see Rodushkin and 
Ruth (1997). Matrix induced signal 
variations and signal instabilities 
were corrected for by using internal 
standards (25 ppb In and Tl) added 
to samples, blanks, and elemental 
standards. Quality control was 
accomplished by regular analyses of 
in-house control samples. Besides Fe 
and Mo also Cd, Co, Cu, Mn, Ni and 
P were measured. The resulting 
Me:P ratio were related to C by 
using results from C and P analysis 
carried out at the Department of 
Systems Ecology. 

3 Results 
As found in previous studies (Walve 
and Larsson, 2007), the P:C ratio 
was very high in spring (mainly 
Aphanizomenon) and decreased as 
biomass increased and peaked in 
July/August (fig. 2). The pattern was 
consistent for all sampling stations, 
even though the sampling period was 
not equally long all three years. The 
filaments of Aphanizomenon had a 
high P:C ratio (~0.03 mol mol-1 C) in 
spring and early summer at all 
sampled locations (Fig. 2) that 
successively decreased to a level 
(~0.004) well below the Redfield 
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Table 1. Average Me:C ratios (μmol mol-1) in cyanobacteria 2004, 2006 and 2007. 
Sample Al:C Cd:C Co:C Cu:C Fe:C Mn:C Mo:C Ni:C 
Average Aph 
2004 26.7 0.09 0.21 7.28 75.80 7.23 1.37 23.42

SD 18.9 0.09 0.06 9.55 12.64 2.85 0.56 5.04
n=35, 11 dates         
Average Nod 
2004 573.8 0.14 0.28 6.18 336.9 70.11 0.47 16.64

SD 420.8 0.09 0.08 2.56 196.5 24.71 0.27 1.26
n=11, 4 dates         
Average Aph 
2006 5.62 0.11 0.23 5.63 77.70 6.50 1.54 29.16

SD 7.87 0.04 0.03 3.86 11.28 1.24 0.28 8.21
n=18, 6 dates    
Mix 2007, no 
wash 73.3 0.07 0.26 5.01 102.2 11.51 0.97 25.0

SD 47.7 0.02 0.05 1.26 14.14 3.95 0.55 7.82
n=15, 5 dates         
Mix 2007, 
washed 69.7 0.06 0.24 3.51 98.2 8.15 0.87 24.59

SD 42.4 0.02 0.04 0.33 12.02 2.13 0.55 8.29
n=15,  5 dates         
 
 
ratio (0.009). Also the Nodularia 
P:C ratio were well below the 
Redfield ratio in summer (Fig. 2), 
although only sampled during 2004. 
In September 2004, the 
Aphanizomenon P:C ratio increased 
to a level close to the Redfield ratio, 
which is explained by increased  
levels of available P content (data 
not shown). These increases were  
not that obvious during 2006 and 
2007, but those years the sampling 
did not continue as long as for year 
2004. 
 
When the cyanobacteria biomass 
started to build up in the beginning 
of June, the filaments of 
Aphanizomenon had a high P:C ratio 

(Fig. 2). After the observed biomass 
peak the biomass rapidly dropped 
and the P:C ratio went well below  
the Redfield ratio. The great 
fluctuations of Nodularia biomass 
(fig. 2) and the few sampling 
occasions make the interpretation 
uncertain, but our results indicate 
that the P:C ratio was at its minimum 
when the biomass crashed. 
Results from the trace metal analysis 
are presented in table 1. In the mixed 
samples year 2007, the Al content 
increased with the contribution of 
Nodularia (fig. 3). The samples with 
only Aphanizomenon had low Al 
content, especially at C3 in 2006. 
The Nodularia samples in 2004 had 
very high Al content. Except for 
Nodularia in 2004, the Fe:C ratio 
was between 60-125 μmol:mol C in  



Metal to carbon ratios in Baltic Sea filamentous cyanobacteria 
 

 9

 
Figure 2. Seasonal data on element content (μmol:mol C, but P in mol:mol) in 
cyanobacteria from Bothnian Sea (C3) and Baltic proper (BY31 and BY15). Data 
from C3 are for Aphanizomenon (Aph), from BY31 also for Nodularia (Nod), and for 
BY15 there is a mixture (Mix) between the two species (see figure 4 for approximate 
proportions). The graphs to the right show Al content and Al-corrected elements. 
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all samples. Nodularia (year 2004) 
had a considerably higher Fe:C ratio 
(337±197 mol mol-1 C, n=11) than 
Aphanizomenon. If correcting for the 
lithogenic contribution, the 
differences decrease between 
stations and sampling occasions.  
 
Although with less extreme 
differences, corrected Fe in 
Nodularia 2004 was still higher than 
the other samples. The Mo:C ratio in 
Aphanizomenon (Fig. 5) was low at 
the beginning of the season and had 
a rapid increase that coincides with 
an increased heterocyst frequency 
(Fig. 4). This seems to be the case 
for both the years 2004 and 2007, 
when heterocyst frequency was 
measured. During the rest of the 
season the ratio only changed 
slightly. During 2004, when Mo:C 
for Nodularia was separately 
measured, the Mo:C ratio were 
lower than that of Aphanizomenon, 
in July- August almost by a factor of 
10.  
 
With only small contribution due to 
adsorption and lithogenic particles, 
the Ni content is among the elements 
with highest concentration of the 
analyzed elements, after P and Fe. 
The Ni content in Aphanizomenon 
peaked in early summer, coinciding 
with the maximal heterocyst 
frequency. No clear seasonal trends 
were found for Co, Cu or Cd (fig. 5). 
 
Various amounts of the studied  
elements were removed by the 

oxalate-EDTA reagent (Tovar-
Sanchez et al., 2003), interpreted as 
an adsorbed fraction (fig. 3). Mn was 
to a large extent extracellular 
adsorbed (~29%). The adsorbed 
fraction of Mn was larger towards 
the end of the summer, when the 
contribution of Nodularia was the 
highest (table c). Approximately 5 % 
of Fe and P were adsorbed. For Mo, 
a varying percentage (average 12%), 
but a rather constant absolute 
amount was adsorbed. Al, Ni and As 
were not significantly adsorbed. 
The Al content was low in May (fig. 
3), but increased with the 
contribution of Nodularia (fig 4). An 
Fe:Al ratio of 0.31 mol:mol, found 
by Blomqvist and Larsson (1994) as 
lithogenic end-point in sedimenting 
matter in the north-western Baltic 
proper, was used to correct for 
lithogenic particles (assuming all Al 
is due to lithogenic material). For the 
other elements, Al ratios of 
continental crust were used (Rudnick 
et al., 2003). If the suspended Al 
represents lithogenic, detrital 
particles, then the excess Fe/Al 
(above the crustal average) 
represents non-detrital particles. 
In samples containing Nodularia, a 
considerable fraction of the Fe 
content was estimated to derive from 
lithogenic particles (sometimes more 
than 50%). For Mn, Co, and Si the 
lithogenic contribution was small but 
significant. Mo, Ni, As, Cu, Cd and 
P had a negligible lithogenic 
fraction. 
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Figure 3. Element concentrations (μmol/mol C, but P in mmol:mol) in cyanobacteria 
from BY15 2007, as uncorrected (black bars), with EDTA-citrate wash (light grey 
bars), and washed and corrected for lithogenic particles (dark grey bars) estimated 
from Al-concentration and literature metal:Al ratios, assuming all Al is in lithogenic 
particles. Error bars indicate standard deviation of triplicate measurements. Figures 
show significant percentage of adsorbed element, as average (within brackets) and 
for different occasions (above the bars). ns=not significant. (Two-way ANOVA with 
Holm-Sidak multiple comparison, Sigmaplot11 software) 
 
 

4 Discussion 

4.1 Growth limitation 
Stal et al. (1999) added Fe to in situ 
samples of Nodularia, from the 
Baltic which resulted in enhanced 
growth and nitrogenase activity. The 
addition of P did stimulate 
nitrogenase activity but not growth. 

Contrary to Stal et al. (1999). Our 
study indicates that the 
cyanobacterial blooms in the studied 
areas and years was P rather than Fe 
limited, a result that is supported by 
a similar study made by Walve and 
Larsson (2007). This might point at 
the complexity of resolving the 
question of what is controlling 
cyanobacteria in the Baltic Sea. 
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Figure 4.  Biomass (μg C/L, left graphs) of Aphanizomenon sp. (Aph) and Nodularia 
spumigena (Nod) and Aphanizomenon sp. heterocyst frequency (mm-1, righ graphs) 
in 0-20m (BY31 and BY15) or 0-10m depth interval (C3). At BY15 triplicate samples 
were taken (error bars indicate standard deviation). At BY31 and C3 single samples 
are from the marine monitoring programs. 
 
It is important to keep in mind that 
different factors create both temporal 
and spatial natural variations in Fe 
concentrations within the Baltic 
proper and that the cyanobacteria 
form aggregates distributed with a 
horizontal patchiness (Wasmund et 
al., 2001). For example, if P-rich 
deep water reaches the surface water 
during a bloom it might push a 
former P-limited bloom into Fe-

limitation. Berman-Frank et al. 
(2001) found that the Fe quota in 
Trichodesmium, a non-heterocystous 
diazotrophic cyanobacteria, was 
reduced during iron limited 
conditions. Thus, the relatively 
constant Fe:C ratio of 
Aphanizomenon during the study 
indicate that there is sufficient bio-
available iron to support growth. The 
higher Fe:C ratio in Nodularia  
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Figure 5. Seasonal data on element content (μmol:mol C) in cyanobacteria from 
Bothnian Sea (C3) and Baltic proper (BY31 and BY15). Data from C3 are for 
Aphanizomenon (Aph), from BY31 also for Nodularia (Nod), and for BY15 there is a 
mixture (Mix) between the two species (see table C for approximate proportions 
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compared to Aphanizomenon can be 
the result of a higher iron demand or 
a larger amount of iron particles 
bound to the cell surface of 
Nodularia. According to Walve and 
Larsson (2007) it is more likely that 
Fe rich particles attaches to 
Nodularia than to Aphanizomenon 
filaments, since they coil and form 
aggregates. When handling the 
samples, we experienced Nodularia 
as more sticky than Aphanizomenon 
and when the Fe:C ratio in 
Nodularia peaked, their filaments 
differed from other dates since they 
were aggregated in lumps.  
 
To get an indication of how much of 
the Fe that actually was surface-
bound we divided the Fe with the Al 
content (Al is not an essential 
nutrient and should no be taken up 
actively) and compared the ratio 
with the lithogenic end-point in 
sedimenting matter (0.31 mol:mol) 
(Blomqvist and Larsson, 1994). Al 
may be associated the humic fraction 
(Ingri et al., 2006; Warren and 
Haack, 2001), and since this fraction 
may also may be a carrier for Fe, Al 
can neither be regarded to always 
behave conservative nor to only 
represent the lithogenic phase. We 
have used Me/Al ratios in this paper 
(instead of Me/Ti), mainly because 
of too low amount of Ti in the 
cyanobacteria samples. Recent 
studies of the Fe isotopic 
composition of suspended material 
in the Baltic Sea (Gelting et al., 
2009a) showed that Fe/Al ratios 
close to average crust material do 
not necessarily indicate that the 

suspended phase mainly reflects 
detrital particles. Both positive and 
negative iron isotope values have 
been measured although the sample 
has a Fe/Al ratio close to average 
crust material. This means that 
Me/Al ratios have to be used with 
care. 
The Fe:Al ratio in Nodularia 
samples were closer to the average 
crust than in Aphanizomenon and 
thus the greater Fe:C ratio compared 
to Aphanizomenon probably is a 
result of more surface-bound Fe. But 
still, a very high Fe:C remain after 
correction for the lithogenic 
contribution. 
 
The lower Mo:C ratio in Nodularia 
than in Aphanizomenon also support 
this theory. Walve and Larsson 
(2007) also found a higher Fe:C ratio 
and a lower Mo:C ratio in Nodularia 
than in Aphanizomenon. The slightly 
higher Fe:C ratio in Aphanizomenon 
at the beginning of  2004 might 
indicate an iron storage build up in 
the cells early in the season. 
Additionally, the fact that no 
relationship was found between Fe 
and the heterocyst frequency in 
Aphanizomenon might also be 
explained by iron storage in spring, 
when heterocyst frequency was low. 
A high persistent standing stock of 
Fe(II) was recently measured during 
June-August in the Baltic Sea 
(Breitbarth et al., 2009). This implies 
1) there is a high level of 
bioavailable Fe for cyanobacteria 
and 2) during oxidation of dissolved 
Fe(II), Fe-oxides will form, which to 
some extent will attach extracellular 



Metal to carbon ratios in Baltic Sea filamentous cyanobacteria 
 

 15

to cyanobacteria. Humic associated 
Fe is a fraction that also is a 
candidate for the non-detrital surface 
bound Fe. This may also be a cource 
of Al (se discussion above).  
 
However, this surface bound Fe 
seems to be quite limited from the 
results in our study. From the 
samples which were oxalate-EDTA 
washed according to Tovar-Sanchez 
et al. (2003), only about 3-10% of all 
the Fe associated to cyanobacteria 
was shown to be surface bound. 
The efficiency of the procedure 
described by Tovar-Sanchez et al. 
(2003) may need a revision in cases 
of very high surface adsorption. In 
the case of Nodularia 2004, we 
cannot prove high surface 
adsorption, but it is very likely the 
explanation. Also many metals are 
found at ratios higher than reported 
previously, even after the wash, 
which could be due to inefficient 
removal of metals. 
 
The P content dropped rapidly when 
the surface water concentration of 
DIP was depleted (due to biological 
uptake) and increased again when 
the concentration of DIP increased in 
the surface water in the autumn. The 
P:C ratio in Aphanizomenon 
reflected the changes in P content 
and decreased from well above the 
Redfield ratio prior to the bloom to 
well below at the biomass peak, a 
clear indication of P rather than Fe 
limitation. We also found a decline 
in the heterocyst frequency as the 
P:C ratio decreased, and a 
corresponding increase when P:C 

increased in autumn. Chan et al. 
(2004) found a relationship in 
cyanobacteria between high P 
supply, increased growth rates and 
an increased heterocyst frequency, 
suggesting that a decreased P supply 
may reduce growth rate and the need 
for heterocysts. Additionally, the 
N:P ratio in Aphanizomenon was 
below the Redfield ratio until the 
middle of June. The ratio then 
increased as the stored P was 
consumed during the biomass build-
up while N was kept at a relatively 
constant level. Also the P:C ratio of 
Nodularia indicate P limitation. 
When the Nodularia biomass 
crashed, its P:C ratio had dropped 
well below the Redfield ratio. 
 
The Mo:C ratio in Aphanizomenon 
was low in spring 2004 when nitrate 
was present in the surface water and 
almost no heterocysts had 
developed. The ratio increased 
rapidly once nitrate was depleted and 
the heterocyst frequency increased 
as they started to rely on N2 as a 
nitrogen source. This indicates that 
Aphanizomenon do not rely on 
stored Mo in the cells, but instead 
starts to pick up Mo as heterocysts 
are developed. The intercept on the 
Mo:C axis is 0.65 ( mol:mol) and 
considerably lower than the average 
value of 1.70 when the heterocyst 
frequency was high (figure ??). This 
indicates that Mo is foremost 
concentrated to the heterocysts. The 
rapid increase of the Mo:C ratio in 
spring suggests that their growth rate 
was not limited by Mo, since the Mo 
content per heterocyst is about 
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constant (fig. 4). This result is 
further supported by the relationship 
between the Mo content per 
heterocyst and the heterocyst 
frequency. 

4.2 Dissolved Fe and Mo in 
relation to Cyanobacteria 
 biomass 

Iron has proven to have a high 
seasonal variation in the Baltic Sea 
from a paralleling study (Gelting et 
al., 2009a). When comparing data 
from that study, to the abundance of 
cyanobacteria (fig. 4), there are no 
clear connections. The depletion of 
the dissolved or soluble Fe is for 
instance not more pronounced at the 
biomass maxima of Aphanizomenon 
and Nodularia. There is, however, a 
connection during 2004, when 
dissolved Fe show a pronounced 
increase right after the crash of  
cyanobacteria biomass. This may be 
an  indication of remineralization of 
cyanobacteria (Gelting et al., 2009a). 
 
Dissolved Mo in the euphotic zone 
was measured during all three years 
and the concentrations were closely 
related to the salinity, i.e. the 
changes in concentrations were very 
small (Gelting, unpublished).  

4.3 Other trace metals 
Nickel (Ni) was found in relatively 
high amounts in both 
Aphanizomenon and Nodularia 
(table 1, fig. 5). In phytoplankton Ni 
is mainly a cofactor of ureases, 
involved in nitrogen acquisition 
(Whitfield, 2001). The high amount 
in cyanobacteria is probably due to 

the use of Ni in hydrogenases 
(Hausinger, 1987) which take care of 
H2 produced during N2 fixation 
(Bothe, 1982). Ni is present in high 
dissolved concentrations in the 
Baltic proper (~14 nM, Kremling 
and Pederson, 1984) and is not likely 
to become growth limiting. From our 
data, there is general tendency of 
declining Ni:C ratios towards the 
end of the growth season. The 
pattern seems to follow the 
heterocyst frequency (fig 4 and 5). 
 
Manganese is also an abundant metal 
in the cyanobacteria samples. This 
element is known to be a required 
element by phytoplankton 
(Whitfield, 2001). The high Mn:C 
ratios measured in our study, do 
however by far exceed most reported 
values for the cellular demand of 
phytoplankton.  
Mn seems to be adsorbed to the cell 
surfaces to a much higher extent 
than Fe, on average 29% of all Mn 
was removed by the oxalate-EDTA 
wash. Data also suggests that 
Nodularia in particular has a high 
tendency to adsorb Mn, considering 
the very high content during 2004 
(fig. 2). It is possible that this is 
connected to the temperature 
dependent oxidation of Mn that has 
been observed in surface waters of 
the Baltic Sea (Gelting et al., 2009b). 
Also Co and Cd are surface adsorbed 
to cyanobacteria (fig. 3). During a 
study of labile trace elements in the 
euphotic zone of the open Baltic 
proper 2004 (Gelting et al., 2009b), a 
significant correlation between Mn, 
Co and Cd was found. This was 
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attributed to temperature dependent 
Mn, where also other trace metals 
were scavenged. Mn have shown 
correlations to P in the Baltic proper 
(Gelting et al., 2009b; Ingri et al., 
1991), and the connection to 
cyanobacteria also have to be 
considered when evaluating the 
coupling between these two 
elements. During 2007, the trend of 
increasing Mn:C ratios were very 
clear (figure 3), and this was 
coincidental with occurrence of 
Nodularia. 
 

5 Conclusions 
We found no indication of Fe or Mo 
control of the cyanobacterial 
summer bloom in the Baltic proper. 
The results rather supported earlier 
studies indicating P limitation. With 
improved (cleaner) sampling 
methods, we could confirm that the 
results from previous studies in 
limited areas (Walve and Larsson, 
2007) also are valid for other parts of 
the Baltic Sea and are repeatable 
during different growth seasons. 
Most of the analysis made is the total 
amount of an element in filaments, 
not the intracellular content of the 
cyanobacteria. Possible surface 
adsorption may thus affect the 
results. Foremost it makes the 
interpretations of the Nodularia 
results uncertain when large amount 
of Fe probably are surface bound. 
Therefore, the high amount of Fe in 
the Nodularia samples does not 
necessarily exclude Fe limitation. 
Oxalate wash of samples reviled that 

about 30% of Mn is ad sorbed, but 
less than 10% of Fe. 
Mn is likely to be associated to cell 
surfaces of both studied species, but 
in particular Nodularia. This is likely 
to be coupled to bacterial oxidation, 
where also Cd and Co are adsorbed.  
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