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UNIVERSITY OF SOUTHAMPTON

ABSTRACT
FACULTY OF ENGINEERING, SCIENCE, AND MATHEMATICS
SCHOOL OF OCEAN AND EARTH SCIENCE
Doctor of Philosophy

IRON BIOGEOCHEMISTRY IN (SUB-) POLAR WATERS
Maria Chun Nielsdéttir

Iron represents an important control on primary production in high nutrient low chlorophyll
(HNLC) regimes and has received considerably attention during the last two decades. This
work has focussed on the biogeochemistry of iron in two oceanic environments; the high
latitude North Atlantic and the Scotia Sea in the Southern Ocean. The mechanisms of iron
supply and the biological response of resident phytoplankton communities to iron were
addressed in both study areas. Two cruises to the high latitude North Atlantic Ocean (>55 °N)
during late July-early September 2007 indicated that nitrate concentrations of 2 to 5 uM
persisted in the surface waters. The concentration of dissolved iron (dFe) in the surface waters
was very low, with an average of 0.093 (<0.010-0.218, n=43) nM, and in situ chlorophyll
concentrations were < 0.5 mg m™. In vitro iron addition experiments demonstrated that the
addition of iron increased photosynthetic efficiencies (F./Fn) and resulted in enhanced
chlorophyll in treatments amended with iron when compared to controls. A number of
phytoplankton taxa, including the coccolithophore Emiliania huxleyi, were observed to
increase their net growth rates following iron addition. These results provide strong evidence
that iron limitation within the post spring bloom phytoplankton community contributes to the
observed residual macronutrient pool during summer. Low atmospheric iron supply and sub-
optimal Fe:N ratios in winter overturned deep water are suggested as proximal causes for this
seasonal High Nutrient Low Chlorophyll (HNLC) condition, which represents an inefficiency
of the biological (soft tissue) carbon pump. Large areas of the Southern Ocean are
characterised as HNLC. Satellite chlorophyll data indicate that phytoplankton blooms occur
in vicinity to Southern Ocean Island systems. The bloom associated with South Georgia has
the largest spatial extent and duration (16-20 weeks). Detailed measurements were made on
austral spring and summer cruises to the Scotia Sea during November — early December 2006
and January — February 2008. This work presents the first comprehensive study of seasonal
variations in phytoplankton biomass and iron availability in the Scotia Sea. The drawdown of
nitrate between the two seasons in the South Georgia bloom was 16 uM indicative of
substantial new production. Surface water concentrations of dissolved iron (dFe) were slightly
higher during summer than spring (0.31 nM compared to 0.20 nM, with P>0.05). We suggest
that the South Georgia bloom is sustained by a continuous benthic supply of iron from the
South Georgia shelf. In addition, enhanced dFe (0.34 nM) was observed in a cryptophyte
dominated bloom in the southern Scotia Sea in the vicinity of South Orkney Islands. The
difference in the community composition between the two natural occurring blooms highlight
that Southern Ocean island systems have individual characteristics and should be viewed
independently.
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Chapter 1

Introduction



1. Background

1.1 Atmospheric CO,and climate change

Since the industrial revolution fossil fuel burning, cement production, land use change and
development have emitted ~ 244420 Pg C to the atmosphere [Sabine et al., 2004].
Approximately 165 Pg C have remained in the atmosphere and increased the concentration of
atmospheric CO; from the pre-industrial value of 280 ppm to the present value of 380 ppm
[IPCC, 2007]. The present rate of change in atmospheric CO; has been 100 times faster
during the past two hundred years than the previous 20,000 years (Figure 1) [Berger, 2002]
and model forecasts predict that CO, will reach concentrations of 450 ppm by 2050 [Bernstein
etal., 2007].

£ w £
B ' E
5 5
§ 200 1 £
3 E

—0 o

250 —

Figure 1. Atmospheric CO, concentration. The large panel is from the last 10,000 years and the small
panel is since 1750 [Bernstein et al., 2007]. The various colours represent different studies.

Recent estimates suggest that the ocean inventory of anthropogenic CO, is 118 + 19 Pg and

that the terrestrial biosphere has acted as a net source of 39 + 28 Pg C for the period between



1800 and 1994 [Sabine et al., 2004]. Without the oceanic uptake, atmospheric CO, would be
about 55 ppm higher today than currently observed levels.

Understanding the effect of CO, and other greenhouse gases such as CHy, is crucial due to
their ability to absorb infrared radiation, which has led to the concern for an overheated planet

e.g. [Prentice et al., 2001].

1.2 Marine carbon cycle

The large and dynamic ocean reservoir of carbon plays an important role in global
biogeochemical cycles. The main pools of carbon are dissolved inorganic carbon (DIC),
dissolved organic carbon (DOC), particulate organic carbon (POC) and particulate inorganic
carbon (PIC). When CO; enters the ocean from the atmosphere it combines with water to form
carbonic acid which rapidly dissociates to form bicarbonate and carbonate anions. The
dynamic equilibrium of the dissolved inorganic carbon pool is represented by the sum of the

various chemical forms:

CO,gusy + H,0 < H,CO

H,CO; 4, © Hy + HCO

HCOj sy < H ) +COZ,

3(aq)

3(aq)

DIC = [H,COs] + [CO,] + [HCO 3 ]+ [CO5 1.

The exchange of CO; between the atmosphere and the ocean is controlled by the physical and
biological processes which redistribute carbon between these various chemical forms. The
two main processes which govern the fluxes and reservoirs of carbon in the ocean are (i) the
solubility carbon pump and (ii) the biological carbon pump.

(i) The solubility carbon pump is mediated by physical processes such as vertical mixing,
advection, air-sea exchange and diffusion. It is mainly responsible for the transport of
dissolved pools of carbon.

(i1) The biological carbon pump is mediated by biological processes. First the conversion of
DIC to PIC by autotrophic and heterotrophic organisms that precipitate calcium carbonate as a

biomineral, and second the conversion of DIC to POC by photosynthetic organisms (Figure 2).
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Figure 2. Diagram showing the biological carbon pump. CO, from the atmosphere diffuses into the ocean
and is utilized by phytoplankton. A portion of the primary production is remineralised in the euphotic
zone and a portion of the organic matter sinks out of the euphotic zone to depth where inorganic nutrients
are regenerated (Fluxes are in PgC yr™ and storage in PgC) [Prentice et al., 2001].

On short timescales the two processes in the biological carbon pump have opposing effects.
Owing to the complex carbonate chemistry of seawater, the precipitation of CaCOs acts as a
source of CO, to seawater. In contrast, the production of POC acts as a sink for CO,. The net
effect on the exchange of CO, with the atmosphere relies crucially on the fate of the

particulate carbon phases.

1.3 The biological carbon pump
In the euphotic zone through the process of photosynthesis, marine phytoplankton use light

energy for the chemical reduction of DIC to POC [(CH;0),] (Figure 2). A large fraction of
photosynthetically-fixed POC is respired back to DIC by heterotrophic communities in the

surface ocean. However, a fraction of the POC sinks out of the euphotic zone (2-20%)



[Buesseler, 1998] through the gravitational settling of particles, and is termed export
production (Figure 2). Crucially, if the POC sinks below the maximum depth of winter
mixing (ventilation depth), it is effectively removed from contact with the surface ocean for
timescales equal to the overturning circulation of the world’s oceans e.g. [Watson et al., 2000].
In simple terms, export production can be seen to “pump” DIC from the surface ocean to the
deep-ocean. The removal of DIC reduces the concentration of pCO, in surface waters and
drives a net flux from the atmosphere to the ocean in order to re-establish the equilibrium
between the two reservoirs, subsequently lowering the concentration of atmospheric CO,.
Since the overturning of the oceans occurs on timescales of 10>-10° years, these processes are
relevant with respect to the anthropogenic influence on atmospheric CO, concentrations and
climate [Marinov et al., 2008b; Watson et al., 2000]. It has been estimated that the biological
carbon pump removes an estimated 5-15 Pg C yr ' from the surface ocean or 8-16% of the
annual global ocean primary production [Falkowski et al., 1998; Karl et al., 1996; Laws et al.,
2000]. The potential of the soft-tissue pump to redistribute carbon between the various

reservoirs described above is set by the magnitude of productivity in the surface ocean.

1.4 Phytoplankton productivity in the Worlds Oceans
The annual rate of global ocean primary production is estimated to ~ 90-103 Pg C yr' (Figure

3) [Falkowski et al., 1998; Karl, 2003] and the marine global carbon cycle accounts for an
estimated 40% of the total photosynthesis on Earth. The turnover time of marine plant
biomass is nearly three orders of magnitude faster than of terrestrial biomass [Falkowski et al.,
1998]. The distribution of phytoplankton biomass is defined by the availability of light and
nutrients (nitrogen, phosphate, silicate, iron) e.g. [Falkowski et al., 1998; Watson, 2001].
These growth-limiting factors are in turn regulated by physical processes of ocean circulation,
mixed-layer dynamics, upwelling, atmospheric dust deposition, and the solar cycle

[Behrenfeld et al., 2006; Jickells et al., 2005; Sarmiento et al., 2004].
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Figure 3. Global Chlorophyll map from World Ocean Atlas 2001.

1.1.5 The major processes controlling global nutrient
concentrations

The ThermoHaline Circulation (THC) is driven by fluxes of heat and freshwater across the sea
surface and subsequent interior mixing of heat and salt e.g. [Broecker, 1991; Hansen, 2000].
The THC key features are deep water formation, spreading of deep waters, upwelling of deep
waters and near surface currents to close the flow (Figure 4) [Broecker, 1991; Rahmstorf,
2006].

Deep water formation is the vertical mixing process of sinking of cold dense water and takes
place in e.g. the Greenland/Norwegian Sea, the Labrador Sea, the Weddell Sea and the Ross
Sea (Figure 4). The spreading of the deep waters, e.g. the North Atlantic Deep Water
(NADW) and Antarctic Bottom Water (AABW) constitute an integral part of the THC.
Upwelling of deep waters takes place mainly in the Antarctic Circumpolar Current region,

possibly aided by the wind [Rahmstorf, 2006; Sarmiento et al., 2007]. Upwelling driven by



wind mixing occurs at various locations such as the equatorial Atlantic and Pacific and the

Arctic Pacific (Figure 4).
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Figure 4. Schematic view of the global thermohaline circulation. Surface currents are in red, deep waters
in light blue and bottom waters in dark blue. Main deep water formation areas are shown in orange
[Rahmstorf, 2006].

The Antarctic Circumpolar Current connects the three major ocean basins (Figure 5). The
Polar Front acts as a boundary between high nitrate, phosphate and silicate to the south of the
front and low to depleted silicate north of the front with nitrate and phosphate decreasing
northward [Sarmiento et al., 2007]. The main nutrient source to the North Atlantic are the
Mode and intermediate waters from the Southern Ocean [Sarmiento et al., 2004], together
with smaller contributions from high latitude subpolar waters and Ekman transport [Williams

et al., 2006].
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Figure 5. Schematic view of the specific currents in the meridional overturning circulation [Rintoul et al.,
2001].

The Southern Ocean and Pacific are characterized by very high surface macro nutrient
concentrations. This is due to upwelling and that they are in the latter part of the THC while
the supply of nutrients to the North Atlantic is mainly from surface currents and the SAMW

[Sarmiento et al., 2004; Sarmiento et al., 2007].

Nitrate and phosphate are on average in a ratio 16:1 according to Redfield’s ratio [Redfield,
1934]. The distribution and sources of nitrate (Figure 6) are the key to understanding the
distribution of phytoplankton biomass in the World’s oceans (Figure 3). Nitrate concentrations
are high in the high latitude areas and in the equatorial Pacific and other upwelling areas but

low in the subtropical gyres (Figure 6) e.g. [Williams et al., 2000; Williams et al., 2006].
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Figure 6. Surface Nitrate from the World Ocean Atlas [Levitus et al., 1994]. Left panel is the spring nitrate
concentrations and right panel is the summer nitrate concentrations.

In the open ocean there are regions with enhanced biomass such as the North Atlantic, the
Arabian Sea, upwelling regions off Peru/Chile and the Benguelan upwelling. In addition there
are areas with high chlorophyll biomass associated to islands such as South Georgia,
Kerguelen, Crozet, Madagascar (Figure 3).

In the central gyres of the temperate oceans between 30°N and 30°S, the growth rate and
biomass of phytoplankton are largely limited by the low availability of the major nutrients
(nitrogen and phosphorus) [Karl and Letelier, 2008; Mills, 1989]. These areas are called Low
Nutrient Low Chlorophyll (LNLC) areas and cover 60% of surface global oceans (Figure 3
and 6) [Longhurst et al., 1995].

In the high latitude Southern and Pacific Oceans, and the equatorial Pacific Ocean there are
regions where the concentrations of major nutrients are high throughout the year but

associated phytoplankton biomass remains low [Chisholm and Morel, 1991]. These regions



are referred to as High Nutrient Low Chlorophyll (HNLC) areas [Minas et al., 1986; Watson
etal., 1991; Watson, 2001].

In certain regions wet and dry atmospheric deposition represents a significant source of
nutrients to the ocean and can alleviate nutrient limitation [Duce and Tindale, 1991; Jickells et
al., 2005]. However, in high latitude areas such as the North Pacific, the North Atlantic and
Southern Ocean the atmospheric iron deposition is very low (Figure 7) [Jickells and Spokes,
2001; Jickells et al., 2005].

Average dust deposition (g/m?/year)

0.00 0.20 0.50 1.00 2.00 5.00 10. 20.

Figure 7. Modelling dust fluxes to the world’s oceans [Jickells et al. 2005].

1.1.6 HNLC areas and iron limitation

As early as the 1930s iron supply was suggested as a potential control on phytoplankton stocks
in the Southern Ocean [Gran, 1931; Hart, 1934]. However, analytical limitations rendered it
difficult to test the hypothesis.

In late 1980s the first successful bioassay experiments with iron addition were conducted in
the Sub-Arctic Pacific, resulting in enhanced nitrate removal and an increase in Chlorophyll a
[Martin and Fitzwater, 1988]. These results formed the basis of the “iron hypothesis” [Martin,
1990], which proposed that iron supply to the ocean was enhanced during the last glacial
maximum (LGM), resulting in enhanced productivity and CO, drawdown. Enhanced dust

deposition to the Southern Ocean was suggested as the principal pathway in which iron supply
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was increased, a hypothesis supported by later work which demonstrated increased dust
loadings in LGM sediments (up to 20 times higher than during interglacial periods) when
compared to their Holocene counterparts [Petit et al., 1999]. It has been estimated that Fe
induced productivity could have contributed perhaps 30% of the 80 ppm drawdown in
atmospheric CO; observed during glacial maxima by enhancing the ocean’s biological pump
[Martin, 1990; Sigman and Boyle, 2000].

Subsequently the ecumenical iron hypothesis [Morel et al., 1991] was proposed to include the
effects of light limitation and grazing control on phytoplankton stocks in HNLC regions. It
was suggested that at low ambient iron concentrations, small cells are less susceptible to iron
limitation due to their favourable surface:volume ratio which allows diffusive transport and
uptake into the cell [Timmermans et al., 2001]. The small algae were thought to be kept at
low numbers owing to intensive grazing pressure by micro-zooplankton which has similar
growth rates to micro phytoplankton. As such it was indicated that iron supply would induce a
growth response dominated by large diatoms leading to enhanced export carbon and opal

export and CO, drawdown [Morel et al., 1991].

The eleven artificial mesoscale iron addition experiments [Boyd et al., 2007] conducted
throughout the HNLC areas to test the “Iron hypothesis” all showed similar characteristics
[Boyd et al., 2007; de Baar et al., 2005]. The photophysiology was enhanced, the biomass
increased and it were mainly the large diatoms that bloomed [Boyd et al., 2007] as they were
the only ones escaping heavy grazing pressure [Assmy et al., 2007].

However, the artificial experiments also highlighted that the physical conditions such as light,
temperature and physical mixing all had to be favourable for a large sustained bloom [de Baar
et al., 2005]. The main setback with the experiments was that none were able to quantify the
amount of CO, exported to the deep [Boyd et al., 2007; de Baar et al., 2008]. In addition the
pulsed supply of iron was considered to simulate episodic dust supply to HNLC areas and
hence was not considered a suitable proxy to determine the long term effect [Boyd et al.,
2007].

In order to determine the long term effect of iron fertilisation, the natural iron fertilisation
experiments in the wake of Kerguelen and Crozet Islands were conducted [Blain et al., 2007;
Pollard et al., 2009]. Both experiments made estimates of the export to shallow depth (~200
m) [Blain et al., 2007; Salter et al., 2007; Trull et al., 2008] while only the Crozet experiment
quantified the carbon export to the deep ocean [Pollard et al., 2009; Salter, 2008]. Both
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experiments found that natural iron fertilisation was considerably more effective than artificial

iron fertilisation [Pollard et al., 2009].

1.1.7 Biogeochemistry of Iron
Iron is the second most abundant metal on Earth (5.6%). It has six known stable and unstable

isotopes (**Fe to *°Fe) and has a relative atomic mass of 55.847 amu [Turner and Hunter,
2001]. The most commonly occurring compounds in iron ores are haematite (Fe,Os3),
magnetite (Fe;04), limonite (2Fe,05- 3H,0), siderite (FeCOs3) and pyrite (FeS,) [Greenwood,
1984]. During the biological evolution of life, prokaryotes and eukaryotes incorporated
transition metals such as Fe and Mn in many biological functions as they were easily available
in the anoxic environment. However, as oxygen evolved, the ocean and atmosphere became
oxic, the transition metals became less available though the cellular mechanisms remained the
same [De Baar and La Roche, 2003]. Due to the insolubility of iron in the present-day oxic
oceans, iron concentrations are generally very low (<0.5 nM) in the open ocean [De Baar and
La Roche, 2003].

The physiochemical speciation of iron in sea water depends on the heterogeneous equilibrium
between the various particulate and dissolved phases (Figure 8). In seawater Fe(Il) is rapidly
oxidised to Fe(III). The latter form is thermodynamically stable and represents the main
inorganic form in the ocean. Inorganic Fe(III) exists in solution as the mononuclear iron

hydroxide species Fe(OH),", Fe(OH);°, and Fe(OH), (Figure 8).
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Figure 8. Forms of Fe in seawater from [Gerringa et al., 2000].

Fe(II) and Fe(III) are known to form strong complexes with organic ligands and >99% of
Fe(IIT) has been found to be organically complexed [Gledhill and van den Berg, 1994; Rue
and Bruland, 1995].

Traditionally iron is divided into three operationally defined classes; 1) dissolved iron (dFe:
<0.2-0.45 um), 2) total dissolvable iron (TDFe: unfiltered seawater), and 3) particulate iron
(PFe: > 0.2 um). A significant fraction of the iron previously classified as “dissolved Fe” is
now considered to be present in the colloidal size range (0.02-0.4pm) [Wu et al., 2001]. Wu et.
al. [2001] estimated that 80-90% of dFe in near surface waters and 30-70% of dFe in deep
waters exists in this size range.

In phytoplankton cells iron plays a major role in the electron transfer process from
photosystem I to II [Geider et al., 1993]. Iron is essential for the synthesis of the
photosynthetic pigment Chlorophyll a along with a range of enzymes [Geider and La Roche,
1994]. In particular, iron is an important component of nitrate reductase and nitrite reductase
which are responsible for the reduction of nitrate and nitrite to ammonium for the synthesis of

essential amino acids [Timmermans et al., 1994].
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1.1.8 Bioassay/photophysiology

Small volume bottle experiments have proved useful to demonstrate specific limitations by
amending in vitro conditions and have shown the potential to simulate the in Situ community
[Boyd et al., 1999; Martin and Fitzwater, 1988]. Initially bottle experiments were severely
criticised. Arguments were put forward that they created an artificial environment with high
biomass increase due to the fact that grazers were excluded [Cullen, 1991]. However, they
have proven to be a time efficient and cost effective way to test for various parameters [Boyd
etal., 2007].

Photosynthetic efficiency (F,/Fp,) for photosystem II has been shown to be an effective
parameter to estimate the effect of nutrient limitation in photosynthetic phytoplankton [Kolber
et al., 1988; Kolber et al., 1998]. When high concentrations of nitrate and phosphate are
present it can be used as a proxy for iron limitation [Behrenfeld et al., 2006; Kolber et al.,
1988]. However, care must be taken not to over interpret the importance of F,/Fy, and its
absolute value as recently it has been shown that different taxa exhibit different maximal

F./Fu, [Suggett et al., 2009].

1.2. Study Areas

All samples analysed for this thesis were collected in the Iceland Basin in the high latitude

North Atlantic Ocean, and the Scotia Sea and Basin in the Southern Ocean.

1.2.1 North Atlantic

The high latitude North Atlantic is an important region of deep water formation [Rahmstorf,
2006] and hence has the ability to store CO, from the atmosphere for a long time [Marinov et
al., 2008a; Marinov et al., 2008b]. The Iceland Basin is located in the North East Atlantic
between Iceland to the North, Reykjanes Ridge to the west, Hatton Bank to the east and
Rockall to the South. The main study site was centred on ocean station India at 60°N 20°W
(Figure 9).
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Figure 9. Iceland Basin study site and cruise track imposed on composite image of Chloropyll a.

Nutrient concentrations in the high latitude North Atlantic are determined by the horizontal
flow from the THC [Sarmiento et al., 2004], vertical and convective transport processes
[Williams et al., 2000; Williams et al., 2006]. The area is characterised by deep winter mixed
layers (>600 m) [Allen et al., 2005; Holliday and Reid, 2001]. During winter, photosynthesis
is light limited and chlorophyll concentrations are low [Levy et al., 2005]. During spring when
shoaling of the mixed layer occurs [Sverdrup, 1953] the well known spring bloom [Ducklow
and Harris, 1993] develops with rapid increase in the chlorophyll biomass. The bloom is
intense (Chlorophyll a > 1 mg m™) [Sanders et al., 2005; Siegel et al., 2002] but it does not
exhaust the in situ macro nutrients (Figure 6 right hand panel) and hence this is a significant

inefficiency in the biological soft tissue carbon pump [Marinov et al., 2008a].

1.2.2 Scotia Sea/South Georgia

The Southern Ocean is the largest area with deep water formation and hence has the greatest
potential to store biogeochemical CO, from the atmosphere for a long time [Marinov et al.,
2008b].
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The Scotia Sea is located between the island of South Georgia to the north, the South Orkney
Islands to the south, the South Sandwich Islands to the east and the Antarctic Peninsula to the

west (Figure 10).
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Figure 10. Circulation and bathymetry in the Scotia Sea and Basin with general cruise track imposed.
Cruise commenced in the Falkland Islands, went first to the South Orkney Islands and subsequently to
South Georgia and the Polar Front. Image adapted from [Meredith et al., 2008]. 1000 m and 3000 m
isobaths are marked. Depths shallower than 3000 m are shaded. SAF: Subantarctic Front, PF: Polar
Front, SACCF: Southern ACC Front, and SB southern boundary of the ACC.

The Scotia Sea and Basin are areas with high perennial macronutrients [Whitehouse et al.,
1996] and high turbulent mixing [Garabato et al., 2004]. However, while the South Georgia
bloom has high annual Chlorophyll a concentrations, the Scotia Sea has generally low
Chlorophyll a levels and is considered an HNLC region. The South Georgia bloom has been
estimated to be the largest and long lived bloom in the open Southern Ocean and is estimated
to last for 4-5 months [Atkinson et al., 2001; Korb and Whitehouse, 2004; Korb et al., 2004].
Previous work has suggested that the South Georgia bloom was fertilised by Aurora Bank
acting as a “pulse source” [Holeton et al., 2005] and more recently it has been suggested that

the South Georgia bloom becomes silicate limited during summer [Whitehouse et al., 2008].

16



The dynamics of the annual South Georgia phytoplankton bloom are important for our
understanding of CO; uptake in the Southern Ocean during the last glacial maximum [Boyd et

al., 2007; Martin, 1990].

1.3. Present uncertainties in our knowledge

Very little information is available on the role of iron in the phytoplankton bloom dynamics
and termination in the high latitude North Atlantic. The study by Martin et al. [1993]
highlighted enhanced CO, uptake when iron was added to bioassay bottle experiments during
the North Atlantic Bloom Experiment conducted in June 1989 but concluded that due to the
intense spring bloom the area was not iron limited.

The Scotia Sea and Basin have received considerable attention over the last three decades but
the main focus has been on the higher trophic levels [Atkinson et al., 2001]. Very little is
known about the dynamics of the South Georgia bloom and what supports its longevity and
even less is known about the South Orkney bloom.

Only two previous studies have reported dFe concentrations in the high latitude (>50°N) North
Atlantic [Martin et al., 1993; Measures et al., 2008]. Whilst considerably more studies for
dFe have been carried out in the Southern Ocean e.g.[Martin et al., 1990; Sedwick et al.,
2000], very few have focused on the Scotia Sea [Buma et al., 1991; de Baar et al., 1990;
Nolting et al., 1991] and the South Orkney Islands [Nolting et al., 1991].
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1.4 Hypothesis and Objectives

1.4.1 Hypotheses

The high latitude North Atlantic Ocean is seasonally iron limited.

The South Georgia bloom is caused by enhanced benthic iron supply.

1.4.2 General Objectives

To set up and validate the method for dissolved Felll with the modified Obata/de Jong
method [de Jong et al., 1998; Obata et al., 1993; Obata et al., 1997].

To determine dFe in high latitude North Atlantic and Scotia Sea and Basin.

To use iron addition experiments as means to test for iron limitation in the natural

phytoplankton community.

Objectives for Hypothesis 1

To examine the sources and distribution of dissolved iron in the high latitude North
Atlantic.

To examine the phytoplankton photosynthetic efficiency in relation to iron.

To examine the phytoplankton species response to iron addition.

To determine Fe:N ratios in the deep water column

To assess the potential for iron limitation in the high latitude North Atlantic.

Objectives for Hypothesis 2

To determine the sources and distribution of dissolved iron in the Scotia Sea and
Basin; upstream and downstream of South Georgia with additional observations
around the South Orkney Islands.

To determine the phytoplankton photosynthetic efficiency in relation to iron sources.

To examine the phytoplankton species response to iron addition.
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e To determine Fe:N ratios in the deep water column
e To determine the requirement for iron in the South Georgia bloom compared to the

nitrate utilised.

1.5 Thesis structure

Chapter 2 is an overview of the methods used throughout the work described in detail with
additional description of the methods used specifically for the bioassay experiments in Chapter
3 and 4. Chapter 3 includes an area specific introduction and presents work carried out in the
high latitude North Atlantic in the Iceland Basin. The chapter presents the case for seasonal
iron limitation in the North Atlantic Ocean with high macronutrient concentrations, low
dissolved iron concentrations and in vitro bioassay experiments. Chapter 4 includes an area
specific introduction and presents work carried out in the Scotia Sea and Basin during austral
spring and summer. The chapter presents the argument for a benthic source of iron from South
Georgia to the bloom area with enhanced dissolved iron concentrations during spring and
summer and an additional benthic source of iron around the South Orkney Islands. Chapter 5

provides a synthesis of Chapter 3 and Chapter 4 and highlights directions for future research.
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