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Abstract  

To improve the understanding of population dynamics of organisms, it is necessary 

to examine organisms under natural conditions. Only at such conditions, knowledge 

about their in situ use of resources, predator-prey interactions and loss rates can be 

obtained. It is possible to examine and understand these processes with controlled 

ocean iron fertilization experiments, which stimulate the growth of unicellular algae. 

This thesis provides a comprehensive description of the reactions and vertical 

distribution of the main components of the pelagic ecosystem and highlights the 

food-web interactions of individual organisms, which characterize this habitat. 

The response of the plankton community to iron addition was successfully observed 

during the Indo-German iron fertilisation experiment LOHAFEX (LOHA is hindi 

and means iron, FEX stands for fertilisation experiment) carried out in the Southern 

Ocean from January to March in 2009 lasting for 38 days. The iron-induced bloom 

was achieved in the closed core of a mesoscale eddy. The aim of the experiment was 

to study the growth and demise of the phytoplankton bloom and to examine whether 

the biomass is retained in the surface layers through recycling processes or whether 

biomass sinks out to the deep ocean. 

The fertilized patch was characterized by low silicic acid concentrations, which is an 

essential nutrient for diatoms, hence a flagellate-bloom developed with cells < 20 µm 

in size. The bloom remained stable over the course of the experiment. This was 

verified by microscopic analysis and molecular methods. The main reason for the 

lack of large scale biomass increase, was the strong grazing pressure by the large 

copepod population, consisting primarily of Calanus simillimus and Oithona similis. 

Incubation experiments proved that copepods increased their grazing rates and fecal 

pellet production within the patch. Neutrally buoyant PELAGRA traps were 

deployed to quantify the export fluxes. These contained a few diatoms and fecal 

pellets and were dominated by unicellular plankton like dinoflagellates, flagellates 

and coccoid cells. Hence fertilizing this type of plankton community did not increase 

the vertical flux. This lead to the hypothesis that the system was influenced by 

recycling processes in surface layers. 

The protozoan community and its vertical distribution was an important part of this 

work and was studied by focussing on key heterotrophic organisms. These included 
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thekate dinoflagellates, loricate and aloricate ciliates, foraminifera, radiolarians, and 

juvenile and adult copepods. Again, the high grazing pressure by the copepods 

controlled the development of the protozoan community, and the copepod fecal 

pellets contained large amounts of damaged and empty loricae, but also foraminifera, 

which are usually not a preferred food item for copepods. This indicated that the 

copepods were food limited and resorted to large, armoured protozoans which they 

might have otherwise avoided. Dinoflagellates were mainly abundant at depths 

below 100 m, possibly this distribution pattern was caused by an escape response in 

order to avoid predators and to feed on the flux of larger particles which generally 

peaks at those depths. 

In conclusion, the plankton community during LOHAFEX was top-down controlled 

whereby a highly efficient retention type system prevailed, which resulted in low 

particle export fluxes. 
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Zusammenfassung 

Um das Verständnis der Populationsdynamik von Organismen zu vertiefen, ist es 

erforderlich Organismen unter natürlichen Bedingungen zu untersuchen. Nur unter 

diesen Bedingungen kann Kenntnis über ihre in situ Ressourcennutzung, die Räuber-

Beute Beziehungen und über Verlustraten gewonnen werden. Mittels kontrollierter 

Eisendüngungsexperimente im Ozean, die das Wachstum von einzelligen Algen 

anregt, ist es möglich diese Prozesse im Meer zu untersuchen und besser zu 

verstehen. Diese Dissertation liefert eine umfassende Beschreibung der Reaktionen 

und Vertikalverteilung der Hauptkomponenten des pelagischen Ökosystems und hebt 

die Narhungsnetzinteraktionen der einzelnen Organismen hervor, die diesen 

Lebensraum charakterisieren.  

Während des indisch-deutschen Eisendüngungsexperimentes LOHAFEX, (ĂLOHAñ 

ist das Hindi-Wort f¿r Eisen und ĂFexñ ist englisch und steht f¿r āfertilization 

experimentô) wurde die Reaktion der Planktongemeinschaft auf Eisendüngung 

erfolgreich über 38 Tage von Januar-März 2009 im südlichen Ozean verfolgt. Die 

eiseninduzierte Blüte wurde im Kern eines stabilen mesoskaligen Ozeanwirbels 

hervorgerufen. Das Ziel des Experiments war es, das Wachstum und den Niedergang 

der Phytoplanktonblüte zu studieren und zu prüfen, ob die Biomasse in den 

Oberflächenschichten durch Recyclingprozesse erhalten bleibt oder ob Biomasse in 

die Tiefsee herabsinkt. 

Der gedüngte Fleck war charakterisiert durch geringe Kieselsäure Konzentrationen, 

ein essentieller Nährstoff für Diatomeen, somit entwickelte sich eine Flagellaten-

Blüte mit Zellen < 20 µm, die über den Verlauf des Experimentes, sowohl qualitativ 

als auch quantitativ konstant blieb. Dies wurde mittels mikroskopischer Analysen 

und molekularer Methoden verifiziert. Es konnte keine Biomasse im größerem 

Umfang aufgebaut werden. Der Hauptgrund dafür lag an dem starken Fraßdruck der 

großen Copepoden-Population, vorrangig bestehend aus Calanus simillimus und 

Oithona similis. Inkubations-Experimente zeigten, dass die Copepoden ihre Fraß- 

und Kotballenproduktionsraten innerhalb des Flecks erhöhten. Dichte-neutrale 

PELAGRA-Fallen wurden ausgesetzt, um den Exportfluss zu bestimmen. Diese 

enthielten wenige Diatomeen und Kotballen auf, stattdessen dominierte unizelluläres 

Plankton wie Dinoflagellaten, Flagellaten und coccoiden Zellen. Folglich erhöhte die 
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Düngung dieser Planktongesellschaft nicht den Vertikalfluss. Dies führte zu der 

Hypothese, dass das System durch Recyclingprozesse in der Oberflächenschicht 

bestimmt wurde. 

Die Protozoengemeinschaft und deren Vertikalverteilung war ein weiterer wichtiger 

Bestandteil dieser Arbeit und wurde anhand wichtiger heterotropher 

Organismengruppen untersucht. Dazu gehörten thekate and athekate Dinoflagellaten, 

loricate and aloricate Ciliaten, Foraminiferen, Radiolarien sowie juvenile und adulte 

Copepoden kleiner Arten. Auch hier kontrollierte der hohe Fraßdruck der Copepoden 

die Protozoengemeinschaft, denn in deren Kotballen wurden viele zerdrückte leere 

Tintinnen gesehen, aber auch Foraminiferen, die eigentlich keine bevorzugte Beute 

von Copepoden darstellen. Dies deutete darauf hin, dass Copepoden nahrungsimitiert 

waren und auf die großen Protozoen als Nahrungsquelle zurückgreifen mussten, 

welche sie normalerweise gemieden hätten. Dinoflagellaten waren hauptsächlich in 

den Tiefen ab 100 m zu finden, um ihren Prädatoren zu entkommen und um sich von 

herabsinkenden Partikeln zu ernähren, welche allgemein in diesen Tiefen ihren 

Höchstwert erreichen.   

Zusammenfassend lässt sich sagen, dass die Planktongemeinschaft während 

LOHAFEX von Prädatoren kontrolliert wurde und eng gekoppelt war mit dem 

mikrobiellen Kreislauf, welcher den partikulären Export reduziert hat.  
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Abbreviations 

234
Th Isotope of Thorium 

AABW Antarctic Bottom Water 

ACC Antarctic Circumpolar Current 

Ba Barium 

BF Broken Frustules 

C Carbon 

CaCO3 Calcium Carbonate 

CDW Circumpolar Deep Water  

CH4  Methane 

Chl a Chlorophyll a 

CIW Central Intermediate Water  

CO2 Carbon Dioxide 

CTD Conductivity, Temperature, Depth 

DIC Dissolved Inorganic Carbon 

DMS Dimethylsulfide 

DMSP Dimethylsulfoniopropionate  

DOM Dissolved Organic Matter 

DOM C Dome Concordia 

EIFEX European Iron Fertilization Experiment  

EisenEx Eisen' is the German word for iron, Experiment 

EPICA European Project for Ice Corring in Antarctica 

Fe Iron 

FeeP Iron and Phosphate fertilization experiment  

FeSO4 Iron (II) Sulphate  

Fm Maximum Fluorescence 

Fv Variable Fluorescence 

GPS Global Positioning System 

Gt Gigatonne 

H2O Water 

HNLC High-Nutrients-Low-Chlorophyll 

IronEx I+II Iron Experiment I+II 

kyr Thousand years 

LGM Last Glacial Maximum 

LOHAFEX LOHA (hindi) = Iron  fertilization Experiment 

N Nitrogen 

N2O Nitrous Oxide 

Na2S2O3 Sodium Thiosulphate  

NADW North Atlantic Deep Water 

NBST's Neutrally Buoyant Sediment Traps  

OIF Ocean Iron Fertilization 

OM Organic Matter 

P Phosphate 

PA Polyacrylamide 
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pCO2 Partial Pressure Carbon Dioxide 

PF Polar Front 

Pg Petagram 

pH negative logarithm of the activity of the hydronium ion 

POC Particulate Organic Carbon 

POM Particulate Organic Matter 

ppm Parts per million 

ppmv Parts per million volume  

SACCF Southern Antarctic Circumpolar Current Front 

SAF Subantarctic Front 

SEEDS I+II Subarctic Pacific Iron Experiment for Ecosystem Dynamics Study 

SERIES Subarctic Ecosystem Response Iron enrichment Study  

SF6 Sulfurhexafluoride  

Si Silica 

SO Southern Ocean 

SOFEX-N/S Southern Ocean Iron Experiment North and South 

SOIREE Southern Ocean Iron Release Experiment 

SOLAS - SAGE Surface-Ocean Lower-Atmosphere Studies Sea-Air Gas Exchange 

Sr Strontium 

SrCl2 Strontium Chloride 

SrSO4 Strontium Sulfate 

TEP Transparent Exopolymeric Particles 

WML Wind Mixed Layer 

yr Year 

ŭD Delta Deuterium 

 



 

 VIII  

Index 

Abstract  ............................................................................................................................. VII  

Zusammenfassung .......................................................................................................... IX 

Abbreviations  ................................................................................................................... XI 

1. Introduction ................................................................................................................. 10 
1.1 Setting the Scene ............................................................................................................... 10 
1.2 The Marine Carbon Cycle ............................................................................................... 12 
1.3 Hydrography of the Southern Ocean  ......................................................................... 15 
1.4 Southern Ocean Ecology ................................................................................................. 17 
1.5 Marine Protist Plankton  ................................................................................................. 20 
1.6 Ocean Iron Fertilization  ................................................................................................. 28 

1.6.1 Importance of OIF experiments ............................................................................................ 28 
1.6.2 OIF experiments ........................................................................................................................ 28 
1.6.3 Natural Iron Fertilization ........................................................................................................ 35 

2. Objectives ..................................................................................................................... 36 

3. Methods ......................................................................................................................... 38 
3.1 Sampling site .................................................................................................................................. 38 
3.2. Plankton sampling ....................................................................................................................... 39 
3.3. Quantitative plankton analyses................................................................................................ 40 
3.4. Counting procedure ..................................................................................................................... 41 
3.5. Biomass determination .............................................................................................................. 41 

4. Manuscripts  ................................................................................................................. 43 
4.1 Manuscript Outline  .......................................................................................................... 43 

Manuscript I  ..................................................................................................................... 46 

Manuscript II  ................................................................................................................. 102  

Manuscript III  ............................................................................................................... 138  

Manuscript IV ................................................................................................................ 186  

Manuscript V  ................................................................................................................. 224  

6. Synthesis .................................................................................................................... 270  

7. Conclusions ............................................................................................................... 274  

8. Outlook  ....................................................................................................................... 275  

References ..................................................................................................................... 276  

Acknowledgements  .................................................................................................... 289  
 



 

 IX  

  



 

 10 

1. Introduction  

1.1 Setting the Scene 

Ice cores have been used to measure past atmospheric carbon dioxide (CO2) concentrations. 

This led to the important realization that present global atmospheric CO2 levels of 400 parts 

per million (ppm) are higher than during the last 650 thousand years (kyr). Furthermore, it 

was revealed that during this time period, atmospheric CO2 concentrations showed cyclic 

changes between two extremes: they were lowest during glacial periods (180 ppm) and 

highest during interglacial periods (280 ppm) (Petit et al, 1999).  

Two collaborative Antarctic drilling projects have contributed most to the understanding of 

past climate cycles. One of them was drilled in 1998 at the Russian research station 

ñVostockò providing a record of past environmental conditions over the last 420,000 years, 

revealing 4 glacial cycles (Petit et al., 1997, 1999). In 2004 the second major core, EPICA 

(European Project for Ice Coring in Antarctica) was drilled at Dome Concordia (Dome C), 

revealing 8 previous glacial cycles.  

 

 
 

Fig. 1: Vostok and EPICA ice core measurements of a. Deuterium profile (ŭD ă) a proxy 

for temperature, (high ŭD values indicate high temperature) b. atmospheric concentrations 

of Carbon dioxide in parts per million by volume (ppmv) and c. iron flux (µg/m
2
 yr) 

indicating the clear correlation of carbon dioxide and temperature and anticorrelation of iron 

flux (green circles) and carbon dioxide (red circles), (with permission to use the graph: © 

Dr. Hubertus Fischer). 
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The results of the ice core analyses demonstrate clearly the relationship between climate and 

CO2 (Siegenthaler et al., 2005). As can be seen in Figure 1, past changes in atmospheric CO2 

concentration were accompanied by changes in mineral aerosols (dust) composition (De 

Angelis et al., 1987). It can be generalized, that during high dust fluxes (Fig. 1 depicts iron 

(Fe) in blue), atmospheric CO2 concentrations were lower (view red and green circles in Fig. 

1).  Mineral dust plays a key role in marine ecosystems (Hutchins and Bruland et al., 1998) as 

it provides essential nutrients like Fe, which are often the limiting factor for marine primary 

producers (Martin and Fitzwater, 1988). During the last glacial maximum (LGM) the dust 

input was enhanced (Fig. 1 green circles), which reflects the enhanced dustiness of the 

atmosphere. The primary cause for this was an increase in arid areas accompanied by higher 

wind speeds (Petit et al. 1999; Sarnthein, 1987). Martin (1990) argued that the higher input of 

iron-rich dust to iron limited oceanic regions during glacial times must have stimulated 

photosynthesis of algae, which led to the drawdown of atmospheric CO2 levels. This effect is 

defined as natural iron fertilization. Todayôs atmosphere is more humid, has more vegetation 

on land and weaker winds, which in sum, prevents dust-input into the ocean.  
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1.2 The Marine Carbon Cycle 

Carbon dioxide is exchanged among the biosphere, geosphere, hydrosphere and atmosphere 

of the Earth. The carbon cycle describes the exchange of carbon, the incomes and losses, the 

recycling and re-use throughout the biosphere. Various chemical, physical, geological and 

biological processes are the driving forces of the cycle.  

The ocean covers 71 % of the Earthôs surface and plays an integral role in the Earth's climate 

and weather. With a total volume of about 1.3 billion cubic kilometres, the ocean has a great 

carbon and heat storage capacity. Approximately 38400 Gt of carbon are stored in the ocean 

(Falkowski et al., 2000), which is about 16 times more than in the terrestrial biosphere and 50 

fold higher than in the atmosphere. Consequently the oceans play a prominent role in the 

global carbon cycle. The exchange of carbon between the surface and the deep ocean is 

controlled by the physical and biological carbon pumps (Volk and Hoffert, 1985). 

The physical carbon pump describes the vertical carbon flux resulting from differences in CO2 

solubility at warm and cold temperatures. At high latitudes, surface water is cooled and 

salinity increases due to sea-ice formation. The high density of these water masses leads to 

sinking of cold-water masses, mainly in the North Atlantic and around Antarctica. These cold 

and dense water masses are rich in carbon and carry it into the deep ocean, because solubility 

of CO2 is higher at low temperatures. In upwelling regions at lower latitudes, where dense, 

cooler, and usually nutrient-rich water moves towards the ocean surface, water is warming up 

and CO2 is released again (Fig. 2) (Volk and Hoffert, 1985).  

                

 
 

Fig. 2: Schematic drawing of the concept of vertical deep mixing. Warm surface water is 

advected to high latitudes, where it cools and sinks as North Atlantic Deep Water 

(NADW) in the North Atlantic and Antarctic Bottom Water (AABW) in the Southern 

Ocean. (adapted from: source: http://earthguide.ucsd.edu/virtualmuseum/climatechange1/06_1.shtml) 
 

http://en.wikipedia.org/wiki/Nutrient
http://en.wikipedia.org/wiki/Ocean
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The biological carbon pump, differentiated into the organic and carbonate pump, comprises a 

complex set of biologically mediated processes, including fixation of dissolved inorganic 

carbon (DIC) into biogenic matter, its subsequent sinking, remineralisation and/or dissolution 

(Volk & Hoffert, 1985).  

The main driver of the biological pump is phytoplankton representing the marine 

photosynthetic community of protists, which fix DIC and convert it into biogenic compounds, 

causing a drawdown of CO2 from the atmosphere into the ocean. The produced biomass can 

either be fed into the marine food web to higher trophic levels or forms aggregates, which 

sink out (Fig. 3). The organic material is then part of the production and recycling system of 

carbon in the water column. It can be converted into dissolved organic or particulate organic 

matter (DOM or POM) by excretion of transparent exopolymeric particles (TEP), viral lysis, 

bacterial interactions, sloppy feeding by zooplankton or faecal pellets. Zooplankton and 

microorganisms remineralize the majority of the particulate organic carbon (POC). Only a 

small amount of POC is exported to depth (1-3 %; De La Rocha and Passow, 2007). These 

interactions cause a vertical depth gradient of DIC and promote a continuous CO2 uptake 

from the atmosphere (Broecker and Peng, 1982). The biological pumps are responsible for 75 

% of the vertical DIC gradient (Sarmiento et al., 1995). 

However, while the biological carbon pump tends to decrease CO2 in surface water, the 

carbonate pump has the opposite effect. The carbonate pump, also termed carbonate counter 

pump, describes the production and sinking of calcium carbonate (CaCO3) by calcifying 

organisms and releases CO2 into the water. This counterintuitive effect is caused by the 

consumption of DIC as well as total alkalinity during the process of calcification (Zeebe and 

Wolf-Gladrow, 2007). The relative strengths of the two biological pumps is expressed in the 

rain ratio (POC export: CaCO3 export) which determines the flux of CO2 between surface 

ocean and atmosphere. According to a model study, switching off all biological production in 

the ocean would double atmospheric CO2 (Maier-Reimer et al., 1996). This emphasises the 

role of the biological carbon pumps in influencing atmospheric CO2 levels. Biological activity 

influences the climate by driving many of the global elemental cycles. Lovelock (1979, 2003) 

suggested in his Gaia-hypothesis that feedback-effects might mitigate, amplify or contribute 

to stabilize the climate. Therefore it is essential to gain a better understanding of the 

regulating factors of the biological pump and to study its interactions. Ocean Iron Fertilization 

(OIF) experiments provide a powerful tool to deepen our understanding of the biological 

carbon pump and will be further described in introduction-chapter No. 1.6. 
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Fig. 3: A simplified view of the biological pump: carbon dioxide is fixed by 

phytoplankton in the surface mixed layer and transported via three major 

processes: 1. Passive sinking of particulate and dissolved organic matter (POM & 

DOM), 2. Physical mixing of POM and DOM 3. Active transport by zooplankton 

vertical migration and their subsequent decomposition by bacteria or consumption 

by detrtitophages in deeper layers. (source: K. Busseler & J. Cook; 

http://cafethorium.whoi.edu/website/projects/tzex.html, with permission to use) 
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1.3 Hydrography of the Southern Ocean  

The Southern Ocean (SO), surrounding the Antarctic continent, extends from the coast to 50 

degrees southern latitude. It contains the strongest ocean flow, the Antarctic Circumpolar 

Current (ACC), which combines the southern sectors of the Atlantic, Indian and Pacific 

Ocean. The ACC flows eastward around the Antarctica and is driven by westerly winds 

(Whitworth, 1983; Whitworth and Peterson, 1985). Most of its transport is concentrated in 

frontal jets (Orsi et al., 1995). The number, strength and latitudinal locations of these jets are 

influenced by the bathymetry (Pollard et al., 2002).  From north to south, the main frontal 

systems in the Southern Ocean are the Subantarctic Front (SAF), the Polar Front (PF), the 

Southern ACC Front (SACCF) and the southern boundary of the ACC all extending from the 

surface to the sea floor (Orsi et al., 1995).  

The Polar front (also Antarctic Convergence), forms the borderline between the SAF and 

SACCF, where cold waters of the ACC mix with warmer waters form the Sub-Antarctic. The 

Antarctic divergence is a region of upwelling and is formed where surface waters diverge 

between westward-flowing surface waters near the Antarctic continent and eastward-flowing 

waters, further away from the continent (e.g Orsi et al., 1995). The Weddell Gyre and the 

Ross Gyre south of the ACC are two upwelling regions with Circumpolar Deep Water (CDW) 

as predominant water mass. The subsurface of the Weddell Gyre is formed by the Central 

Intermediate Water (CIW), which is characterised by a depletion of oxygen, enrichment of 

nutrients and a maximum in DIC resulting from shallow remineralisation of export production 

(Whitworth and Nowlin, 1987; Hoppema et al., 1997; Hoppema, 2004) (Fig. 4). Natural 

carbon sequestration happens when the CIW leaves the Weddell Gyre to the north, carrying 

DIC to abyssal depths (Hoppema, 2004). Antarctic Bottom Water (AABW) is formed when 

dense shelf water, formed by heat loss and brine rejection during sea-ice formation, moves 

down the continental slope into the abyssal sea. This process occurs only in few shelf regions 

in the Southern Ocean, including the western Weddell Sea, Ross Sea and off Adélie Land (e.g 

Huhn et al., 2008; Foldvik, 2004; Rintoul, 1998; Gordon et al., 2009) and transports carbon to 

abyssal depths and sequesters it for the time scale of the oceanôs overturning circulation.  

The development of stable eddies is another characteristic of the ACC. Due to meanders and 

waves, which form and propagate along the ACC (Legechi, 1977, Sciermammano 1989), cold 

or warm eddies (Joyce & Patterson 1977), variable in size and duration can evolve. These 

eddies are characterised by a vertically coherent water mass from the surface to the bottom 

and are 30-100 km wide with approximate surface velocities of 30 cm s
-1

. The closed core of 



1. Introduction  

 

 16 

a mesoscale eddy was chosen as the experimental site for LOHAFEX and two previous 

artificial OIF experiments (EisenEx and EIFEX, view section 1.6.2) because it provides 

vertical coherence between surface and deeper water layers. 

 

 

 

 
 

 

 

 

 

 

  

 
 

Fig. 4: The Southern Ocean currents: Antarctic circumpolar current (ACC), the 

Polar Front (PolarF or PF), the Subantarctic Front (Subantarctic F or SAF) and 

the Weddell and Ross Gyre (Weddel G, Ross G). (source: 

http://takvera.blogspot.de/2011/12/ocean-acidification-warning-to-climate.html) 
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1.4 Southern Ocean Ecology  

Phytoplankton production in the SO is relatively low even though surface nutrients (nitrogen 

(N), phosphate (P) and silicate (Si)) concentrations are high (Chisholm and Morel, 1991). The 

inefficient utilisation of N and P is due to the low productivity of phytoplankton. These 

regions are defined as High-Nutrients-Low-Chlorophyll (HNLC) areas. They cover 25 % of 

the worldôs ocean and beside the SO, which is the largest, they can be found in the Equatorial 

Pacific and in the subarctic North East Pacific off the coast of Alaska (Chavez and Barber 

1987; Martin et al., 1994; Chavez et al., 1996; Boyd et al., 1998; 2000). In these areas, the 

phytoplankton community is numerically dominated by pico- and nanoplankton. Several 

factors have been discussed to explain the low productivity. One explanation is based on the 

top-down control by zooplankton. It is proposed that zooplankton and protozoan grazing 

prevents the build up of phytoplankton biomass. Smetacek et al., (1990) described the 

Antarctic ecosystem as a ñretention type systemò in which relatively high abundances of 

zooplankton are sustained in an ecosystem despite low phytoplankton biomass. The key factor 

is that the bulk of zooplankton faeces are recycled in the surface layer, despite their relatively 

high sinking rates, hence providing the essential nutrients for phytoplankton growth 

(Gonzalez, 1992).  

Another explanation is the bottom-up controlled system, in which phytoplankton growth is 

governed by resource availability. Iron for example is indispensible in many key enzyme 

systems e.g chlorophyll synthesis, nitrate utilisation, redox systems, which are involved in the 

biochemical processes of photosynthesis and carbon fixation (Geider and LaRoche, 1994). It 

is considered the most important trace metal for algal growth (Scharek et al., 1997). Iron 

concentrations in open oceans are orders of magnitude lower than levels in coastal waters 

hence representing the limiting nutrient for phytoplankton growth (Sunda & Huntsman, 

1995). It has been suggested that low iron concentrations and other trace elements might 

affect mainly larger phytoplankton species, especially diatoms, explaining the predominance 

of smaller cells (nanoplankton), which preferentially take up regenerated nitrogen (Martin et 

al., 1991; Buma et al., 1991). Another prerequisite for photosynthesis is light. Deep mixing 

reduces the amount of light available for phytoplankton growth and hence limits 

phytoplankton productivity. To sum up, while grazing may exert an effect on biomass 

accumulation, iron and light limitation controls phytoplankton growth.  

However, some regions in the SO e.g. near the ice-edge, where iron is released e.g. through 

ice-berg melting, support phytoplankton blooms and promote productivity of higher trophic 
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levels (Sullivan et al., 1993; Holm-Hansen et al., 2004). If sedimentation rates exceed 

remineralisation rates, the end of a bloom can result in transport of organic matter  (OM) to 

deeper water masses and even carbon export to the deep sea (Smetacek, 1985; Smetacek et 

al., 2012). 

Another characteristic of the SO is the occurrence of large robust diatom species, albeit at low 

concentrations. These species of the iron-depleted system are, compared to the species in 

productive coastal waters, larger and have thicker frustules or robust spines (Hasle & 

Syverstsen, 1996). The silica to nitrogen (Si:N) ratio in iron-deficient diatoms is above 2 as 

compared to iron-sufficient diatoms which is around 1 (Takeda, 1998; Hutchins & Bruland, 

1998). Once the diatom perished, the silica frustule either dissolves while sinking out 

enriching silicate concentrations in the deep ocean, or accumulate as diatom ooze in the 

sediments underlying the Southern Ocean. The latter process is responsible for the opal belt, 

the largest single silica sink, surrounding the Antarctic continent (Falkowski et al., 1998; 

Tréguer et al., 1995). Diatoms of the ACC are highly dependent on the recycling efficiency of 

the microbial community making iron bioavailable to them. However adequate iron supply 

may also result from wind-blown dust (Gao et al., 2001; Erickson et al., 2003) and from 

snow-deposited dust released by ice-berg melting (Raiswell et al., 2008). The influence of 

Patagonian dust (view circle in Fig. 5) can be seen in satellite images showing increased 

Chlorophyll a (Chl a) values, which are a measure for phytoplankton productivity. 
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Fig. 5: Average global ocean chlorophyll (Chl a) concentration, a measure of productivity, 

in milligrams per cubic meter of seawater, measured by SeaWiFS (Sea-viewing Wide Field-

of-View Sensor). Chl a concentrations are higher in coastal areas compared to the open 

ocean. Note the increased Chl a concentrations from South America (encircled) along the 

ACC, most likely due to Patagonian dust input. 
(source: http://earthobservatory.nasa.gov/IOTD/view.php?id=4097). 
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1.5 Marine Protist Plankton 

Marine primary productivity contributes 45 to 50 Petagram (Pg) Carbon (C) a
-1

 to the global 

primary productivity (Falkowski et al., 1998; Field et al., 1998) and rivals the contribution of 

terrestrial primary production (56.4 Pg C a
-1

) (Field et al., 1998). However, phytoplankton 

account for less than 1 % of plant biomass on earth, illustrating the much higher turn-over 

rates in planktonic as compared to terrestrial ecosystems (Field et al., 1998). Indeed, for most 

of the year heterotrophic biomass exceeds that of autotrophs in the plankton, except during 

blooms. These blooms occur when growth rates exceed mortality rates and are generally 

dominated by a single or a few phytoplankton species of the following taxa: diatoms, 

dinoflagellates, the coccolithophore Emiliania huxleyi or colony-forming species of the 

haptophyte Phaeocystis (Irigoyen et al., 2004). During these blooms, cells accumulate in the 

water column until a limiting factor usually the limiting nutrient or increased grazing pressure 

suppresses further biomass 

built-up. Another important 

component of planktonic 

ecosystems is the microbial 

loop or network. In 1983 Azam 

et al., introduced the concept of 

the microbial loop referring to 

the trophic interactions 

between pico-, nano- and 

microplankton. On a seasonal 

basis the microbial network is 

more persistent compared to 

bloom-forming species. The 

microbial network comprises 

procaryotes, small autotrophic 

and heterotrophic flagellates (< 

20 µm), larger protozoa (in 

particular ciliates and 

dinoflagellates) and their 

crustacean grazers (in 

particular copepods). Within the Antarctic food web, autotrophic pico- and nanoplankton are 

 
 

Fig. 6: Schematic drawing of flagellates adopted from 

Carmelo R. Tomas ñIdentifying marine Phytoplanktonò 

(1997). © Elsevier B.V. 
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