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ABSTRACT 
 

Phytoplankton are the major primary producers in marine ecosystems. By fixing inorganic carbon into 

algal biomass via photosynthesis, phytoplankton provide organic carbon to the rest of the food web and 

may ultimately contribute to the export of carbon to the deep ocean, a process known as the biological 

carbon pump. Phytoplanktonic growth is influenced by various factors, such as temperature, light, 

grazing pressure, and particularly by the availability of nutrients. However, in the Southern Ocean (SO), 

despite an excess of major macronutrients, phytoplankton biomass remains low, thus, making it the 

largest High Nutrient Low Chlorophyll region in the global ocean. A significant finding in the 90s 

proposed iron (Fe) availability to be the main driver for the lack of macronutrient usage and, therefore, 

for low chlorophyll biomass in this region, also known as the “iron hypothesis”. Due to the imbalance 

between low Fe concentrations (<0.2 nmol L-1) and the rapid biological uptake, Fe is the principal 

limiting element for primary production. Although less investigated, manganese (Mn) concentrations 

were found in the same order of magnitude as Fe in several oceanic sectors. Given that Mn is an essential 

element of the metalloenzyme cluster of the oxygen-evolving complex during photosynthesis, it was also 

speculated to act as a primary productivity-limiting nutrient next to Fe. In agreement with this 

hypothesis, several FeMn enrichment field experiments have shown that Mn limits or co-limits SO 

phytoplankton biomass in conjunction with Fe. Nevertheless, these experiments focused on the response 

of the whole phytoplankton community, while the effect of FeMn co-limitation on species composition 

has never been investigated. Given the importance of the taxonomic community composition to 

quantify the carbon accumulation and sinking velocity of phytoplankton aggregates, how these processes 

are affected by Fe and Mn availabilities remain an open question. To fill this gap, this thesis investigated 

the importance of Mn, in addition to Fe, on the composition of phytoplankton communities and further 

implications for the efficiency of the biological carbon pump in the SO. 

Through the performance of two FeMn addition experiments with natural phytoplankton assemblages 

in the Drake Passage, Publication I revealed that while both communities were Fe-limited, different 

groups also responded with enhanced growth towards FeMn additions. The dominant diatoms 

Fragilariopsis sp. and one subgroup of picoeukaryotes only reached maximum growth rate when Fe and 

Mn were provided together. Publication I discussed how different Fe and Mn requirements at a 

community level affect community structure, and as a follow-up, Publication II aims to determine 

species-specific Fe and Mn requirements. By combining phytoplankton photosynthesis modelling and a 

laboratory incubation experiment, the second study revealed different cellular mechanisms of P. 

antarctica to cope with low Fe and Mn levels. Upon Fe depletion, the single cell P. antarctica experienced 

typical signs of Fe limitation resulting in reduced growth, POC production, and photosynthetic 

efficiency. It was found, however, that the depletion of Mn alone did not affect the growth or POC 

production of P. antarctica as a result of major photophysiological adjustments.  
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Given the results gathered in Publications I-II and the importance of species composition in estimating 

the organic carbon flux, a novel experiment was conducted to investigate the growth and aggregation 

capability of a natural phytoplankton community in the Weddell Sea under altered Fe and Mn 

concentrations. Publication III demonstrated that the colonial P. antarctica reached maximum growth 

rate only with the addition of Fe and Mn together. Increasing the contribution of P. antarctica in a diatom-

dominated community enhanced the total primary production. Due to the stickiness caused by the 

mucus excretion of P. antarctica in conjunction with the highly silicified diatom community, the FeMn 

supplemented aggregates were found to be larger, highly carbon-enriched and enhanced carbon export 

by 2.5-fold compared to the single addition of Fe. 

Ultimately, this thesis indicates that Mn, in addition to Fe, has a vital role in structuring phytoplankton 

community composition in the SO. More specifically, Publications I, II and III highlighted the 

importance of both trace metals for the growth of two dominant phytoplankton groups of SO, with 

important implications for the biological carbon pump. 
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ZUSAMMENFASSUNG 
 

Durch photosynthetische Fixierung von anorganischem Kohlenstoff in Algenbiomasse stellt 

Phytoplankton organischen Kohlenstoff für den Rest des Nahrungsnetzes zur Verfügung. Dieser 

Kohlenstoff kann letztendlich in den tieferen Ozean exportiert werden, ein Prozess, der als biologische 

Kohlenstoffpumpe bekannt ist. Das Wachstum von Phytoplankton wird durch eine Vielzahl von 

Faktoren, wie zum Beispiel Temperatur, Licht, Weidedruck und insbesondere durch die Verfügbarkeit 

von Nährstoffen beeinflusst. Im Südpolarmeer (SO) bleibt die Phytoplankton-Biomasse jedoch trotz 

eines Überschusses an wichtigen Makronährstoffen gering. Eine wichtige Erkenntnis aus den 90er 

Jahren, auch bekannt als „Eisenhypothese“, deutete darauf hin, dass die Verfügbarkeit von Eisen (Fe) 

maßgeblich für die geringe Chlorophyllbiomasse in dieser Region verantwortlich ist. Aufgrund des 

Ungleichgewichts zwischen niedrigen Fe-Konzentrationen (<0.2 nmol L-1) und der schnellen 

biologischen Aufnahme ist Fe deshalb das maßgeblich limitierende Element für die Primärproduktion. 

Zusätzlich wurden in mehreren Sektoren im Südpolarmeer Mangan (Mn)-Konzentrationen in 

ähnlichen Größenordnungen wie Fe-Konzentrationen gemessen und angesichts der Tatsache, dass Mn 

ein wesentlicher Bestandteil des Sauerstoffproduzierenden Komplexes während der Photosynthese ist, 

wurde ebenfalls spekuliert, dass Mn zusätzlich als limitierender Faktor der Primärproduktivität fungiert. 

In der Tat haben mehrere Inkubationsexperimente mit natürlichen Phytoplanktongemeinschaften 

gezeigt, dass Mn alleinig oder in Verbindung mit Fe als limitierender Faktor die Biomasse begrenzt. 

Diese Experimente untersuchten jedoch die gesamte Phytoplanktongemeinschaft und unterschieden 

nicht, wie sich die Wirkung der FeMn-Ko-limitierung auf die Artenzusammensetzung innerhalb der 

Gemeinschaft auswirkt. Angesichts der Bedeutung der taxonomischen Zusammensetzung von 

Phytoplanktongemeinschaften auf die Sinkgeschwindigkeit von Phytoplanktonaggregaten stellt sich die 

weiterführende Frage, wie diese durch die Verfügbarkeit von Fe und Mn beeinflusst wird. Um diese 

Wissenslücke zu schließen, untersucht diese Dissertation den Einfluss von Mn, zusätzlich zu Fe, auf die 

Zusammensetzung von Phytoplanktongemeinschaften und sich daraus ergebende Implikationen für die 

Effizienz der biologischen Kohlenstoffpumpe in dem SO. 

Durch die Durchführung von zwei FeMn-Inkubationsexperimenten mit natürlichen 

Phytoplanktongemeinschaften der Drake-Passage zeigte Publikation I, dass obwohl beide 

Gemeinschaften Fe-limitiert waren, verschiedene Gruppen ebenfalls mit positivem Wachstum auf 

FeMn-Zugabe reagierten. Die dominante Kieselalge Fragilariopsis sp. und eine Untergruppe von 

Picoeukaryoten an zwei unabhängigen Standorten erreichte ausschließlich maximale Wachstumsraten, 

wenn sowohl Fe, als auch Mn zugegeben wurden. In Publikation I wird diskutiert, wie sich verschiedene 

artspezifische Fe- und Mn-Anforderungen, auf der Gemeinschaftsebene, auf die Gemeinschaftsstruktur 

auswirken. Publikation II zielte darauf ab artspezifische Fe- und Mn-Anforderungen zu bestimmen. 

Durch die Kombination von Modellierung und einem Laborinkubationsexperiment mit Phaeocystis 

antarctica enthüllte die zweite Studie verschiedene zelluläre Mechanismen, die es P. antarctica ermöglicht 
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mit niedrigen Fe- und Mn-Konzentrationen umzugehen. Nach Fe-Verarmung zeigte die einzellige P. 

antarctica typische Anzeichen einer Fe-Limitation in Form einer Verminderung in Wachstum, POC-

Produktion und photosynthetischer Effizienz. Es wurde jedoch festgestellt, dass eine ausschließliche 

Verarmung von Mn das Wachstum oder die POC-Produktion von P. antarctica aufgrund effektiver 

photophysiologischer Anpassungen nicht beeinflusste, im Kontrast zu zuvor veröffentlichten 

Ergebnissen mit einer Kieselalge aus dem SO. Angesichts der in Veröffentlichung I und II gesammelten 

Ergebnisse und der Bedeutung der Artenzusammensetzung auf die Abschätzung des organischen 

Kohlenstoffflusses wurde ein neuartiges Experiment in Publikation III durchgeführt, um das Wachstum 

und die Aggregationsfähigkeit einer natürlichen Lebensgemeinschaft im Weddellmeer unter 

veränderten Fe- und Mn-Konzentrationen zu untersuchen. Publikation III zeigte dadurch, dass die 

koloniale Phaeocystis antarctica maximale Wachstumsraten nur bei gleichzeitiger Zugabe von Fe und Mn 

erreichte. Außerdem führte die relative Erhöhung des Anteils von P. antarctica in einer ansonsten von 

Kieselalgen dominierten Gemeinschaft zu einem Anstieg der gesamten Primärproduktion, welcher sich 

durch größere und stärker kohlenstoffangereicherte Aggregate äußerte. Aufgrund der Klebrigkeit, die 

durch die Schleimexkretion von P. antarctica verursacht wird, in Verbindung mit der stark verkieselten 

Algengemeinschaft, wiesen die Aggregate höhere Konzentrationen von partikulärem organischem 

Kohlenstoff auf und erhöhten den Kohlenstoffexport um das Dreifache.  

Letztendlich offenbart diese Dissertation, dass Mn neben Fe einen wichtigen Einfluss auf die 

Strukturierung und Zusammensetzung der Phytoplanktongemeinschaft im SO ausübt, was weiterhin 

einen Schlüsselfaktor für die genaue Abschätzung der Effizienz der biologischen Kohlenstoffpumpe 

darstellt. 
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1.1 The influence of the Southern Ocean on the global carbon cycle 

 

1.1.1 The Southern Ocean: an important carbon sink  

 
The Southern Ocean (SO) has aroused scientific interest for decades. Already in the 80s, the SO was 

recognized as crucially important for the global carbon cycle and climate regulation (McElroy 1983). 

From south of 35°S, it represents 20% of the global ocean surface area (Gruber et al. 2019) and plays a 

significant role in our understanding of paleoclimate and ocean circulation at the global scale. Mainly 

westerly wind-driven, the Antarctic Circumpolar Current (ACC) navigates around the SO between 

45°S to 65°S and transports on average 130 Sv (106 m3 s-1) through the Drake Passage (Barker and 

Thomas 2004). The ACC is not only reduced to surface waters, but it also extends to the seabed and is 

associated with two meridional overturning circulation cells (Marshall and Speer 2012). In fact, it is a 

region of water-mass transformation and formation as its circulation facilitates the exchange of heat, 

gases, salt, nutrients and especially carbon dioxide (CO2), which makes the SO very unique for the 

global ocean (Sabine et al. 2004). In combination with high wind speeds, it enhances CO2 transfer from 

the atmosphere to surface waters, which are transported downward and this process enables the 

subduction of carbon into the main thermocline of the inside ocean. Thus, below 35°S, the SO can 

account for over 40% of anthropogenically derived CO2 vanishing into the ocean, making it the largest 

oceanic CO2 sink and, therefore, a substantial area to study (Sabine et al. 2004; Landschützer et al. 

2015). 

 

1.1.2 Physical and biological CO2 uptake  

 

The ocean’s capacity to absorb CO2 is calculated from the rate at which carbon is transferred from the 

surface to the deep ocean (Sabine and Feely 2007). The vertical gradient of dissolved inorganic carbon 

(DIC) is sustained by two main mechanisms: the solubility carbon pump and the biological carbon pump 

(BCP) (Volk and Hoffert 1985; Sarmiento 2013). The BCP includes the carbonate and soft-tissue pumps 

(Heinze et al. 1991). The total carbon storage also depends on many other parameters, such as air-sea 

gas exchange and water circulation (e.g. Galbraith and Skinner 2020) but the greatest amount of CO2 

stored in the SO results from seawater cooling. Surface waters of southward travelling water masses are 

cooling down at high latitudes and increase their capacity to uptake CO2 due to the higher solubility of 

cold water (Zeebe and Wolf-Gladrow 2001), i.e. the solubility pump (Volk and Hoffert 1985). This 

phenomenon results in up to 40% of DIC uptake from surface to deep waters (Toggweiler et al. 2003a), 

which hints toward the BCP being the secondary main mechanism controlling a substantial portion of 

the remaining DIC gradient (Toggweiler et al. 2003b). 
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1.2 The biological carbon pump 
 
For the purpose of this thesis, the biological carbon pump will be restricted to the soft-tissue pump, 

which focuses on DIC consumption by photosynthesis. The carbonate pump will not be discussed in 

this dissertation. 

 

1.2.1 The primary producers 

 

Phytoplankton, single-celled algae, synthesize energy-rich particulate organic matter from inorganic 

CO2, a process known as primary production (Fischer et al. 2016). Most of the marine primary 

production is attributed to phytoplankton (Falkowski 1994), making them the engine of the BCP 

(Chisholm 2000). By nourishing higher trophic levels, such as other protists and zooplankton, 

phytoplankton form the base of the oceanic food chain. Phytoplankton are highly diverse in species (e.g. 

30000 marine photoautotrophs; Falkowski and Raven (2013)) with cell sizes ranging from 2 μm to 2 mm 

(Tomas 1997). Among phytoplankton, diatoms (Bacillariophyceae, Heterokontophyta) are one of the 

most important phytoplankton groups representing eukaryotic organisms equipped with siliceous cell 

walls, called the ‘frustule’ (Battarbee et al. 2002). Diatoms contribute significantly to global carbon 

fixation (Sarthou et al. 2005) as their photosynthetic activity accounts for 25% of global and up to 40% 

of aquatic primary productivity (Smetacek 1999). In marine environments and among phytoplankton, 

diatoms contribute up to 40% of the total particulate organic carbon (POC) export (Jin et al. 2006). In 

addition, diatoms are highly optimized for taking up vast amounts of nutrients and storing them for later 

usage. This process is called ‘luxury consumption’ (Droop 1975). Consequently, in the SO, diatoms 

usually dominate phytoplankton blooms (Prézelin et al. 2000; Garibotti et al. 2003, 2005), especially in 

open ocean areas, and account for approximately 75% of the annual primary production in this part of 

the ocean (Nelson et al. 1995; Treguer et al. 1995). Among SO diatoms, Fragilariopsis sp. (Fig. 1a), a 

pennate genus, is one of the most abundant diatoms in the pelagic and sea ice zone (Boyd et al. 2000; 

Hoffmann et al. 2007; Strzepek et al. 2011). Within this genus, F. kerguelensis is an especially important 

species, known as a major contributor to the Antarctic opal belt (Zielinski and Gersonde 1997). F. 

kerguelensis depletes surface waters from silicic acid to sustain its high degree of silicification (Assmy et al. 

2013), being therefore, one of the most important species in the global silicon cycle (Treguer et al. 1995). 

 

The genus Phaeocystis is one of the most widespread marine haptophytes (Schoemann et al. 2005) and, 

in addition to diatoms, is often the dominant species in some areas of the SO (e.g. Smith et al. 2003). 

Due to its unique physiology, Phaeocystis can strongly affect the global biogeochemical cycles and climate 

regulation (e.g. Lancelot et al. 1994). Phaeocystis alters between free-living cells (3-9 μm) and spherical 

colonies (up to a few mm, Fig. 1b; Lancelot et al. (1994)), which involves the exudation of 
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(muco)polysaccharides (Hamm et al. 1999; Alderkamp et al. 2007). Because this mucus is enriched in 

carbon, Phaeocystis antarctica may allocate up to 30% of its POC to the synthesized extracellular matrix 

(Mathot et al. 2000). Moreover, Phaeocystis produces dimethylsulfoniopropionate (DMSP) and converts 

it enzymatically into dimethylsulfide (DMS), a volatile sulphur compound that can alter the quality of 

the atmosphere (Van Boekel and Stefels 1993). In the SO, Phaeocystis antarctica can form extensive blooms 

in seasonal ice zones and coastal Antarctic waters (El-Sayed et al. 1983; Arrigo et al. 1999). Therefore, 

next to diatoms, Phaeocystis is a significant contributor to carbon accumulation and export processes 

(DiTullio et al. 2000; Schoemann et al. 2005). 

 

 

 
 
 
Figure 1. Light microscopy pictures of two Southern Ocean key species. The chain-forming 
Fragilariopsis sp. (a) and a colony of Phaeocystis antarctica (b). Credit: J. Balaguer.  
 
 
1.2.2 Influence of phytoplankton diversity on the biological carbon pump 

 

Aggregation of phytoplankton cells is one of the most important contributors to sinking POC (Fig. 2). 

When cells collide, they form phytodetrital aggregates (Laurenceau-Cornec et al. 2015). Their 

aggregation time and sinking rate is influenced by variations in taxonomic traits such as cell size, shape, 

and for diatoms, different degrees of cell-wall silicification (Fig. 2a,b) (Tréguer et al. 2018). Thus, 

phytoplankton taxonomy plays a crucial role in controlling organic carbon exports. The silicate to 

carbon ratio (Si:C), which can provide an estimation of sinking rates, depends on the environmental 

conditions but also on the phytoplankton species that has a specific frustule thickness and influences its 

overall cellular weight (Durkin et al. 2012; Tréguer et al. 2018). Fragilariopsis kerguelensis (Fig. 1b, 2b) is 

an example of a silicate-sinker species found within iron (Fe)-limited environments (Assmy et al. 2013; 

Queguiner 2013). Its high degree of silicification results in fast sinking rates and can contribute 
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significantly to the export of organic matter (Tréguer et al. 2018). Averse, diatoms like Chaetoceros sp. or 

Pseudo-nitzschia sp. (Fig. 2b) can be defined as carbon-sinkers. They are small, light in terms of shell-

silicate content, fast growers, usually chain-forming and can be found in Fe-richer areas (Assmy et al. 

2013; Queguiner 2013). Additionally, changes in community structure, resting spores (Rembauville et 

al. 2015), and, in particular, the production of transparent exopolymers (TEP) increase the possibility 

of aggregate formation (Fig. 2c; Mari et al. (2017)). In the SO, the TEP produced by Phaeocystis antarctica 

helps coagulation processes that form larger particles (Engel 2000; Passow 2002) and can also result in 

bigger aggregates (Passow and Alldredge 1995). Thus, in conjunction with other cells, these TEP-

containing aggregates can also sink faster due to the density provided by the silicified diatoms (Mari et 

al. 2017). Hence, species composition inside aggregates is a crucial factor in determining the strength 

and efficiency of the biological carbon pump.  

 

 

 
 
 
Figure 2. Processes influencing the transfer efficiency of organic carbon. Cell size and 
shape (a), degree of cell-wall silicification (b) and the changes in community population states such as 
TEP concentrations, diatom stickiness, and different environments, e.g. rich in particulate 
inorganic/organic matter (c). Modified from Tréguer et al. (2018). 
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1.2.3 From primary production to carbon export  

 

The BCP removes CO2 from surface waters as a result of the biological activity of phytoplankton (Fig. 

3; Volk and Hoffert (1985)). In fact, through photosynthesis, phytoplankton CO2 fixation enhances the 

conversion of DIC and transport of organic carbon from the euphotic layer to the deep ocean (Fig. 3). 

Carbon is transported downward through the sinking of phytoplankton aggregates (Fig. 2, 3) but also 

release of faecal pellets from zooplankton (Turner 2015; Cavan et al. 2017), vertical mixing of the water 

and organisms vertical migration (Fig. 3; Ducklow et al. 2001; Siegel et al. 2016). When remineralized, 

CO2 and nutrients can be released, fueling secondary production (Fig. 3). Phytoplankton and 

heterotrophic respiration generate organic carbon loss in the water column, which is afterwards released 

as DIC either in the atmosphere or in deeper water layers (Fig. 3). Hence, the BCP governs vertical 

fluxes of dissolved inorganic carbon (Volk and Hoffert 1985) and organic compounds (Turner 2015). 

Phytoplankton carbon fixation is an essential process to regulate ocean-atmosphere exchange of CO2 

and part of the 40% anthropogenically derived CO2 uptake (Sabine et al. 2004; Landschützer et al. 

2015), ≈10% results from CO2 fixation by phytoplankton (Dunne et al. 2007). 

 

 

 
 

Figure 3. Schematic illustration of the biological carbon pump. Carbon is fixed on the surface 
via photosynthesis. Passing through the whole food web, a fraction of CO2 is released through 
respiration. A large portion sinks into deeper water to be remineralized to CO2 by bacteria and other 
heterotrophs. Only a small fraction will sediment on the sea floor. Modified from Chisholm (2000). 
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1.3 Control of primary production in the Southern Ocean 

 

1.3.1 Detection of Fe and Mn limitations in the field 

 
In many parts of the SO, macronutrients such as nitrate (NO3, Fig. 4), phosphate (PO4) and silicate 

(SiOH4) are abundant due to the upwelling of nutrient-rich deep waters into the surface mixed layers 

(Pollard et al. 2006). However, despite a plethora of macronutrients and light, the SO is destitute of 

chlorophyll a (Chla). In the 1990s, Martin and colleagues group showed that Fe is crucial for 

phytoplanktonic growth and photosynthesis (Martin et al. 1990a; b), thereby, the scarcity of this element 

sustains the low biomass in some parts of the SO. Hence, perennial concentrations of macronutrients 

next to low chlorophyll signal make the SO the world’s largest High-Nutrient Low-Chlorophyll 

(HNLC) region, as designated by Minas et al. (1986). Since then, many artificial Fe-fertilization 

experiments have been conducted in one-third of the world’s oceans (e.g. De Baar et al. 2005; Boyd et 

al. 2007), which confirmed Martin’s hypothesis (Martin 1990). Therefore, although the possibility of 

other trace metals (TMs) limiting primary production next to Fe was early hypothesized (Martin et al. 

1990b; Buma et al. 1991), the primary productivity of the SO has been mainly linked to Fe availability 

(Fig. 4, red circles).  
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Figure 4. Patterns of nutrient limitation. Background colour indicates annual average surface 
concentrations of nitrate (in μmol kg–1, nitrate is scaled by the mean nitrate:phosphate ratio of organic 
matter (divided by 16; see Moore et al. (2013)). Symbols indicate the primary (central circles) and 
secondary (outer circles) limiting nutrients as determined by measuring increases in either chlorophyll 
and/or primary productivity upon enrichment experiments of: nitrate (green), phosphate (black), Fe 
(red), silicate (orange), cobalt (yellow), zinc (cyan) and vitamin B12 (purple). Divided circles indicate 
potential co-limitation. White outer circles indicate that no secondary limiting nutrient was identified 
due to the lack of tests. Additional data in the Drake Passage for Fe and Mn (grey) from Browning et al. 
(2021) were added in the red square. Reprinted and modified from Moore et al. (2013). 
 
 
In recent years, the importance of other TMs in governing SO phytoplankton biomass has come to 

light, with manganese (Mn) being one of them. Already in the early 90s, low values of dissolved Mn 

were reported in the Drake Passage, which provided the first information about the potential 

importance of Mn apart from Fe for phytoplanktonic growth (Martin et al. 1990b). More recently, 

international sampling surveys (e.g. GEOTRACES, Schlitzer et al. 2018, Fig. 5) next to additional 

measurements also reported low surface Mn concentrations in the Atlantic sector (0.04 nmol L-1, 

Middag et al. 2011) and in several other regions of the SO such as the Weddell Sea (<0.2 nmol L-1, 

Middag et al. 2013), Ross Sea (0.21-0.26 nmol L-1; Wu et al., 2019), the Drake Passage (≈0.03-2 nmol 

L-1, (Middag et al. 2012; Browning et al. 2014a, 2021)) and the Australian sector (<0.6 nmol L-1, Latour 

et al. 2021). Mn acting as a limiting factor next to Fe was for the first time tested by Buma et al. (1991) 
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and showed that growth and species composition of natural phytoplankton assemblages from the 

Weddell-Scotia Confluence were similarly stimulated with Fe or Mn enrichments alone. This discovery 

was strengthened by a recent study in which a phytoplankton community of the Drake Passage was 

limited solely by Mn availability (Fig. 4, grey circles; Browning et al. 2021). According to these 

observations, it was proven that bulk phytoplankton biomass in this region is not only limited by Fe but 

also by Mn.  

 
 
 
Figure 5. Surface dissolved manganese concentrations in the Drake Passage, the 
Western Antarctica Peninsula and the Atlantic sector of the Southern Ocean. Data were 
extracted in August 2022 from the GEOTRACES Intermediate Data Product Group (2021).  
 
 
1.3.2 Detection of FeMn co-limitation in the field 

 
The term co-limitation refers to the definition that several nutrients may limit phytoplanktonic growth.  

According to Liebig’s law (De Baar 1994), an organism is co-limited when one nutrient limits followed 

by another limiting nutrient. Today, co-limitation is defined as the simultaneous drawdown of two (or 

more) nutrients and the addition of both (or more) nutrients is necessary to enhance growth (Arrigo 

2005; Saito et al. 2008; Moore et al. 2013). However, the nature of co-limitation between several 

nutrients varies depending on the involved trace metals (e.g. dependent, independent, substitution; 

Arrigo, 2005; Saito et al., 2008) and can be difficult to dismantle through solely nutrient amendment 

experiments (Moore et al. 2013). The first hint of FeMn co-limitation for phytoplankton communities 

was drawn by Browning et al. (2014), where some natural phytoplankton assemblages across the Drake 

Passage increased their photosynthetic activity and biomass after ash additions, containing both Fe and 

Mn. The additional low Mn concentrations (Fig. 5) at these locations support the hypothesis that these 

communities were potentially FeMn co-limited. This finding was recently supported by Browning and 
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colleagues (2021), where indeed, a phytoplankton community was found to be FeMn co-limited (Fig. 4, 

red/grey circles). In addition, natural Phaeocystis populations in the Ross Sea were observed to produce 

specific protein signatures indicating Mn and Fe stress and followed Fe and Mn enrichments led to a 

significant build-up of Chla (Wu et al. 2019). Clear evidence for FeMn co-limitation for phytoplankton 

growth was only recently demonstrated in multiple incubation experiments performed in the Drake 

Passage (Fig. 4, red/grey circles; Browning et al., 2021), establishing the theory described a few years 

ago by (Martin et al. 1990a). However, these studies result in the analysis of bulk parameters such as 

Chla or POC production but the consequence on community structure stays poorly understood. 

Henceforth, to dismantle the effect of FeMn co-limitation on community structure, a mechanistic 

understanding of Fe and Mn need for growth is required. 

 

1.4 The need of Fe and Mn for photosynthesis  

 
The enhanced growth of phytoplankton in response to Fe, Mn or FeMn addition results from the simple 

certainty that Fe and Mn are required for photosynthesis, being used as components of a few redox 

catalysts (Raven 1990). 
 

1.4.1 Photosynthesis and chlorophyll fluorescence measurements  

 
Most phytoplankton are photoautotrophic organisms capable of using the energy of sunlight to convert 

CO2 into energy-rich particulate organic matter (Fischer et al. 2016). Oxygenic photoautotrophs possess 

two photochemical reaction centres (PSII and PSI, Fig. 6), linked to peripheral antenna pigment-protein 

complexes, where the light-harvesting pigments such as Chla, chlorophyll c2 and fucoxanthin are 

located. These so-called light-harvesting complexes are localised in the thylakoid membranes inside the 

chloroplasts of photosynthetic cells. Both photosystems are part of the linear electron transfer during 

the photosynthetic process. During light reactions, oxidation of water to oxygen (O2) occurs in PSII and 

leads to an excess of protons and electrons being further utilised to synthesise ATP (adenosine 

triphosphate) and NADPH (nicotinamide adenine dinucleotide phosphate hydrogen). NADPH (Fig. 6) 

and ATP formed during the light-dependent reactions are mainly used for carbon fixation during the 

Calvin-Benson Cycle, the “dark reaction” (Falkowski and Raven 2013). When the photon flux exceeds 

the turnover capacity of the photosynthetic apparatus, which is set by the carbon fixation rate of the 

Calvin-Benson Cycle, the energy needs to be dissipated through different pathways referred to as non-

photochemical quenching (NPQ). NPQ functions through heat dissipation by the photoprotective 

xanthophyll pigments (diadinoxanthin and diatoxanthin) inside the light-harvesting complexes 

(Behrenfeld and Milligan 2013).  
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Figure 6. Simplified Z-scheme of the light reaction within photosynthesis highlighting 
main Fe and Mn sinks. The Z-Scheme represents the electron flow from water (H2O) to NADP+ 
during the light reaction of photosynthesis. P680 and P700 correspond to Chla molecule dimers with 
an absorbance maximum at 680 and 700 nm wavelength, respectively. Excitation of the Chla dimer 
P680 in PSII to P680*, followed by photoinduced charge separation leads to P680+, a very strong 
oxidizing agent, that then drives the water splitting reaction within the water-oxidizing-complex (WOC), 
also called the Mn centre. In PSII, light absorption induces electron transfer from P700 over P700* 
down an electron-transfer pathway that with the help of three 4Fe-4S clusters eventually generates 
reduced ferredoxin, a strong reducing agent, which subsequently drives the reduction of NADP+ to 
NADPH. Thereby produced P700+ is neutralized by the electron transfer from PSII. The proton 
gradient generated within the light reaction will ultimately drive ATP-synthesis. Adapted and simplified 
from Falkowski and Raven (2013).  
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The fast repetition rate fluorometer (FRRf) was developed to ensure the measurements of active Chla 

fluorescence (Kolber and Falkowski 1993). Fluorescence is one of the three fates of energy that is 

absorbed by chlorophyll molecules. In addition, this energy can also be dissipated as heat (i.e. NPQ) or 

used for photochemistry (i.e. further redox reactions) (Butler 1978). Prior to analysis, samples need to 

be inoculated in the dark in order to ease photoprotective mechanisms, which enable the exclusion of 

the NPQ mechanism. Hence, the absorbed energy is either utilised for fluorescence or photochemistry. 

When the primary electron acceptor of PSII is oxidised (“open”, it can receive electrons), fluorescence 

is low; inversely, when the primary electron acceptor of PSII is reduced (“close”, it cannot receive 

electrons), fluorescence is high. Briefly, the FRRf undergoes a rapid series of sub-saturation light flashes 

to stimulate the photosynthetic properties between light harvested by PSII and the primary electron 

acceptor of PSII (Behrenfeld and Milligan 2013). In response to the increased duration of flashes, 

fluorescence is enhanced as the reaction centres are saturated with absorbed photons and close. Using 

measurements of the minimum Fo (of dark-adapted samples, when reaction centres are open) and the 

maximum Fm fluorescence values (at the end, when reaction centres are closed), PSII photochemical 

efficiency (Fv/Fm) is calculated (Kolber et al. 1998). Hence, the probability that available excitation 

energy will be used for photochemistry by PSII reaction centres corresponds to Fv/Fm values. 

Furthermore, the FRRf provides functional absorption section (σPSII) measurements, an indirect 

estimation of the antennae size (Kolber et al. 1998).  

 
1.4.2 Fe and Mn requirements for photosynthesis  

 

Phytoplankton cells have a high Fe requirement as it is involved in different cellular processes such as 

carbon and nitrogen fixation, nitrate and nitrite reduction, chlorophyll synthesis and especially 

photosynthesis and respiration processes (Behrenfeld and Milligan 2013; Twining and Baines 2013). 

Thylakoid membranes are the most dominant cellular sinks for Fe (Raven 1990). In fact, 80% of the 

total cellular demand for Fe is needed during the photosynthetic electron transport (Raven et al. 1999; 

Behrenfeld and Milligan 2013). Hence, all the thylakoid electron transport depends on Fe, with the 

highest requirements for PSI (12 Fe atoms, Fig. 6) (Behrenfeld and Milligan 2013). Therefore, Fe 

limitation usually leads to a reorganisation of the thylakoid membrane and decreases the transfer 

efficiency of excitation energy within photosystem II (Greene et al. 1992). Consequently, Fe limitation 

leads to less ATP and NADPH production, affecting carbon fixation (Peers and Price 2004). As most 

intracellular Fe is required in the photosynthetic apparatus, Fe limitation lowers the photosynthetic 

efficiency (Fv/Fm) of phytoplankton (Greene et al. 1992). Next to Fe, Mn is the second most abundant 

trace metal needed in the thylakoids (Raven et al. 1999). Mn acts as a redox cofactor and activator of 

metal binding sites for enzymes. The main sink of Mn is PSII, where it serves as an essential element of 

the metalloenzyme cluster of the water-oxidising-complex (WOC, Fig. 6), which sustains the supply of 
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electrons to PSII (Fig. 6, Raven 1990; Armstrong 2008). In total, four Mn atoms per PSII are needed 

to enable water splitting and thus O2 production ( Fig. 6, Raven 1990). In addition, Mn is also an integral 

part of the superoxide dismutase (SOD), the principal antioxidant enzyme in mitochondria. SODs are 

necessary to scavenge reactive oxygen species (ROS), byproducts of oxygenic photosynthesis (Wolfe-

Simon et al. 2005; Falkowski and Raven 2013).  

 
Little is known about species-specific requirements of Fe and Mn and how low Fe and Mn supply affects 

photophysiology. The few publications providing intra-cellular trace metal quotas for SO species 

revealed notable differences between taxa for cultured phytoplankton as well as isolated diatoms from 

Fe-depleted SO waters (Twining and Baines 2013). While all of them have, on average low Fe quotas, 

differences between species were the strongest for diatoms. Indeed, a fourfold difference was reported 

among centric and pennate diatoms in the SO (Twining and Baines 2013). For SO species, variations 

between 10 and 100 µmolTM molC-1 were reported for Fe and Mn, with Mn quotas on average 2.7 times 

lower than for Fe (Moore et al. 2013). Inconsistent results in Fe quotas were also reported for P. antarctica, 

subjected to low Fe concentrations. With low Fe supply, cellular TM quotas of P. antarctica consistently 

varied between 1 and 20 µmolFe molC-1 (Strzepek et al. 2012; Twining and Baines 2013; Koch et al. 

2019); however, in Fe replete conditions, these quotas can increase 5 to 10 fold (Strzepek et al. 2011, 

2012; Koch et al. 2019). Although the TM quotas are substantial to understand divergent requirements 

of phytoplankton, data remain scarce.  

 

1.4.3 Physiological response to Fe and Mn limitations  

 

The effects of Fe limitation on SO key species have been widely investigated. As a result of less ATP 

and NADPH available for carbon fixation (Peers and Price 2004), decreases in growth and POC 

production were already observed under low Fe supply for several SO diatoms (Hoffmann et al. 2007; 

Strzepek et al. 2012; Alderkamp et al. 2012; Petrou et al. 2014; Trimborn et al. 2019; Pausch et al. 

2019). Like diatoms, the haptophyte Phaeocystis antarctica also experienced a decline in growth in response 

to Fe limitation (Alderkamp et al. 2012; Strzepek et al. 2012, 2019; Koch et al. 2019; Trimborn et al. 

2019; Wu et al. 2019; Rizkallah et al. 2020). Moreover, under Fe limitation, the electron transport is 

not limited to a single pathway, but electrons can also flow before the Fe-rich PSI through a midstream 

oxidase, such as the most common plastid terminal oxidase (PTOX) (Mackey et al. 2008). The use of 

this pathway was already hypothesised for the diatom Chaetoceros debilis under low Fe supply (Pausch et 

al. 2019). Additionally, when Fe is limiting, a decrease in Fv/Fm is typically accompanied by an increase 

in the size of the antennae, meaning an increase in σPSII (Behrenfeld and Milligan 2013), a trade-off to 

compensate for fewer photosynthetic reaction centres under Fe-limiting conditions (Strzepek et al. 

2012). Hence the inverse relationship between Fv/Fm and σPSII has commonly been used as an indicator 

of Fe limitation of HNLC waters (Behrenfeld and Kolber 1999; Hopkinson et al. 2007). However, as 



 
 

 
15 

low Fv/Fm values indicate photophysiological stress, other trace metal limitations can be hidden behind 

this parameter and some studies have already suggested that low Fv/Fm values may also be associated 

with low Mn concentrations (Browning et al. 2014a, 2021; Pausch et al. 2019; Wu et al. 2019).  

 

The consequence of a simultaneous deficiency in Fe and Mn on the physiology of SO key species is 

poorly investigated and the nature of FeMn co-limitation (c.f. 1.3.2) remains unclear. In fact, under 

stress, as a consequence of several abiotic parameters, such as low Fe supply, the production of ROS 

can exceed the catalytic activity of the Mn-SOD and the accumulation of ROS in the cells can bring 

the organism to an oxidative stress state (Apel and Hirt 2004). This mechanism of inter-dependence 

between Mn and Fe was already observed and an increase in the Mn:Fe ratio of two temperate diatoms 

was reported as a consequence of more oxidative stress when Fe is limiting (Peers and Price 2004). 

However, an experimental study by Pausch et al. (2019) showed that Mn deficiency inhibited growth 

and carbon production of the SO diatom Chaetoceros debilis to the same degree as Fe deficiency, suggesting 

an independent nutrient co-limitation between Fe and Mn for this species (Type I from Arrigo, 2005; 

Saito et al., 2008). The concomitant addition of Fe and Mn increased the photosynthetic efficiency, 

POC production and growth rate of SO diatom Chaetoceros debilis due to a higher electron transport rate 

in the photosynthetic apparatus (Pausch et al. 2019). Hence this Antarctic key species was potentially 

co-limited by naturally low dissolved Fe and Mn concentrations. Similar Fe and Mn conditions also 

generated changes in the proteome of the haptophyte Phaeocystis antarctica which resulted in the 

reorganisation of the photosynthetic apparatus (Wu et al. 2019). Most extensive protein changes were 

observed in P. antarctica only under low supply of both Fe and Mn. Combined low Mn and Fe availability 

enhanced oxidative stress of in situ Phaeocystis populations in the Ross Sea, suggesting potential FeMn co-

limitation for this species (Wu et al. 2019). So far, only knowledge of these two species is available; thus, 

further mechanistic understanding of low Fe and Mn supply effect on SO phytoplankton is necessary.  

 

1.4.4 Interactive effect of Fe, Mn and light on cellular requirements  

 

Next to Fe and Mn, light availability exerts a considerable control of phytoplankton biomass in the SO 

(Boyd 2002; Smith and Lancelot 2004). In the marine environment, light availability can be highly 

variable in terms of intensity and durability from season to daily short-term changes such as vertical 

phytoplankton migration, water mixing, ice and cloud cover. In open waters of the SO, low light 

availabilities induced by deep mixing are the main factor influencing algal growth (Mitchell et al. 1991; 

Nelson and Smith Jr 1991; Timmermans et al. 2001; Van Oijen et al. 2004; Hoffmann et al. 2008). 

Indeed, during large-scale in situ Fe fertilisation experiments, a significant negative correlation was found 

between the wind mixed layer depth and the maximum Chla concentration (De Baar et al. 2005). It is 

a central question to which degree light modulates the cellular Fe requirements and, thereby, carbon 
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fixation under Fe-limiting conditions. In an area like the open waters of the SO, which are characterised 

by low Fe supply and seasonally low light conditions, SO phytoplankton are more prone to experience 

a biochemical interdependence (c.f. 1.3.2) between Fe and light. In fact, under low light, the production 

of light-harvesting pigments is enhanced and thus, cellular Fe requirements increase (Raven 1990; 

Sunda and Huntsman 1998; Strzepek and Price 2000). However, other studies show a different 

adaptative strategy of some Antarctic phytoplankton species that do not increase their cellular Fe 

requirements but rather the size of their photosynthetic units (Strzepek et al. 2012). It is important to 

note that differences exist within phytoplankton groups depending on differences in the architecture of 

their photosynthetic apparatus, such as varying quantities of PSI and cytochrome b6 complex 

(Schoffman et al. 2016). Consequently, SO diatoms show different responses towards altered Fe and 

light availabilities (Timmermans et al. 2001; Hoffmann et al. 2008) as a result of different requirements 

of species. Little is known about the effect of low light in addition to altered Fe and Mn availability 

together, and if low light supply could relieve FeMn co-limitation for some SO species remains an open 

question.  

 

1.5  Aims and scope of the thesis  
 

This thesis aims to assess the effect of Fe and Mn availability on phytoplankton species composition and, 

thereby, primary productivity in the SO. For this purpose, laboratory and field experiments were 

conducted to answer the following research questions: 

 

Is Mn acting as a limiting factor next to Fe for SO phytoplankton? 

 

Already in the 90s, growth and species composition of natural phytoplankton assemblages were proven 

to be influenced by enrichment of Fe or Mn alone (Buma et al. 1991). Still, the effect of Fe and Mn 

together was not tested. Despite evidence of Mn acting as a limiting factor along with Fe (Browning et 

al., 2014, 2021), no study has so far proven the effect of Fe and Mn co-limitation on phytoplankton 

species composition, an information often hidden behind bulk parameters such as primary production. 

Therefore, the first study aims to identify FeMn co-limitation of natural phytoplankton assemblages 

across the Drake Passage and elucidate its effect on species composition. This objective will be addressed 

in Publication I, Chapter 2. 
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What physiological mechanisms drive different Fe and Mn requirements among SO key phytoplankton 

species?  

 

Given divergent Fe and Mn requirements of phytoplankton, it is essential to conduct single-species 

laboratory experiments in order to examine cellular responses to altered levels of Fe and Mn, which 

cannot be evaluated in situ. While it is well documented how SO key species cope with Fe limitation, co-

limitation of Fe with Mn is little understood. Only recent studies on SO key species have shown that the 

Chaetoceros debilis (Pausch et al. 2019) and Phaeocystis antarctica (Wu et al. 2019) experienced stress under 

FeMn limitation. Nevertheless, the physiological response of Antarctic phytoplankton key species to low 

Fe and Mn availability remains insufficiently studied. Particularly, there is no data on intracellular Fe 

and Mn quotas of single Antarctic phytoplankton species under Fe and Mn limitations. Therefore, the 

second study aims to provide a detailed physiological characterisation of a SO key phytoplankton species 

in response to a range of different Fe and Mn concentrations. This objective will be addressed in 

Publication II, Chapter 3.  

 

How do the single and combined limitations of Fe and Mn influence SO primary production and carbon 

export? 

 

The later objectives question how Fe, Mn limitations and FeMn co-limitation are vital drivers of 

phytoplankton species composition due to the divergent requirements of phytoplankton. Moreover, 

species composition has been demonstrated to significantly impact aggregate formation and organic 

carbon export (e.g. Tréguer et al. 2018). However, how the changes within the community induced by 

low Fe and Mn supply affect aggregation and carbon accumulation were never tested. Hence, the third 

objective of the thesis is to assess how potentially FeMn limited SO phytoplankton community 

composition affects carbon export. This objective will be addressed in Publication III, Chapter 4.  

 

In the last chapter (c.f. Chapter 5), the major findings of the thesis are summarised. Furthermore, the 

results are discussed in the context of climate change and their implications for the future of the BCP in 

the SO. An overview of future research directions is also provided at the end of Chapter 5.  
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limited, while the rest of the community was only Fe-limited.  
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Fe and Mn addition due to an increase in Phaeocystis antarctica growth rate. This increase enhances 

significant accumulation and export of organic carbon. 
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Supplementary materials for Chapter 2 
 

Methods 

Only at the end of both experiments, electron transport rates (ETR) irradiance curves were determined 

applying 9 different irradiances from 0 up to 1700 μmol photons m-2 s-1 with an acclimation phase of 5 

min for each light level. A light sensor (ULM-500 Universal Light Meter equipped with a Spherical 

Micro Quantum Sensor US-SQS, Walz GmbH, Effeltrich, Germany) measured each light intensity (E, 

μmol photons m-2 s-1) emitted from the FastAct Laboratory system enabling the calculation of the 

absolute electron transport rates (aETR, e- PSII-1 s-1) according to the formula by Suggett et al. (2004): 

 𝐸𝑇𝑅 =	𝜎!"## 	.
$
!"#
!"$

%

$ !%!$%
	 . 𝐸  

where F’q/F’m is the effective PSII quantum yield at ambient light. Maximum ETR (ETRmax, e- PSII-

1 s-1), light utilization efficiency (α), which is the slope of the curve at low irradiance, and minimum 

saturating irradiance (IK, μmol photons m-2 s-1) were calculated from the fitted irradiance-dependent 

ETR (Silsbe and Kromkamp 2012) (Suppl. Table 4), through a Nelder-Mead method coded on R 

Studio (version 1.1.463, © 2009-2016).  

 
Silsbe, G. M., and J. C. Kromkamp. 2012. Modeling the irradiance dependency of the quantum 

efficiency of photosynthesis. Limnology and Oceanography: Methods 10: 645–652. 

Suggett, D. J., H. L. MacIntyre, and R. J. Geider. 2004. Evaluation of biophysical and optical 

determinations of light absorption by photosystem II in phytoplankton. Limnology and 

Oceanography: Methods 2: 316–332. 
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Table S1. Microscopic cell counts (cells mL-1) determined of the initial community sampled at station 
West and East (n = 1) and at the end of experiment West (a) and East (b) after exposure to different Fe 
and Mn availabilities. Values represent the mean ±	SD (n=3). Different letters indicate significant 
differences between treatments (p < 0.05). 
 

 
 
Table S2. Flow cytometry cell counts (cells mL-1) determined of the initial community sampled at 
station West and East (n = 1) and at the end of experiment West (a) and East (b) after exposure to 
different Fe and Mn availabilities. Values represent the mean ±	SD (n=6). Different letters indicate 
significant differences between treatments (p < 0.05).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 Fragilariopsis sp. Chaeotoceros sp. Pseudo-nitzschia sp. 

 
Phaeocystis 
antarctica 

 cells mL-1 cells mL-1 cells mL-1 cells mL-1 

West     
Initial  306 ~95% 6 ~2% 3 ~1% 6 ~2% 
Control 589 ± 12 c 81 ± 16 ab 31 ± 2 b 6 ±	2 b  
+Mn 720 ± 12 c 92 ± 16 ab 28 ± 20 b 2 ± 3 b 
+Fe 1057 ±	10 b 112 ±	16 a 167 ± 15 a 39 ±	5 a 
+FeMn 1429 ± 10 a 66 ± 16 b 135 ± 20 a 10 ± 4 b 
     
East      
Initial 230 ~77% 43 ~14% 20 ~7% 7 ~2% 
Control 442 ± 18 b 290 ±	17 b 105 ± 14 b 71 ±	54 a 
+Mn 430 ± 21 b 190 ± 22 c 88 ± 35 b 13 ± 7 a 
+Fe 1116 ±	217 a 329 ± 37 ab 648 ±	168 a 470 ±	384 a 
+FeMn 1383 ± 178 a 401 ± 55 a 687 ± 113 a 205 ± 32 a 

 P1 P2 P3 
 cells mL-1 cells mL-1 cells mL-1 
West    
Initial  743 ~32% 1332 ~58% 222 ~10% 
Control 2986 ±	633 c 918±	199 b 50 ±	16 b 
+Mn 3270 ±	330 bc 828±	204 b 54 ±	26 b 
+Fe 3779 ±	936 ab 1655±	429 a 342 ±	94 a 
+FeMn 4092 ±	474 a 1647±	269 a 349 ±	79 a 
East     
Initial 483 ~34% 701 ~49% 246 ~17% 
Control 1928 ±	219 a 1397 ±	260 c 250 ±	40 b 
+Mn 1359 ±	262 b 1415 ±	268 c 211 ±	31 c 
+Fe 453	±	70 d 3498 ±	399 b 829 ±	222 a 
+FeMn 651 ±	71 c 4611 ±	747 a 882 ±	118 a 
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Table S3. Concentrations of the macronutrients (NOx=NO3 (nitrate)+ NO2 (nitrite), PO4=phosphate, 
SiOH4=silicate) were determined in each treatment at the end of the experiments West and East. Values 
represent the mean ± SD (n=3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table S4. The minimum saturating irradiance (Ik), light utilization efficiency (a) and absolute 
maximum electron transport rate (ETRmax) were determined at the end of the experiment from the 
communities sampled West and East after exposure to different Fe and Mn availabilities. Values 
represent the mean ± SD (n=3). 
 
 
 
 
 
 
 
 

  NOx PO4 SiOH4 
  μM μM μM 
West     
Control 24.5 ±	0.14 1.60 ± 0.01 16.5 ± 0.18 
+Mn 24.5 ± 0.17 1.55 ±	0.04 16.2 ± 0.27 
+Fe 23.2 ±	0.25  1.44 ±	0.02  14.8 ± 0.31  
+FeMn 23.5 ± 0.06 1.46 ± 0.06 14.7 ±0.07  
East     
Control 24.6 ± 0.10  1.57 ±	0.02 20.6 ± 0.32 
+Mn 24.8 ± 0.15 1.57 ± 0.03 21.1 ±	0.37 
+Fe 22.1 ± 0.48  1.35 ± 0.02 18.2 ± 0.61  
+FeMn 22.1 ±	0.51  1.34 ± 0.02  17.6 ±	0.07  

  Ik a ETRmax 
  μmol photons m-2 s-1     rel.unit    e-PSII-1s-1 
West      
Control 76 ± 65 2.64 ± 0.91 201 ± 69 
+Mn 126 ± 111 2.43 ± 0.32 306 ± 36 
+Fe 206 ± 184 2.46 ± 0.07 507 ± 13  
+FeMn 107 ± 71 1.91 ± 0.13 204 ± 9    
East     

Control 81 ± 68 2.55 ± 0.23 207 ± 16 
+Mn 123 ± 113 2.97 ± 0.09 366 ± 10  
+Fe 130 ± 107 1.58 ± 0.36  206 ± 38 
+FeMn 113 ± 86 1.82 ± 0.13 206 ± 11 
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Figure S1. Examples of flow cytometric counts and the 4 gating groups for each treatment. 
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Figure S2. Chlorophyll a content (ug L-1) and the abundances of picoeukaryotes (three subgroups P1-
P3), Chaetoceros sp., Fragilariopsis sp., Pseudo-nitzschia sp. and Phaeocystis antarctica were determined at the 
end of the experiment for the communities sampled West (a) and East (b) after exposure to different Fe 
and Mn availabilities. Values represent the mean ±	SD (n=3). 
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Figure S3. The dark-adapted maximum photosystem II quantum yield (Fv/Fm) over time for 
experiment West (a) and East (b).  
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ABSTRACT 

Iron (Fe) and manganese (Mn) availability and the divergent requirements of phytoplankton species are 

important drivers of Southern Ocean (SO) community composition. Knowledge about Antarctic 

phytoplankton species requirements for Fe and Mn remains, however, scarce. By performing laboratory 

experiments and modelling, we investigated the response of the ecologically important SO species 

Phaeocystis antarctica to a combination of different Fe and Mn concentrations. Fe deprivation alone 

provoked typical physiological characteristics of Fe limitation in P. antarctica (e.g. lowered growth, carbon 

production and photosynthetic efficiency). In comparison, under Mn deprivation alone, growth and 

carbon production of P. antarctica were not impacted. Its tolerance to cope with low Mn concentrations 

resulted from an efficient photoacclimation strategy, including a higher number of active photosystems 

II through which less electrons were transported. This strategy allowed to maintain similar high growth 

and carbon production rates as FeMn-enriched cells. Due to its low Mn requirement, P. antarctica 

performed physiologically as Fe-deprived cells under the combined depletion of Fe and Mn. Hence, our 

study reveals that different from other SO phytoplankton species, P. antarctica possesses a high capacity 

to cope with natural low Mn concentrations, which can facilitate its dominance over others, potentially 

explaining its ecological success across  
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INTRODUCTION 
 
The Southern Ocean (SO) is the world’s largest High-Nutrient Low-Chlorophyll (HNLC) region as a 

result of low concentrations of the trace metal iron (Fe), which acts as a key driver for Antarctic 

phytoplankton growth and community composition (Martin et al. 1990a; Boyd et al. 2007; Sunda 2012). 

In addition to Fe, total dissolved manganese (Mn) concentrations were also found to be low in the 

Atlantic sector (0.04 nmol L-1, Middag et al. 2011) and in several other regions of the SO, such as the 

Weddell Sea (<0.2 nmol L-1, Middag et al., 2013), Ross Sea (0.21-0.26 nmol L-1; Wu et al., 2019) and 

the Drake Passage (~0.03-2 nmol L-1, Middag et al. 2012; Browning et al. 2014, 2021; Balaguer et al. 

2022). Already in the early 90’s, low Mn concentrations were reported in the Drake Passage, which led 

John Martin and colleagues to hypothesize the importance of Mn next to Fe for phytoplanktonic growth 

(Martin et al. 1990b). 

Indeed, Fe and Mn are essential elements required for cell growth. Fe is needed in many pathways of 

the cell, including photosynthesis and respiration processes, nitrogen fixation, and chlorophyll synthesis 

(Behrenfeld and Milligan 2013; Twining and Baines 2013). Mn is the second most abundant trace metal 

being required in the thylakoids (Raven et al. 1999) as a co-factor in the oxygen-evolving complex 

(Raven 1990). It is also required for the antioxidant enzyme superoxide dismutase to scavenge reactive 

oxygen species during photosynthesis (Wolfe-Simon et al. 2005). Both superoxide dismutase and 

photosystem II (PSII) have a high Mn demand (Raven 1990; Yu and Rengel 1999). Accordingly, Mn 

was unraveled to limit alone or to co-limit with Fe SO phytoplankton biomass buildup based on various 

FeMn-enrichment incubation experiments (Buma et al. 1991; Wu et al. 2019; Browning et al. 2014, 

2021; Balaguer et al. 2022). Within the same SO phytoplankton community, it was also found that the 

growth of the most abundant diatom Fragilariopsis sp. was FeMn-co-limited while the other diatoms of 

the community were primarily Fe-limited (Balaguer et al. 2022). In a monocultural laboratory 

experiment, the Antarctic diatom Chaetoceros debilis was found to be FeMn-co-limited when grown under 

FeMn-poor natural SO seawater (Pausch et al. 2019).  

Next to diatoms, the haptophyte Phaeocystis usually thrives across the SO (Weddell Sea, Ross Sea and 

the Drake Passage; see review Schoemann et al. (2005)). P. antarctica is a major actor in carbon fixation 

(DiTullio et al. 2000) and due to its unique physiology (Lancelot et al. 1994) it has an important role in 

ocean biogeochemistry (Schoemann et al. 2005). The ubiquitous P. antarctica is mostly observed during 

spring and summer (Stoecker et al. 1995) as well as in seasonal ice zones and coastal waters (El-Sayed 

et al. 1983). While it is well documented that P. antarctica copes well with Fe limitation (van Leeuwe and 

Stefels 1998; DiTullio et al. 2007; Van Leeuwe and Stefels 2007; Alderkamp et al. 2012; Strzepek et al. 

2012; Koch and Trimborn 2019; Koch et al. 2019), co-limitation of P. antarctica with another trace metal 

(TM) is, however, less understood. A recent study showed that P. antarctica increased the expression of a 

certain protein signature (e.g. flavodoxin), which allows the detection of FeMn co-limitation (Wu et al. 

2019).  
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While the latest study suggests FeMn co-limitation of P. antarctica, a mechanistic understanding of how 

Mn availability affects photophysiology and intracellular requirements for Fe and Mn remains yet 

unclear. To fill this gap, we conducted a laboratory experiment and performed modelling to understand 

photophysiological adjustments and TM requirements of P. antarctica under natural low Fe and/or Mn 

concentrations, representative of natural SO waters.  

 
METHODS  
 
Experimental setup  
 
The experiment was performed with the solitary Phaeocystis antarctica (solitary cells isolated by P. Pendoley 

in March 1992 at 68° 39 S, 72° 21 E). P. antarctica was pre-acclimated for at least 10 generations and 

was grown for the main experiment in 0.2 µm filter-sterilized (0.2 μm, Sartobran, Sartorius) naturally 

FeMn-poor Antarctic seawater (Table 1) under axenic conditions. The water was sampled from 25 m 

depth during Polarstern expedition PS112 at 62.2 S - 64.6 W in 2018. This seawater was spiked with 

chelexed (Chelex 100, Sigma Aldrich, Merck) macronutrients (100 μmol L-1 Si, 100 μmol L-1 NO3-, and 

6.25 μmol L-1 PO43-) and vitamins (30 nmol L-1 B1, 23 nmol L-1 B7, and 0.228 nmol L-1 B12) according to 

F/2R medium (Guillard and Ryther 1962). To represent trace metal concentrations of SO HNLC 

waters, a mixture of zinc (0.16 nmol L-1), copper (0.08 nmol L-1), cobalt (0.09 nmol L-1), molybdenum 

(0.05 nmol L-1) was added and adjusted to maintain the ratio of the original F/2R recipe. The different 

treatments consisted of four different concentrations of Fe and Mn to the culture medium, where Fe 

and Mn were added as FeCl3 (2.8 nmol L-1, AAS standard, TraceCERT, Fluka) and MnCl2 (2.8 nmol 

L-1, AAS standard, Trace- CERT, Fluka): enriched either with both Fe and Mn (Control treatment), 

with Fe alone (-Mn treatment), with Mn alone (-Fe treatment) and no addition (-FeMn treatment) (Table 

1). To all culture media, no addition of ethylenediaminetetraacetic acid (EDTA) was made in order to 

reduce the alteration of the natural seawater trace metal chemistry and ligands (Gerringa et al. 2000). 

Due to an initial Fe complexing capacity of 1.32 ± 0.29 nmol L-1, it is supposed that the added Fe was 

buffered rather than forming inorganic colloids. To contain contamination, aseptic and trace metal 

clean (TMC) techniques (sampling and handling) were used during the whole experiment. All 

incubation bottles and other equipment needed for the experiment were cleaned 7 days in a detergent 

bath containing 1% Citranox solution (Sigma-Aldrich, St. Louis, MO, USA) followed by rinsing 7 times 

with Milli-Q (Millipore, Merck, Darmstadt, Germany). Then, they have been subsequently filled with 

1 M hydrochloric acid (HCl) for 7 days. After 7 rinsing steps with Milli-Q, all types of equipment were 

dried under a clean bench (Class 100, Opta, Bensheim, Germany) and stored triple-bagged in 

polyethylene bags until usage. All P. antarctica cells were kept in mid-exponential growth in dilute batch 

cultures and were grown in triplicates in polycarbonate (PC) bottles, in 1L PC bottles during the 

acclimation phase and in 4L PC bottles during the main experiment. The initial inoculum for each 

treatment was ~2500 cells mL-1 and each treatment were harvested when cells had reached a density 
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between 80000 to 100000 cells mL-1. The main experiment lasted between 9 and 11 days depending on 

the experimental treatment. Each incubation was grown at 100 μmol photons m-2 s-1 under a 16:8 

(light:dark) hours cycle at 2°C. As the strain of P. antarctica used for the experiment does not form 

colonies, the cell density and size were monitored every 2 days using a Beckman MultisizerTM 3 Coulter 

Counter® with a 100 μm aperture. The monitoring of the cultures also permits to validate the 

achievement of axenic conditions.  

 

 The growth rate (μ, d-1) was determined from Eq. 1:   

 𝜇 = &'()*&+)*')
∆*

 ,           (1)  

where N t1 and Nt2 are the cell abundance at the start and at the end of the incubation experiment, 

respectively, while ∆t is the incubation time in days.  

 

The ensure that P. antarctica was not forming any colonies, the cultures were also monitored via light 

microscopy at the beginning, during and at the end of the experiments. Briefly, samples were fixed with 

lugol’s solution (1% final concentration) and stored at 2°C in the dark until analysis. All samples were 

allowed to settle in Utermöhl sedimentation chambers (Hydrobios, Altenholz, Germany) for at least 24 

hours and were analyzed on an inverted light microscope (Axiovert 200; Zeiss), according to the method 

of Utermöhl (1958). 
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Table. 1 Dissolved and intracellular concentrations of Fe and Mn. At the end of the 
experiment, total dissolved Fe (dFe), Mn (dMn) and the deficiency of dMn relative to dFe concentrations 
(Mn*, see Methods, Eq. 2) were determined in the culture medium (without cells) and in the P. antarctica 
incubation bottles after exposure to different Fe and Mn availabilities. Intracellular Fe and Mn contents 
of P. antarctica were also determined at the end of the experiment. Values represent the mean ± SD 
(Culture medium dFe: n=2, Culture medium dMn: n=4, P. antarctica incubations dFe: n=6, P. antarctica 
incubations dMn: n=6, Intracellular TM content of P. antarctica: n=3). Different letters from a to c 
indicate significant differences from the highest to the lowest mean (p < 0.05). nd denotes that values 
could not be determined. 
 

 

Trace metal seawater chemistry 
 
Total dissolved Fe (dFe) and Mn (dMn) concentrations were determined in the culture medium (without 

cells) (Table 1). To this end, 100 mL of seawater were filtered through HCl-cleaned polycarbonate filters 

(0.2 μm pore size, EMD Millipore, Darmstadt, Germany) using a TMC filtration system and the filtrate 

collected in a HCl-cleaned polyethylene bottle, which was stored triple bagged at 2°C for immediate 

analysis. Concentrations of total dFe and dMn were analyzed via external calibration using a SeaFast 

system (Elemental Scientific, Omaha, NE, USA) coupled to an inductive plasma mass spectrometer 

(ICP-MS, Element2, Thermo Fisher Scientific, resolution of 2000) (Hathorne et al. 2012; Rapp et al. 

2017). During the pre-concentration step, an iminodiacetate chelation column (part number CF-N-

0200, Elemental Scientific) was used. Prior to analysis, all seawater samples were acidified to pH=1.7 

with a double distilled nitric acid (HNO3) (distilled 65% HNO3, pro analysis, Merck) and irradiated for 

1.5h using a UV power supply system (7830) and Photochemical lamp (7825) from ArcGlass to provide 

total dissolved concentrations of trace metals and avoid the presence of organic compounds (Biller and 

Bruland 2012). During each UV digestion step, two blanks were performed. The ICP-MS was optimized 

daily to achieve oxide forming rates below 0.3%. Each seawater sample was analyzed via standard 

addition to minimize any matrix effects, which might influence the quality of the analysis. To assess the 

Parameter Control -Mn -Fe -FeMn 

Culture medium:  

dFe (nmol L-1)  2.15  1.88  0.27 0.63  

dMn (nmol L-1)  2.70 ± 0.18 a 0.15 ± 0.02 b 2.71 ± 0.07 a 0.13 ± 0.03 b 

Mn* (nmol L-1) 0.17 -0.65 0.91 -0.18 

P. antarctica incubations:    

dFe (nmol L-1)  0.71 ± 0.02 a 1.02 ± 0.12 a   0.33 ± nd 0.23 ± nd 

dMn (nmol L-1)  1.31 ± 0.06 a 0.00 ± 0.00 b 1.63 ± 0.49 a 0.02 ± 0.01 b 

Intracellular TM content of P. antarctica: 

Fe (amol Fe cell-1) 4.20 ± 0.90 a 4.60 ± 0.53 a 3.36 ± 0.56 ab 1.44 ±1.68 b 

Mn (amol Mn cell-1) 0.59 ± 0.18 a 0.23 ± 0.09 b 0.36 ± 0.15 ab 0.23 ± 0.06 b 
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accuracy and precision of the method, a NASS-7 (National Research Council of Canada) reference 

standard was analyzed in a 1:10 dilution (corresponding to environmentally representative 

concentrations) at the beginning, in the middle and at the end of a run (two batch runs; n = 18). 

Recoveries for Fe and Mn were 104%. The measured values were in the limits of the certified NASS-7 

reference material with a concentration of 6.5 ± 0.02 nmol L-1 for dFe and 14.2 ± 0.17 nmol L-1 for 

dMn.  

 

The Mn deficiency rate (Mn*, nmol L-1) was determined from Eq. 2 (Browning et al. 2021):   

 𝑀𝑛∗ 	= (/01+/23)
4

,           (2)  

where R is the assumed average of phytoplankton Fe:Mn ratio (2.67, Moore et al. (2013)). 

 

Elemental composition and stoichiometry 

 

Particulate organic carbon and nitrogen (POC/PON). At the end of the experiment, 250 mL 

of water were filtered onto pre-combusted glass-fiber filters (15h, 500°C, GF/F, ~0.6 μm, 25 mm, 

Whatman, Wisconsin, USA) and stored at -20°C in pre-combusted glass petri dishes. Prior to analysis 

with an Euro Elemental Analyzer 3000 CHNS-O (HEKAtech GmbH), the filters were dried for >12h 

at 60°C and then acidified with 200 μL of 0.2N HCl to remove inorganic carbon and dried a second 

time. Contents of POC and PON were corrected for blank measurements and normalized to filtered 

volume and cell densities to yield cellular quotas. The POC production rate (pg C cell-1 d-1) was 

determined from Eq. 3:   

 

𝑃𝑂𝐶567/89*:71 = 𝑃𝑂𝐶971*31*	. 𝜇 ,        (3) 

where 𝝁 is the growth rate derived from Eq. 1.  

 

Cellular trace metals quotas. For determination of the cellular trace metal content, at the end of 

the experiment, 400 mL of water were filtered onto 0.2 μm TMC-cleaned polycarbonate filters (EMD 

Millipore, Darmstadt, Germany) and then rinsed for 15 min with a 0.1 M oxalic acid wash to remove 

cell surface bound trace metals (Hassler and Schoemann 2009). Finally, the filters were rinsed with 

filtered seawater and stored in 5 mL TMC polyfluoroalkyl vials until further analysis. Samples were 

analyzed with an ICP-MS following a digestion with HNO3 and HF (hydrofluoric acid) (Ho et al. 2003; 

Twining and Baines, 2013; Koch et al. 2019). The filters were digested for 16 h at 180°C using 5 mL of 

sub-boiled HNO3 and 0.5 mL of sub-boiled HF (40%, suprapure, Merck) followed by the addition of 

0.5 mL of Milli-Q water. Via evaporation using a 140°C hot plate, the volume of the cell extract was 

concentrated down to 0.5 mL and the evaporate was then passed through a calcium hydroxide (Ca 

(OH)2) / sodium hydroxide (NaOH) solution. Then, 0.2 mL of sub-boiled HNO3 was added as an 
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internal standard diluted up to 10 mL with Milli-Q water and analyzed on a high-resolution ICP-MS 

(Attom, Nu Instruments). To avoid high background TM concentrations and to ensure high digestion 

quality, acid (5 mL of sub-boiled HNO3 and 0.5 mL HF), two filter blanks as well as the BCR-414 

(Plankton reference material, Sigma Aldrich) samples were also processed and analyzed (Supplementary 

Table S1). Intracellular TM content were normalized to filtered volume, cell densities and POC. 
 

Pigments. At the end of the experiment, 250 mL of sample were filtered onto 0.2 μm filters (25 mm, 

GFF, Whatman, Wisconsin, USA) and directly flash frozen into liquid nitrogen. The samples were then 

stored at −80°C in the dark until further analysis. The concentrations of the light harvesting (LH) 

pigments chlorophyll a and c2, fucoxanthin, and the light protective (LP) pigments diatoxanthin and 

diadinoxanthin were determined by reverse phase High Performance Liquid Chromatography (HPLC) 

after centrifugation (5 min, 4°C, 13000 rpm) and filtration through a 0.45 μm pore size nylon syringe 

filter (Nalgene®, Nalge Nunc International, Rochester, NY, USA) (Wright et al. 1991). LaChromElite®
 

system was used to run the analysis. For the separation of the pigments, a Spherisorb®
 
ODS-2 column 

(25 cm x 4.6 mm, 5 μm particle size; Waters, Milford, MA, USA) with a LiChropher®
 
100-RP-18 guard 

cartridge was used and the gradient was applied according to Wright et al. (1991). Using the software 

EZChrom Elite ver. 3.1.3. (Agilent Technologies, Santa Clara, CA, USA), the peaks were detected at 

440 nm and then identified and quantified by co-chromatography with standards for chlorophyll a, 

chlorophyll c2, fucoxanthin, diatoxanthin and diadinoxanthin (DHI Lab Products, Hørsholm, 

Denmark). Pigment contents were normalized to filtered volume and cell densities. 

 

Photophysiology 
 
Chlorophyll a fluorescence measurements were performed using a Fast Repetition Rate fluorometer 

(FRRf) coupled to a FastAct Laboratory system (FastOcean PTX, both from Chelsea Technologies 

Group). The measurements were performed at the start, during and at the end of the experiment. The 

excitation wavelengths of the fluorometer’s LEDs were 450 nm, 530 nm and 624 nm and the light 

intensity was automatically adjusted between 0.66–1.2 1022 photons m-2 s-1. The single turnover mode 

was set with a saturation phase of 100 flashlets on a 2 μs pitch followed by a relaxing phase of 40 flashlets 

on a 50 μs pitch. To calculate the maximum quantum yield of photosystem II (PSII) Fv/Fm 

(dimensionless), the minimum (F0) and maximum (Fm) chlorophyll a fluorescence was determined after 

10 min of dark acclimation (Eq. 4) (Oxborough and Baker 1997):  

 

𝐹; 𝐹<⁄ = (𝐹< −	𝐹=) ∕ 𝐹< ,         (4)  

 

With the Fv/Fm measured before and after the FLC-curve, the Fv/Fm recovery was calculated and 

expressed as a % of the initial Fv/Fm.  
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The functional absorption cross section of PSII (σPSII, nm2), the time constant for electron transport at 

the acceptor side of PSII (τQa, μs), the concentration of functional PSII reaction centers ([RCII], zmol 

cell-1), the connectivity factor (P, dimensionless) and the non-photochemical quenching (NPQ, 

dimensionless, Supplementary Fig. S1) were derived using the FastPro8 Software (Version 1.0.55, Kevin 

Oxborough, CTG Ltd) from Oxborough et al. (2012). Electron transport rates irradiance curves were 

conducted by applying 8 irradiances from 0 up to ~400 μmol photons m-2 s-1 for 5 min for each light 

level at the end the experiment. A light sensor (ULM-500, Walz GmbH, Effeltrich, Germany) measured 

each light intensity (E, μmol photons m-2 s-1) emitted from the FastAct Laboratory system. Using the 

following formula, electron transport rates (e-
 
PSII-1 s-1) were derived according to Suggett et al. (2004, 

2009) (Eq. 5):  

 

 𝐸𝑇𝑅 =	𝜎!"## 	.
>2#? 2$?⁄ A
(2% 2$⁄ ) 	 . 𝐸,          (5)  

 

where Fq’/Fm’ is the effective PSII quantum yield at ambient light. Maximum ETR (ETR, e-
 
PSII-1 s-1), 

light utilization efficiency (α) and minimum saturating irradiance (IK, μmol photons m-2 s-1) were 

calculated from the fitted irradiance-dependent ETR using the model of Platt et al. (1981) (Silsbe and 

Kromkamp 2012) through a Nelder-Mead method programmed on R Studio (version 1.1.463, © 2009-

2016). The overall ETR per cell (ETRcell) was derived as a multiplication of the PSII normalized ETR 

with [RCII].  

 

Statistics and modelling  

 

Shapiro-Wilk tests were performed to test the normal distribution and equal variances of the data set. 

In order to assess the impact of Fe and Mn concentrations on the different parameters, a one-way 

analysis of variance (ANOVA) was conducted. As post-hoc tests, the Tukey honest significant difference 

(HSD) test was used between the mean groups. Significant differences among treatments were 

established at a p<0.05 level indicated by letters. Different letters indicate significant differences at the 

5% level from the higher mean (a) to the lowest mean (c). All statistical analyses were performed with R 

Studio (version 1.1.463, © 2009-2016). R packages to reproduce statistical analysis are: stats (aov and 

lm functions) and agricolae (HSD.test function). The model used in this study was adapted from Kroon 

and Thoms (2006) (see Supplementary Table S2).   
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RESULTS 

 
Trace metal chemistry  

 

The concentration of total dissolved Fe (dFe) in the culture medium (without P. antarctica cells) was higher 

in the Control and the -Mn treatments (~2 nmoL L-1, Table 1) relative to the -Fe and -FeMn treatments 

(≤0.6 nmoL L-1, Table 1). In comparison, the concentration of the total dissolved Mn in the culture 

medium (without P. antarctica cells) was significantly (p<0.05) higher in the Control and the -Fe 

treatments relative to the -Mn and -FeMn treatments (Table 1). At the end of the experiment, the 

concentration of total dissolved Fe (dFe) in the culture medium (with P. antarctica cells) were lower in all 

Fe-poor treatments (-Fe and -FeMn) compared to the Control and remained similar between the -Mn 

and the Control treatment. The concentration of total dissolved Fe (dFe) in the culture medium (with 

P. antarctica cells) were lower in all Mn-poor treatments (-Mn and -FeMn) compared to the Control and 

remained similar between the -Fe and the Control. The deficiencies of dMn relative to dFe 

concentrations (Mn*, see Methods, Eq. 2), were the lowest in the Mn-deficient treatments (-0.65 and -

0.18 nmol L-1 for -Mn and -FeMn respectively) and the highest in the Fe-deficient treatment (0.91 nmol 

L-1) compared to the Control.  

 

Growth and elemental composition  
 
The growth rate of P. antarctica of the Control treatment was similar to the one of the -Mn treatment 

(Fig. 1a). Compared to the Control, the growth rate was significantly (p<0.05) decreased in both Fe-

poor treatments (-Fe: 24% and -FeMn: 26%). For all treatments, the size of the P. antarctica cells 

remained similar, being ~3.2 µm (Supplementary Table S3). Under every experimental condition, the 

particulate organic carbon (POC) content of P. antarctica remained the same (~4 pg cell-1, Fig. 1b). The 

POC production rates of both low Fe supply treatments (-Fe and -FeMn) were significantly (p<0.05) 

decreased by ~ 35% relative to the Control and the -Mn treatment (Fig. 1c). The molar carbon:nitrogen 

ratios (C:N, Fig. 1d), as well as the particulate organic nitrogen contents (PON, Supplementary Fig. S2), 

were not altered under all experimental conditions. Compared to the Control, the molar TM:C ratio of 

P. antarctica in the -FeMn treatment decreased significantly (p<0.05) by ~70% for Fe (Fig. 2a) and by 

~60% for Mn (Fig. 2b). In addition, low Mn concentrations alone (-Mn) also significantly (p<0.05) 

decreased the Mn:C ratio by 60% when compared to the Control (Fig. 2b).  
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Figure. 1 Growth and elemental composition of P. antarctica. Growth rate µ (a), content of 
particulate organic carbon (POC) (b), daily production rate of POC (c) and molar carbon:nitrogen ratio 
(C:N) (d) were determined in cells grown under different Fe and Mn availabilities at the end of the 
experiment. Values represent the mean ± SD (n = 3). Different letters from a to c indicate significant 
differences from the highest to the lowest mean (p < 0.05). 
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Figure. 2 Molar trace metal to carbon ratio of P. antarctica. Fe:C ratio (a) and Mn:C ratio (b) 
were determined in cells grown under different Fe and Mn availabilities at the end of the experiment. 
Values represent the mean ± SD (n = 3). Different letters from a to c indicate significant differences 
from the highest to the lowest mean (p < 0.05).  
 

Photophysiological response   
 
Compared to the Control, the dark-adapted maximum quantum yield of PSII (Fv/Fm) of all other 

treatments was significantly decreased (p<0.05), with a decrease by ~10% in the -Fe and by ~20% in 

the two Mn-deficient treatments (-Mn, -FeMn) (Table 2). The functional absorption cross sections of 

PSII (σPSII) of the -Mn remained unchanged relative to the Control (Table 2). Adversely, σPSII of both 

Fe low supply treatments (-Fe and -FeMn) increased by 34% and 50%, respectively, compared to the 

Control (Table 2). The time constant for electron transfer at PSII (τQA) remained unchanged between 

Control and -Mn, but decreased by 12% in response to Fe depletion alone and more strongly by ~20% 

under low supply of both Fe and Mn (Table 2). The connectivity between adjacent photosystems (P) 

decreased similarly by ~47% for all other treatments compared to the Control (Table 2). Relative to the 

Control, the concentration of functional PSII reaction centers [RCII] was significantly (p<0.05) 

increased in all other treatments (-Mn: 22%, -Fe: 13% and -FeMn: 18%; Table 2). Compared to the 

Control, the Fv/Fm recovery of all other treatments significantly (p<0.05) decreased between 10 and 

20%, with no differences across these treatments (-Mn, -Fe and -FeMn, Table 2). The -FeMn treatment 

reached the highest electron transport rate (ETR) values relative to the other treatments (Fig. 3, Table 

3). Relative to the Control, the ETRmax was strongly increased by 13% and 51% in the -Fe and -FeMn 

treatments, respectively (Table 3). Adversely, only when grown under -Mn, ETR significantly (p<0.05) 

decreased by 20% relative to the Control (Figs. 3, 4a, Table 3). In comparison, ETRs of a single P. 
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antarctica cell (ETRcell) remained unchanged in Control and -Mn treatments (Fig. 4b). The minimum 

saturating irradiance (Ik) was similar across all treatments (~50 μmol photons m-2 s-1, Table 3). The light 

use efficiency (α) of the Control, -Mn and -Fe treatments was similar, but was significantly (p<0.05) 

increased in the -FeMn treatment (Table 3).  

 

Table. 2 Photophysiological responses (dark-adapted). The dark-adapted maximum 
quantum yield (Fv/Fm), the functional absorption cross section of PSII (σPSII), the time constant for 
electron transfer at PSII (τQa), the connectivity between adjacent photosystems (P), the concentration of 
functional reaction centers for PSII ([RCII]) and the Fv/Fm recovery were determined after exposure to 
different Fe and Mn availabilities at the end of the experiment. Values represent the mean ± SD (n=3). 
Different letters from a to c indicate significant differences from the highest to the lowest mean (p < 
0.05). 
 
 
Parameter Control -Mn -Fe -FeMn 

Fv/Fm (dimensionless) 0.36 ± 0.01 a 0.29 ± 0.02 c 0.32 ± 0.01 b 0.29 ± 0.02 c 

σPSII (nm2) 6.2 ± 0.6 c 6.6 ± 0.7 c 8.3 ± 0.7 b 9.3 ± 2.8 a  

τQa (μs) 779 ± 92 a 814 ± 83 a 683 ± 51 b 628 ± 73 c 

P (dimensionless) 0.25 ± 0.08 a 0.18 ± 0.06 b   0.17 ± 0.07 b   0.16 ± 0.07 b 

[RCII] (zmol cell-1) 23 ± 3 b 28 ± 3 a 26 ± 2 a 27 ± 2 a 

Fv/Fm recovery (%) 67 ± 1 a   56 ± 3 b 54 ± 0 b   60 ± 3 b 

 

 
Table. 3 Photophysiological responses. The minimum saturating irradiance (Ik), light utilization 
efficiency (a) and maximum electron transport rate (ETRmax) were determined after exposure to 
different Fe and Mn availabilities at the end of the experiment. Values represent the mean ± SD (n=3). 
Different letters from a to c indicate significant differences from the highest to the lowest mean (p < 
0.05). 
 
 

 

 

Parameter Control -Mn -Fe -FeMn 

ETRmax (e- PSII-1 s-1) 275 ± 13 b 222 ± 25 c 312 ± 28 b 416 ± 17 a 

Ik (μmol photons m-2 s-1) 54 ± 27 a 50 ± 24 a   51 ± 30 a 56 ± 29 a 

a (dimensionless) 5.0 ± 0.5 b 4.5 ± 0.6 b 6.1 ± 0.9 ab 7.4 ± 0.6 a 
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Figure. 3 Electron transport rates (ETR) versus light intensity. ETR were measured in 
response to increasing light intensity in P. antarctica after exposure to different Fe and Mn availabilities 
at the end of the experiment. Values represent the mean ± SD (n=3). 
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Figure. 4 Electron transport rates (ETR) II. ETR normalized to PSII (a) and ETR of a single P. 
antarctica cell (ETRcell) (b) are shown in response to increasing light intensity in P. antarctica for the Control 
(indicated by cross points and solid lines) and -Mn (indicated by open circle points and dotted lines) 
treatment. Points refer to the measured and the lines to the calculated ETR, respectively.  
 

Pigment composition  
 
The concentration of the light protective pigments (LP = sum of diadinoxanthin and diatoxanthin, 

Supplementary Table S4) was similar in the Control and the -Mn treatment (Table 4). Only when Fe 

supply was low (-Fe and -FeMn), the concentration of LP significantly (p<0.05) decreased by 31% and 

24%, respectively, relative to the Control (Table 4). The concentration of the light harvesting pigments 
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(LH = sum of chlorophyll a, chlorophyll c2 and fucoxanthin, Supplementary Table S4) remained the 

same for all treatments (-Mn, -Fe, -FeMn) compared to the Control (Table 4). 

 

Table. 4 Pigment concentrations. The concentration of the light protective pigments (LP = 
diadinoxanthin + diatoxanthin) and the light harvesting pigments (LH = chlorophyll a + chlorophyll c2 
+ fucoxanthin) were determined after exposure to different Fe and Mn availabilities at the end of the 
experiment. Values represent the mean ± SD (n=3). Different letters from a to c indicate significant 
differences from the highest to the lowest mean (p < 0.05). 
 
 

 

 

DISCUSSION 

To understand how low Fe and Mn concentrations affect SO phytoplankton community composition, 

laboratory studies provide insight into their physiological strategies, which may explain why some 

species occur in a specific location and others do not. Due to a limited knowledge on the species-specific 

Fe and Mn requirements of SO phytoplankton species, we conducted a FeMn addition experiment with 

the ecologically important P. antarctica and provide a modelling-based interpretation of the 

photophysiological data. While P. antarctica was Fe-limited, it was not by low Mn supply due to its low 

Mn requirements.  

P. antarctica was not limited by low Mn supply  

Based on previous laboratory experiments, Mn deficiency resulted in reduced rates of growth 

accompanied by decreased rates of POC production for several temperate (Sunda and Huntsman 1983; 

Peers and Price 2004) and an Antarctic diatom (Pausch et al. 2019). In contrast, this was not the case 

for our tested species (-Mn treatment, Fig. 1a,c) as P. antarctica was not affected by the applied low Mn 

concentration (0.15 ± 0.02 nmol L-1, Table. 1). These results are consistent with previous observations 

of another P. antarctica strain, which was grown in Mn-free artificial seawater in the laboratory (Wu et 

al. 2019). Moreover, the dMn concentration of our -Mn treatment is representative of previously 

measured dMn values in several areas of the SO (≤0.2 nmol L-1; (Browning et al., 2014, 2021; Balaguer 

et al., 2022; Middag et al., 2011, 2012, 2013; Martin et al., 1990b)). Taking these observations together, 

our P. antarctica strain was not limited under the applied low Mn concentrations as naturally occurring 

in the field.  

Parameter Control -Mn -Fe -FeMn 

LP (fg cell-1) 12.31 ± 0.99 a 11.72 ± 1.64 ab 8.49 ± 0.40 c 9.31 ± 0.13 bc 

LH (fg cell-1) 78.54 ± 5.24 ab 100.56 ± 14.78 a 67.15 ± 5.51 b 66.25 ± 6.74 b 
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Although studies have investigated Mn limitation in two Antarctic phytoplankton species (Pausch et al. 

2019; Wu et al. 2019), information regarding their Mn contents were not included. In our study, with 

decreasing Mn supply, the Mn:C ratio of the Mn-deficient cells (-Mn) significantly decreased relative to 

the Control cells (1.7 ± 0.4 and 0.6 ± 0.2 µmol mol-1 respectively; Fig. 2b). As their cellular POC content 

was not affected by low Mn concentrations relative to FeMn-enriched conditions, this indicates that 

their internal cellular Mn pool was decreased under low Mn supply. As four Mn ions are needed for the 

water-splitting complex of PSII, a lack of Mn was previously found to disturb the photochemical activity 

of PSII (Peers and Price 2004; Pausch et al. 2019; Wu et al. 2019). Accordingly, the photosynthetic 

efficiency (Fv/Fm) and recovery values of Mn-deficient P. antarctica cells were reduced relative to the 

Control (Table 2). Additionally, P. antarctica cells under low Mn supply did not change their functional 

absorption cross section of PSII (σPSII), but instead increased the concentration of functional reaction 

centers for PSII ([RCII]) (Table 2). Such photoacclimation strategy potentially enables to compensate 

for the lower efficiency of each PSII and was previously suggested for Fe-limited SO diatoms and P. 

antarctica (Strzepek et al. 2012), but not yet under low Mn supply. Still, the higher number of PSII under 

the -Mn condition is surprising as additional [RCII] require more Mn, indicating that Mn was possibly 

relocated from another Mn-dependent metabolic process. Indeed, this rearrangement was successful as 

cellular growth and POC production was achieved (Fig. 1a,c). 

Surprisingly, POC production rates remained the same while the electron transport rate (ETR) 

normalized to PSII was reduced in the -Mn treatment compared to the Control treatment (Fig. 3, Table 

3). To understand this process, additional modelling simulations were performed (Fig. 4, Supplementary 

Table S2). The output of the model indicates that the lowered ETR under low Mn supply cannot be 

explained by a decrease in pigment concentrations (Supplementary Table S2), a finding supported by 

the unaffected LH pigment contents between the -Mn and the Control treatment (Table 4, 

Supplementary Table S4). Additionally, the alteration of intrinsic processes in PSII (e.g. exciton 

trapping by open PSII and exciton exchange between PSII units) due to Mn depletion does not explain 

the decrease of the ETR (Supplementary Table S2). Instead, the model simulation reveals that the 

decreased ETR of the Mn-deficient treatment resulted from a decrease in ferredoxin reduction by PSI 

and/or a decrease of the rate constant for terminal ferredoxin re-oxidation at the end of the electron 

transport chain. Please note that the model cannot differentiate between the latter two processes.  

When ferredoxin reduction by PSI is only considered, the model shows that the reduced ETR in the -

Mn treatment (Fig. 4a) was enhanced by a 25% decrease of the ferredoxin reduction rate (kPSI, 

Supplementary Table S2). Henceforth, an upstream process in the electron transport chain behind the 

Mn-containing PSII under low Mn supply may have caused the reduction of ETR. This indicates active 

downregulation of the electron transport in each PSII in Mn-deficient P. antarctica. To counteract this, 
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P. antarctica on the other hand displayed additional RCIIs (Table 2). This strategy was successful as the 

POC production rate of the -Mn treatment was as high as the Control treatment (Fig. 1c).  

To support this finding, the overall ETR of the cell (ETRcell) was calculated. The basic assumption that 

each functional PSII has a single RCII (Oxborough 2012) was made and the ETRs normalized to PSII 

(Fig. 3) were multiplied by the total number of [RCII] (Table 3). Consequently, both Control and -Mn 

treatments displayed similar ETRcell (Fig. 4b). By having identical ETRcell, the POC production rate of 

Mn-deficient P. antarctica remained unchanged compared to the Control (Fig. 1c). Hence, through 

higher RCII abundance, P. antarctica can maintain stable growth and POC production under low Mn 

concentrations.  

Overall, this study indicates that growth and POC production of P. antarctica was not limited by the 

naturally low Mn seawater concentrations of our experiments and this was potentially due to its low Mn 

requirements.  

P. antarctica was limited by low Fe supply 

Fe is involved in many metabolic pathways of the cells, such as photosynthesis and respiration processes, 

nitrogen fixation, and chlorophyll synthesis (Behrenfeld and Milligan 2013; Moore et al. 2013; Twining 

and Baines 2013). Hence, Fe deficiency in the cells usually leads to a reorganization of the thylakoid 

membrane. As 23 to 24 atoms of Fe are needed for the photosynthetic electron transport (Raven et al. 

1999; Behrenfeld and Milligan 2013), it represents 80% of the total Fe demands. Concomitantly, Fe 

limitation usually results in decreased efficiency of electron transport and lower availability of ATP 

(adenosine triphosphate) and NADPH (nicotinamide adenine dinucleotide phosphate hydrogen) for 

carbon fixation (Peers and Price 2004). As a consequence of reduced electron transport effectiveness 

under low Fe supply, both growth and POC production of P. antarctica were reduced in the -Fe treatment 

in comparison to the Control (Fig. 1a,c), indicating Fe limitation. A decline in growth rate in response 

to Fe limitation was already reported for the same (Koch et al. 2019; Trimborn et al. 2019) and other 

strains of P. antarctica (Alderkamp et al. 2012; Strzepek et al. 2012; Wu et al. 2019; Strzepek et al. 2019; 

Rizkallah et al. 2020). Fe-limited phytoplankton usually also displays reduced Fv/Fm values and larger 

σPSII (Behrenfeld and Kolber 1999; Hopkinson et al. 2007; Trimborn et al. 2015). This strategy applied 

by our Fe-deficient P. antarctica cells (-Fe, Table 2) is known to increase the size of the light-harvesting 

antennas and to reduce the number of Fe-rich photosynthetic reaction centers under Fe-limiting 

conditions (Strzepek et al. 2012).  

Next to a reduction of POC production rates under low Fe supply (Fig. 1c), ETR of P. antarctica was 

found to be significantly higher than for the Control (Fig. 3, Table 3). This means that light energy in 

excess needs to be dissipated via alternative electron pathways, such as the Mehler reaction, where the 
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oxygen is reduced at the acceptor side of PSI (Mehler 1951). As previously reported for the Fe-limited 

diatom Chaetoceros debilis (Pausch et al. 2019), higher ETR coupled with a faster re-oxidation time of Qa 

(τQa, Table 2) indicates a non-reduced state of the plastoquinone (PQ) pool. In combination with the 

lower energy exchange between the photosystems (P, Table 2), this suggests that another pathway was 

used instead. This alternative channel turns electrons aside after PSII oxidation and before PSI 

reduction and would then exclude the possibility of cyclic electron flow within PSI (Halsey and Jones 

2015). Henceforth, an additional alternative pathway that potentially involves a midstream oxidase, the 

plastid terminal oxidase (PTOX), which accepts the electrons from the PQ pool to reduce oxygen and 

regenerate water. By avoiding the Fe-rich PSI and cytochrome b6/f (Mackey et al. 2008), this path may 

sustain ATP production, which appears to be beneficial for some Fe-limited phytoplankton (Mackey et 

al. 2008; Behrenfeld and Milligan 2013).  

These observations suggest that the low Fe concentrations applied during the experiment were indeed 

limiting the -Fe P. antarctica cells in terms of growth, POC production, and photophysiological 

characteristics. The low Fe concentration determined in our -Fe treatment corresponds also to those 

measured in the Ross Sea in December/January (Wu et al. 2019) and in the Drake Passage in March 

(Balaguer et al. 2022), where both the occurrence of P. antarctica cells and low dFe concentrations were 

simultaneously reported. 

Low FeMn supply mainly provokes physiological characteristics of Fe limitation 

Relative to -Fe cells, growth and POC production of FeMn-deficient P. antarctica cells remained equally 

low (Fig. 1a,c). Similarly, Wu et al. (2019) did not observe changes in growth between these two 

treatments (-Fe vs -FeMn). The latter, however, also reported significant changes in flavodoxin and 

plastocyanin expression patterns of P. antarctica when both Fe and Mn concentrations were low relative 

to low Fe supply alone. The combined low Mn and Fe concentrations (0.21 dMn, 0.47 dFe nmol kg-1) 

were found to enhance oxidative stress of in situ Phaeocystis populations in the Ross Sea (Wu et al. 2019). 

Accordingly, we also observed under low supply of both Fe and Mn (-FeMn) highest ETR together with 

faster τQa relative to -Fe conditions (Table 2,3). This indicates photophysiological adjustments of Fe 

limitation also for the -FeMn treatment. Similar to our -Fe conditions, also under -FeMn conditions 

higher PTOX activity potentially enabled the -FeMn-deficient P. antarctica cells to yield similar high 

POC production rates as under low Fe supply alone. Overall, the response of P. antarctica under -FeMn 

is primarily driven by Fe.  
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Conclusion 

Our study together with other laboratory (Pausch et al. 2019; Wu et al. 2019) and field studies (Browning 

et al. 2014, 2021; Balaguer et al. 2022) pinpoint the need to investigate species-specific requirements for 

Fe and Mn to be able to better understand SO phytoplankton community structure. This study reveals 

that different to the SO diatoms C. debilis (Pausch et al. 2019) and Fragilaropsis sp. (Balaguer et al. 2022), 

P. antarctica possessed the capacity to cope well with low Mn seawater concentrations. In Fe-limited open 

ocean waters, where solitary cells of P. antarctica mostly thrive (Smith et al. 2003), future climate change 

scenarios predict a deepening of the upper mixed water layer (Hauck et al. 2015) induced by stronger 

westerly winds (Meijers 2014). The consequence of this physical forcing would inject additional Mn into 

SO surface waters. One could speculate that diatoms (such as C. debilis (Pausch et al. 2019) or 

Fragilariopsis sp. (Balaguer et al. 2022)) will potentially benefit from the Mn release whereas haptophytes 

like P. antarctica may not. However, a deepening of the mixed water layer would reduce light availability 

in the upper surface layer. Currently, the influence of light availability with low Mn concentrations has 

never been investigated. At least under low Fe conditions, it is known that the Mn requirement increases 

(Peers and Price 2004) but how this affects the physiology of SO phytoplankton species is yet not 

understood in the context of low Mn supply. Irrespective of the future climate scenarios, our study 

reveals that different from diatoms, P. antarctica displays efficient physiological strategies to cope with 

low Mn supply. The response to the limitation of different TMs between different phytoplankton groups 

can have major consequences, on which phytoplankton species potentially dominate blooms and 

therefore influence the efficiency of the biological carbon pump.   
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Supplementary materials for Chapter 3 
 

Table S1 Reference materials for intracellular quotas. Certified values of reference material 
BCR-414 and recovery. Mn and Fe stand for manganese and iron respectively. 
 
 

 

 

 

 

Table S2 Model parameters. Used parameters of the model by Kroon and Thoms (2006)* adapted 
to P. antarctica are shown: Calculated number of chlorophyll a and c2 molecules in photosystem II (PSII) 
and photosystem I (PSI) are based on measured total chlorophyll a and c2 per PSII assuming a uniform 
distribution of chlorophyll c2 over PSII and PSI. The largest fraction of chlorophyll a is assigned to PSII 
to account for the high measured value of the light utilization efficiency (a). The rate constant for the 
re-oxidation of the terminal electron acceptor Ferredoxin (kterm) were based on the simulation of the 
electron transport rates shown in Fig. 7 of Kroon and Thoms (2006). Compared to the model for green 
algae given in Kroon and Thoms (2006), the rate constant for the Ferredoxin-PSI interaction (kPSI) were 
increased by a factor of 2 (control condition) to account for the different thylakoid membrane structure 
of P. antarctica (lacking grana). 
 
 

 
*Kroon, B. M. A., and S. Thoms. 2006. From Electron to Biomass: A Mechanistic Model to Describe 

Phytoplankton Photosynthesis and Steady-State Growth Rates1. Journal of Phycology 42: 593–

609.  

Parameter  Mn Fe 

Certified value (μg g-1) 299 ± 13 1.85 ± 0.19 

Recovery (%) 89  101 

Parameter Control treatment -Mn treatment 

total Chlorophyll a / PSII (mol mol-1)  2382 2357 

Chlorophyll a / PSII (mol mol-1)  2082 2057 

Chlorophyll a / PSI (mol mol-1)  300 300 

total Chlorophyll c2 / PSII (mol mol-1)  785 762 

Chlorophyll c2 / PSII (mol mol-1) 392 381 

Chlorophyll c2 / PSI (mol mol-1) 392 381 

kterm 0.9 0.9 

kPSI 0.4 0.3 

A (dimensionless) AControl (Tab. 5, 6 of  

Kroon & Thoms, 2006) 

A-Mn = 0.74×AControl 

J (dimensionless) JControl (Tab. 5, 6 of  

Kroon & Thoms, 2006) 

J-Mn = 0.66×JControl 
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Table S3 Cell sizes. Cell size of P. antarctica was determined after exposure to different Fe and Mn 
concentrations at the end of the experiment. Cell sizes were monitored using a Beckman MultisizerTM 

3 Coulter Counter® with a 100 μm aperture. Values represent the means ± SD (n=3).  
 

 

 

 

 

 

Table S4 Pigment concentrations. Concentration of chlorophyll a, chlorophyll c2, fucoxanthin, 
diadinoxanthin and diatoxanthin were determined after exposure to different Fe and Mn concentrations 
at the end of the experiment. Values represent the means ± SD (n=3).  
 

 

Parameter  Control -Mn -Fe -FeMn 

Chlorophyll a (fg cell-1) 49 ± 3 59± 9  43 ± 3 43 ± 3 

Chlorophyll c2 (fg cell-1) 11 ± 1 13 ± 2 11 ± 0.4 11 ± 0.4 

Fucoxanthin (fg cell-1) 19 ± 1 28 ± 4 13 ± 3 12 ± 3 

Diadinoxanthin (fg cell-1) 11 ± 1 11 ± 2 8 ± 0.4 9 ± 0.1 

Diatoxanthin (fg cell-1) 0.9 ± 0.1 0.5 ± 0.02 0.5 ± 0.02 0.4 ± 0.2 

  

Parameter  Control -Mn -Fe -FeMn 

Cell size (μm) 3.18 ± 0.04  3.22 ± 0.03  3.16 ± 0.05  3.25 ± 0.06  
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Fig. S1 Nonphotochemical quenching (NPQ). NPQ were measured in response to increasing light 
intensity in P. antarctica after exposure to different Fe and Mn concentrations at the end of the 
experiment. Values represent the mean ± SD (n=3). 
 

 

 
 
 
Fig. S2 Particulate organic nitrogen (PON). PON was determined in cells grown under 
different Fe and Mn concentrations at the end of the experiment. Values represent the means ± SD (n 
= 3). Different letters indicate significant differences between treatments (p < 0.05).   
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ABSTRACT 
 
 
Phytoplankton enrichment experiments have recently shown that manganese (Mn) limits/co-limits 

Southern Ocean (SO) phytoplankton biomass and species composition. Since taxonomic diversity 

affects aggregation time and sinking rate, the strength and efficiency of the biological carbon pump are 

directly affected by community structure. For the first time, an iron (Fe) and Mn addition experiment 

examined how changes in SO species composition and aggregation capabilities of a natural plankton 

assemblage in the Weddell Sea are linked. When Fe and Mn were added together, primary production 

rates were highest due to an increased abundance of the key species Phaeocystis antarctica. This change 

within the diatom-dominated phytoplankton community led to highly carbon-enriched aggregates and 

a four-fold increase in the carbon export potential. Our findings highlight that even small changes in 

plankton community composition can have significant effects on the carbon export potential of the SO, 

a region of critical importance for anthropogenic carbon dioxide drawdown.  
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INTRODUCTION 

 

Phytoplankton, single-celled algae, are fixing inorganic carbon into algal biomass via photosynthesis 

and provide organic carbon to the rest of the food web. This ultimately leads to an export of carbon to 

deeper depth (Volk and Hoffert 1985), a process called the biological carbon pump (Marinov et al. 

2006). As a consequence, phytoplanktonic primary production in the Weddell Sea (south of 55-60°S; 

Deacon, 1979) accounts for ≈25% of the total Southern Ocean (SO) carbon uptake, making it the most 

productive marginal ice zone of the SO and an important area to study (Arrigo et al. 2008). Large 

regions of the world’s oceans, including the SO, are devoid of phytoplankton despite a plethora of 

macronutrients and light. In the 1990s, John Martin and colleagues (Martin et al. 1990a) discovered 

that iron (Fe) availability was the main factor for the lack of macronutrient utilization and the low 

chlorophyll biomass of these High Nutrient Low Chlorophyll (HNLC) regions. The SO is the largest 

HNLC regions where the scarcity of Fe and other trace metals (TMs), such as manganese (Mn), have 

previously been shown to impact phytoplankton growth (Buma et al. 1991; Browning et al. 2014, 2021; 

Pausch et al. 2019; Wu et al. 2019; Balaguer et al. 2022). This is not surprising since, in addition to low 

dissolved Fe (dFe) concentrations, low dissolved Mn (dMn) concentrations were also measured in several 

SO regions such as the Scotia Sea, Weddell Sea and Drake Passage (Martin et al. 1990b; Middag et al. 

2011; Browning et al. 2021; Balaguer et al. 2022).   

It is well documented that phytoplankton cells have a high requirement for Fe as it is required in many 

metabolic pathways of the cell (Behrenfeld and Milligan 2013; Twining and Baines 2013). However, 

besides Fe, Mn is the second most abundant TM needed for photosynthesis (Raven et al. 1999), being 

an essential element of the metalloenzyme cluster of the oxygen-evolving complex during photosynthesis 

(Raven 1990). That Mn may limit or, together with Fe, co-limit SO phytoplankton biomass in the field 

has been demonstrated in several FeMn enrichment experiments (Browning et al. 2014, 2021; Wu et 

al. 2019; Balaguer et al. 2022) and more recently, biogeochemical model (Hawco et al. 2022). Moreover, 

it has been shown that key members of the same phytoplankton community of the Drake Passage, such 

as the biogeochemically important diatom Fragilariopsis, were co-limited by Fe and Mn while the other 

members were solely Fe-limited (Balaguer et al. 2022). In fact, different TM availabilities in seawater 

and the different TM requirements of different phytoplankton species are key determinants of the 

plankton community composition (Arrigo 2005; Twining and Baines 2013). In turn, the taxonomic 

composition of the phytoplankton community affects the strength and efficiency of the biological carbon 

pump. This is because taxonomic diversity of cell size, shape and, for diatoms, different degrees of cell-

wall silicification within a community, affect aggregation time and sinking rate (Riebesell and Wolf-

Gladrow 1992; Tréguer et al. 2018). For instance, a species like the large and heavily silicified 

Fragilariopsis sp. acts as an important sinking conduit, as its thick silica frustules are less prone to 

dissolution and are more resistant to grazing than less silicified diatoms such as Chaetoceros sp. (Assmy et 



 
 

 
77 

al. 2013; Tréguer et al. 2018). Also, the colony-forming haptophyte Phaeocystis antarctica, which produces 

transparent exopolymer particles (TEP), can form big aggregates (Passow and Alldredge 1995) since 

TEP promotes the coagulation process and the formation of large particles (Engel 2000; Passow 2002). 

In association with silicified diatoms, TEP-containing Phaeocystis-aggregates can also sink (Mari et al. 

2017), potentially accelerating and facilitating carbon and silica export to the deep sea (Asper et al. 

1992). Thus, in order to model the primary production and subsequent carbon export by SO 

phytoplankton, it is crucial to understand the ecophysiology of key diatoms and P. antarctica in the SO.  

In this study, we investigated the potential of Fe and Mn to limit and/or co-limit primary production 

and their impact on species composition in the Weddell Sea. Furthermore, to our knowledge, this is the 

first study that investigated the effects of TM limitation and co-limitation on aggregate formation, one 

of the main vectors for the transport of fixed organic carbon from the surface ocean to the deep sea, and 

quantified its potential for carbon export of a natural phytoplankton community of the Weddell Sea, 

which represents the most productive marginal ice zone of the SO (Arrigo et al. 2008).  

 

METHODS 

Water collection  

A shipboard incubation experiment was conducted during the RV Polarstern expedition PS124 (from 

the 28.02.21 until the 7.03.21) in order to study the effects of Fe and Mn limitations on SO 

phytoplankton productivity and how this impacts community structure and aggregate formation in the 

southern Weddell Sea. At 76° S / 30° W (500m water depth), HNLC seawater was collected from a 

depth of 20m (Fig.1) using TM clean techniques based on GEOTRACES guidelines (Cutter et al. 2017). 

In order to minimize potential TM contamination, seawater was pumped directly into a clean 

laboratory container using a Teflon membrane pump (Almatec, Futur 50). The whole system (pump 

and hosing) was flushed for >1 h before filling 4L polycarbonate bottles for the experiments. All tubing, 

carboys, incubation bottles, and other equipment used during the experiment were sequentially soaked 

for 1 week in 1% Citranox and for 1 week in 1.2 mol L-1 hydrochloric acid (PA grade, Merck Millipore 

Corporation, Darmstadt, Germany). Between each soaking step, the bottles were rinsed seven times 

with ultrapure water (Merck Millipore Corporation, Darmstadt, Germany). Finally, the 

equipment/bottles were air dried under a clean bench (US class 100, Opta, Bensheim, Germany) and 

packed in two polyethylene bags for storage.  
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Figure 1. Experiment location and initial relative abundances of the different 

phytoplankton groups. Relative abundances of the main microphytoplankton genera (based on data 

of Suppl. Table S1) at the start of the experiment were determined via light microscopy. 

 

 

Experimental set-up  

The Control treatment consisted of seawater without any TM addition, while the other three treatments 

were enriched with either iron chloride (FeCl3) alone (0.5 nmol L-1, AAS standard, TraceCERT, Fluka; 

+Fe treatment), manganese chloride (MnCl2) alone (1 nmol L-1, AAS standard, Trace- CERT, Fluka; 

+Mn treatment), or together (+FeMn treatment). Low dFe and dMn concentrations for the addition 

treatments were chosen in order to avoid formation of inorganic colloids in our experiments. No 

ethylenediaminetetraacetic acid (EDTA) was added in order to avoid alteration of the natural seawater 

trace metal chemistry (Gerringa et al. 2000). All incubation bottles were maintained at 100 μmol 

photons m-2 s-1 white light under a 20:4 (light:dark) hour cycle, mimicking natural conditions typical for 

the time and region. The experiment was performed in a clean laboratory container set at 1°C. All 
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treatments consisted of triplicate 4L bottles, which were gently rotated every day to avoid cell 

sedimentation. In order to monitor the experiment, every 2-4 days, the photosynthetic efficiency was 

assessed using a Fast Repetition Rate Fluorometer (FRRf, FastOcean PTX sensor, Chelsea 

Technologies Group (CTG) Ltd, West Molesey, UK) (Suppl. Fig. S1a) and chlorophyll a, a proxy of 

algal biomass, was measured (Suppl. Fig. S1b) using a Trilogy Fluorometer (Turner Design, San Jose, 

CA, USA). At the start and the end of the experiment, samples were taken for the determination of 

seawater chemistry (Fe, Mn and macronutrients), phytoplankton productivity, community composition, 

elemental composition (Particulate organic carbon/nitrogen and pigments) and photophysiology. The 

duration of the experiment was 8 days.  

Seawater chemistry 

100 mL of seawater were filtered through polycarbonate filters (0.2 μm pore size) using a Thermo 

Scientific Nalgene® (300-4100) filtration system; the filtrate was collected into a polyethylene bottle and 

stored triple bagged at 2°C until analysis for dTM back at the lab. Concentrations of the dFe and dMn 

were determined on a SeaFast system (Elemental Scientific, Omaha, NE, USA) (Hathorne et al. 2012; 

Rapp et al. 2017) coupled to an inductively coupled plasma mass spectrometer (ICP-MS, Element2, 

Thermo Fisher Scientific, resolution of R = 2000). During the preconcentration step, an iminodiacetate 

chelation column (part number CF-N-0200, Elemental Scientific) was used. All seawater samples were 

acidified to pH=1.7 with a double distilled nitric acid (HNO3) (distilled 65% HNO3, pro analysis, Merck) 

and irradiated for 1.5h using a UV power supply system (7830) and Photochemical lamp (7825) from 

ArcGlass to provide total dissolved concentrations of trace metals and avoid the presence of organic 

compounds (Biller and Bruland 2012). During each UV digestion step, two blanks were taken. The ICP-

MS was optimized daily to achieve oxide forming rates below 0.3%. Each seawater sample was analyzed 

via standard addition to minimize any matrix effects, which might influence the quality of the analysis. 

To assess the accuracy and precision of the method, a NASS-7 (National Research Council of Canada) 

reference standard was analyzed in a 1:10 dilution (corresponding to environmentally representative 

concentrations) at the beginning, in the middle and at the end of each run (two batch runs; n = 18). The 

dissolved macronutrient concentrations (nitrate, phosphate and silicate) were determined 

colorimetrically in the laboratory on a QuAAtro autoanalyzer (Seal Analyticals) (Stoll et al. 2001).  

Phytoplankton community characterization 

Light microscopy. To determine the effects of the different treatments on the microplankton 

composition, unfiltered seawater was collected at the start and the end of both experiments for later 

analysis via light microscopy in the home laboratory. Briefly, samples were fixed with Lugol’s solution 

(1% final concentration) and stored at 2°C in the dark until taxonomic analysis. All samples were 

allowed to settle in Utermöhl sedimentation chambers (Hydrobios, Altenholz, Germany) for at least 24 
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hours and were analyzed on an inverted light microscope (Axiovert 200; Zeiss), according to the method 

of Utermöhl (1958). Species were counted and identified according to taxonomic literature (Tomas 

1997). Each aliquot was examined until at least 400 cells had been counted (Suppl. Table S1). To 

determine the cell abundance of P. antarctica colonies, the relationship between colony sizes and cell 

number per colony was determined (Suppl. Fig. S2) according to the method of (Mathot et al. 2000a).  

Flow cytometry. Autotrophic pico- and nanoeukaryotes, as well as heterotrophic- and cyanobacteria 

were analyzed via flow cytometry. At the start and the end of the experiment, samples were preserved 

with 10% buffered formalin, flash-frozen in liquid nitrogen. Abundances of heterotrophic bacteria 

(stained with Synergy Brands [SYBRTM] Green I), phycoerythrin-containing picocyanobacteria, and 

photosynthetic picoeukaryotes were determined by means of a BD Accuri™ C6 Plus flow cytometer 

(Becton, Dickinson and Company) using fluorescence patterns and particle size from side angle light 

scatter (Olson et al. 1991; Koch et al. 2013). Before running the samples, 2 μL beads (Sperotech - 

Rainbow Fluorescent Particles (RFPs) - 2.11 μm) were added to each treatment as a size and 

fluorescence reference. Then pico-/nanoeukaryotes were identified based on side scatter versus FL-3 

(Suppl. Fig. S3) and heterotrophic bacteria on side scatter versus FL-1.  

 

Based on cell abundances, specific growth rate per day (μ, d-1) was calculated for all cells using:   

 𝜇 = B1()*&+)*')	
/*

          (Eq. 1), 

where N t1 and Nt2 are the cell abundances at the start and at the end, respectively, of each incubation 

experiment, while dt denotes the incubation time in days.  

Phytoplankton quotas 

Chlorophyll a (Chla). Chla samples were taken over the course of the experiment (Suppl. Fig. S1b). 

All samples were filtered onto glass-fiber filters (GF/F, ≈0.7 μm, 25 mm, Whatman, Wisconsin, USA) 

and were directly stored at -20°C in the dark until further analysis. Samples were extracted in 90% 

acetone for 24h at 4°C in the dark and analyzed fluorometrically (Welschmeyer 1994) on a Trilogy 

Fluorometer (Turner Design, San Jose, CA, USA) using the non-acidification module. Based on Chla 

initial and final concentrations, a growth rate per day (μ, d-1) was calculated from Eq. 1.  

Particular organic carbon (POC) and nitrogen (PON) content. At the start and the end of the 

experiment, 250 mL of water were filtered onto pre-combusted glass-fiber filters (15h, 500°C, GF/F, 

≈0.7 μm, 25 mm, Whatman, Wisconsin, USA) and stored at -20°C in pre-combusted glass petri dishes. 

Prior to analysis with a Euro Elemental Analyzer 3000 CHNS-O (HEKAtech GmbH), the filters were 

dried for > 12h at 60°C and then acidified with 200 μL of 0.2N HCL to remove inorganic carbon and 

dried a second time. Content of POC and PON (Suppl. Table S2) were corrected for blank 

measurements and normalized to filtered volume and cell densities to yield cellular quotas. POC 

production was derived from Eq.1.  
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14C-based primary production 

In order to determine primary production, aliquots from each incubation bottle were transferred to 

TMC 50 mL culture flasks at the end of the experiment. 0.97 MBq of 14C-bicarbonate (Perkin Elmer, 

specific activity 2035 MBq mmol-1) was added to each flask according to the JGOFS protocol (JGOFS 

1994) and the bottles were bagged and returned to the position of the original experiment. Incubations 

were terminated after 24 hours by filtering samples onto 0.2 µm pore size polycarbonate filters. At the 

beginning and the end of the incubation, 250 µL were removed from each vial in order to determine 

total activity (the amount of isotope added). After placing the filters into scintillation vials, 250 µL of 1.2 

N hydrochloric acid was added and any remaining dissolved inorganic 14C was allowed to degas for 

24h. 5 mL of Ultima Gold (Perkin Elmer) was then added to each vial and the samples were analyzed 

on a Scintillation Counter (Tri-Carb 2900 TR, Perkin Elmer) onboard. Net primary production rates 

were then calculated as described in the JGOFS protocol (JGOFS 1994).   

 

PSII fluorescence  

 

At the start, during (every 2-4 days; Suppl. Fig. S1a) and at the end of the experiment, Chla fluorescence 

measurements were collected using a Fast Repetition Rate Fluorometer (FRRf) coupled to a FastAct 

Laboratory system (FastOcean PTX), both from Chelsea Technologies Group. The excitation 

wavelengths of the fluorometer’s LEDs were 450 nm, 530 nm and 624 nm and the light intensity was 

automatically adjusted between 0.66–1.2 x 1022 photons m-2 s-1. The single turnover mode was set with 

a saturation phase of 100 flashlets on a 2 μs pitch followed by a relaxing phase of 40 flashlets on a 50 μs 

pitch. In order to calculate the maximum quantum yield of photosystem II (PSII) (Fv/Fm [rel. unit]), the 

minimum (F0) and maximum (Fm), Chla fluorescence of PSII were determined after 1 h of dark 

acclimation.  

𝐹; 𝐹<⁄ = (𝐹< −	𝐹=) ∕ 𝐹<         (Eq. 2),  

From Oxborough et al. (2012), the functional absorption cross sections of PSII (σPSII, nm2 PSII-1) were 

derived using the FastPro8 Software (Version 1.0.55, Kevin Oxborough, CTG Ltd).  

Aggregate formation, sinking velocity and elemental composition   

To test aggregation capacity and carbon export potential of the communities established in each 

treatment (Control, +Mn, +Fe, and +FeMn; Suppl. Fig. S4), 911 ml aliquots were taken from each 

triplicate bottle at the end of the incubation experiment and combined in a roller tank (d= 20 cm, L=8.7 

cm, V=2733 cm3) to induce aggregation via differential settling, the tanks were rotated at 1 rotation per 

minute (rpm) over 48h at a constant temperature of 1°C and 100 μmol photons m-2 s-1 white light under 

a 20:4 h (light:dark) cycle. At 24 h and 48 h, all tanks were filmed with a Canon EOS 650 to record 
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aggregate formation, size/volume, and sinking velocity. At the end of the roller tank incubation, 

aggregated material was collected for POC. To estimate the POC flux down to 100m (POC100, mg C 

m-2 d-1), the aggregate formation in 1m3 of water at 20m (where the water for the experiment was 

pumped) sinking until the bottom (distance of 80m) was calculated as following:  

𝑃𝑂𝐶D== = ∑ 	";		
/
	× 	𝐴𝑔EFF                (Eq. 3), 

where 𝑆𝑣 is the sinking velocity, 𝑑 the sinking distance of the aggregate (80m) and 𝐴𝑔 the aggregate 

volume formed per m3, for all the parameters see Suppl. STable 4.  

 

Statistical analysis   

To test the normal distribution and equal variances of the datasets, Shapiro-Wilk tests were performed. 

A one-way analysis of variance (ANOVA) was conducted in order to assess the impact of Fe and Mn 

availability compared to the control treatment on cell abundance and Chla accumulation rate. As post-

hoc tests, the Fisher Least Significant Difference (LSD) was used between the mean group for a 

comparison of the effect of all factors. A p < 0.05 was used to establish significant differences among 

treatments. All statistical analyses were performed with R Studio (version 1.1.463, © 2009-2016) and 

all maps with Ocean Data View (Schlitzer 2015). R packages to reproduce statistical analysis are stats 

and agricolae.  

 

RESULTS AND DISCUSSION 

Low Fe/Mn concentrations and diatom-dominated communities characterized the 

Weddell Sea polynya 

The seasonal polynya of the southeastern Weddell Sea is an understudied region (Fig. 1), primarily due 

to difficult access in the brief timeframe, where the area is not covered by ice. Hence, this study presents 

the first concentrations of dissolved TMs and their impacts on the phytoplankton community of this 

seasonally productive area. Surprisingly, even though the seawater was collected near the coast, it was 

characterized by high macronutrient concentrations (Nitrate + nitrite (NOx) = 31.9 μmol L-1; phosphate 

(PO4) = 2.11 μmol L-1; silicate (SiOH4) = 69.5 μmol L-1; Table 1) and low dissolved dFe and dMn (0.16 

and 0.08 nmol L-1, respectively; Table 1). In line with this, the sampled phytoplankton community was 

also characterized by a low photosynthetic efficiency (Fv/Fm, 0.26 ± 0.01) and high functional 

absorption cross sections of PSII (σPSII, 9.69 ± 0.55; Table 2), both being representative of Fe-limited 

waters (Behrenfeld and Kolber 1999; Hopkinson et al. 2007). In fact, concentrations of dFe and dMn 

were similar to values observed in the Fe-limited waters of the Atlantic sector of the SO, the Drake 

Passage, and the northern Weddell Sea (Middag et al. 2011, 2013; Browning et al. 2014, 2021; Klunder 

et al. 2014; Balaguer et al. 2022). Hence, these low concentrations are indicative of Fe-limited HNLC 

waters (≈0.20 nmol L-1; Rijkenberg et al., 2014). Accordingly, phytoplankton biomass was low, with 
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concentrations of Chla, POC and primary production being 0.43 ± 0.02 μg L-1, 0.22 ± 0.01 mg L-1 and 

17.01 ± 0.63 mg C m-3 d-1, respectively. The phytoplankton community was numerically dominated by 

a group of autotrophic pico-nanoflagellates (900 cells mL-1; Table 3), already reported in SO Fe-poor 

waters (Gervais et al. 2002). Among the microplankton, diatoms were the dominant phytoplankton 

group, accounting for about ≈75% of the whole microphytoplankton community (Fig. 1). Among the 

diatoms, the heavily silicified Fragilariopsis sp., a genus commonly observed in SO HNLC waters 

(Hoffmann et al. 2007; Balaguer et al. 2022), was numerically the most abundant species (75 cells mL-1; 

Suppl. Table S1). Another abundant genus was Pseudo-nitzschia sp. (54 cells mL-1), while Chaetoceros sp., 

Corethron sp. and Leptocylindrus sp. were only found with lower cell abundances (8, 5 and 18 cells mL-1, 

respectively). Consistent with observations made in other coastal regions of the SO, colonies of P. 

antarctica accounted numerically for 25% (52 cells mL-1; Fig. 1, Suppl. Table S1) of the total 

phytoplankton community (Arrigo et al. 1999; Schoemann et al. 2005). As in our study, diatoms and 

haptophytes (e.g. P. antarctica), represent important key players in the Weddell gyre (Nöthig et al. 2009). 

 

Table 1. Initial conditions. Concentrations of total dissolved iron (dFe), dissolved manganese 

(dMn), macronutrients (NOx = NO3 (nitrate) + NO2 (nitrite), PO4=phosphate, SiOH4=silicate) and 

chlorophyll a (Chla) were determined in the seawater sampled West and East of the Drake Passage. 

 

 

Latitude  ° min-1 76° 06.140' S 

Longitude ° min-1 30° 19.084' W 

dFe nmol L-1 0.16 

dMn nmol L-1 0.08 ± 0.01 

NOx μmol L-1 31.9 

PO4 μmol L-1 2.11 

SiOH4 μmol L-1 69.5 

Chla μg L-1 0.43 ± 0.02 

POC mg L-1 0.22 ± 0.01 

Primary Production mg C m-3 d-1 17.01 ± 0.63 
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Table 2. Photophysiological responses. The dark-adapted maximum photosystem II quantum 

yield (Fv/Fm) and the functional absorption cross section of PSII (σPSII) were determined at the start and 

the end of the experiment from the communities after exposure to different Fe and Mn concentrations. 

Values represent the mean ± SD (n > 10). Different letters indicate significant differences between 

treatments (p < 0.05).   

 

 

  Fv/Fm σPSII 

  rel. unit nm2 

Initial  0.26 ±	0.01   9.69 ± 0.55 

Control 0.28 ±	0.06 c 9.82 ± 1.69 a 

+Mn 0.31 ±	0.04 b 9.03 ± 1.47 b 

+Fe 0.31 ±	0.02 b 7.89 ± 1.16 c 

+FeMn 0.36 ±	0.03 a 7.52 ± 0.77 c 

 

 

Table 3. Cell abundances of heterotrophic bacteria as well as the sum of autotrophic 

picoeukaryotes and nanoeukaryotes. All were determined via flow cytometry at the beginning 

and the end of the experiment from the communities after exposure to different Fe and Mn 

concentrations. Values represent the mean ±	SD (n=6). Different letters indicate significant differences 

between treatments (p < 0.05).   

 

 

  

Autotrophic pico- and 

nanoeukaryotes 
Heterotrophic bacteria 

  cells mL-1 cells mL-1 

Initial  897 ± 96  213654 ±	2740 

Control 3814 ± 113 a 156568 ± 5285 ab 

+Mn 3102 ± 266 b 126778 ± 3767 c 

+Fe 2920 ± 195 b 163691 ± 12253 a 

+FeMn 3238 ± 342	b 144160 ± 9359 b 
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Chla, POC production and diatoms responded mostly to Fe 

While measurements of bulk community parameters such as Chla are helpful, they may miss specific 

processes such as species-specific effects and TM co-limitation. Just as in our (Fig. 2a) and numerous 

other studies (De Baar et al. 2005; Boyd et al. 2007; Smetacek and Naqvi 2008; Browning et al. 2021; 

Balaguer et al. 2022), Fe addition resulted in total Chla increase due to the high Fe requirement for Chla 

synthesis (Twining and Baines 2013). Hence, Fe addition usually relieves chlorosis and enables the cells 

to increase their Chla content (Geider and La Roche 1994; van Leeuwe and Stefels 1998; Hoffmann et 

al. 2006). Consistent with other studies (De Baar et al. 2005; Boyd et al. 2007; Smetacek and Naqvi 

2008; Browning et al. 2021; Balaguer et al. 2022), POC and primary production of the whole 

community were strongly enhanced after the addition of Fe (Fig. 2b,c). As 80% of the Fe requirement 

pertains to photosynthesis (Raven et al. 1999; Behrenfeld and Milligan 2013), increased Fe supply 

usually leads to more efficient electron transport (Peers and Price 2004) and results in more ATP 

(adenosine triphosphate) and NADPH (nicotinamide adenine dinucleotide phosphate hydrogen) being 

available for carbon fixation. Based on our Chla and POC results, the phytoplankton community as a 

whole was primarily limited by the availability of Fe. We also determined cell abundances of the most 

prominent microphytoplankton genera to identify possible FeMn co-limitation effects at the species level 

(Table 4, Suppl. Table. S1). Even though the communities in all treatments remained numerically 

diatom-dominated, the relative contribution of each species changed dependent on the different TM 

additions (Suppl. Table. S1). After Fe addition, for instance, the growth of the two ecologically important 

diatoms Fragilariopsis sp. and Chaetoceros sp. was significantly increased by >25% and >75%, respectively, 

relative to the Control (Table 4, Fig. 3). It has frequently been reported that these two diatom genera 

are the main beneficiaries of Fe enrichment experiments in the field (Gall et al. 2001a; Boyd et al. 2007; 

Assmy et al. 2013). Interestingly, the addition of FeMn did not lead to any changes in growth of these 

two genera relative to the Fe addition, suggesting that they were primarily Fe-limited. In contrast, Pseudo-

nitzschia’s ability to cope with a wide range of Fe concentrations (Marchetti et al. 2006) was also evident 

in this study by its lack of response to neither +Fe nor +FeMn (Table 4). Whether this was due to its 

low Fe requirement or to the limitation by another TM or vitamin is unclear. For example, SO 

phytoplankton species have previously reported to be Fe and vitamin B12 co-limited (Bertrand et al. 

2007; Koch and Trimborn 2019) and/or to experience additional limitations by other trace metal such 

as zinc and cobalt (Koch and Trimborn 2019).   
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Figure 2. Community response. (a) Chlorophyll a-based accumulation rate (b) particulate organic 

carbon production (POC) production and (c) primary production were estimated from the communities 

after exposure to different Fe and Mn concentrations. Values represent the mean ± SD (n=3). Different 

letters indicate significant differences between treatments (p < 0.05).    
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Table 4. Species-specific response. Growth rate of Fragilariopsis sp., Chaetoceros sp., Pseudo-nitzschia 

sp. and Phaeocystis antarctica were determined via light microscopy after exposure to different Fe and Mn 

concentrations. Values represent the mean ± SD (n=3). Different letters indicate significant differences 

between treatments (p < 0.05).  

 

 

 

FeMn co-limited P. antarctica drove increases in primary production 

Even though Chla concentrations were previously reported to be limited by Fe and/or Mn within the 

Drake Passage (Browning et al. 2021), specific phytoplankton groups/species can be affected by low 

FeMn availability. Balaguer et al. (2022) highlighted that while two plankton communities within the 

Drake Passage were limited primarily by Fe, growth of the most abundant diatom Fragilariopsis sp. was 

FeMn co-limited. Similarly, Wu et al. (2019) did not observe any FeMn co-limitation based on Chla 

alone, but on significant changes in the metaproteome of Phaeocystis-dominated communities. And in 

line with the latest (Wu et al. 2019), in our study the colonial P. antarctica was also FeMn co-limited, as 

it only achieved maximum growth when both trace metals were provided together (Table 4, Fig. 3). In 

addition to this, also significant species-specific TM effects inside the community were observed. While 

P. antarctica was FeMn co-limited, Pseudo-nitzschia sp. was not limited by the tested TMs and Fragilariopsis 

sp. and Chaetoceros sp. were only Fe-limited. Hence, this study highlights the complex effects of TM 

limitation and co-limitation at the species level. Interestingly, in this study, responses to Fe and Mn 

availabilities differed even between bulk parameters. While both Chla-based growth rate and POC 

production were driven by Fe alone, primary production reached its maximum only in the FeMn 

treatment, resulting in a +34% increase over Fe alone (157 ± 12 to 210 ± 34 mg C m-3 day-1; Fig. 2c). 

This increase in primary production was accompanied by a significantly higher growth rate of P. 

antarctica in the FeMn addition compared to the Fe addition (0.49 vs 0.42 day-1; Table 4, Fig. 3, Suppl. 

Table S3). Additionally, not only the number of cells was increased, also more colonies were formed 

and they were biggest in the +FeMn treatment (Suppl. Table S3). High Fe supply was previously found 

to trigger colony formation (Bender et al. 2018), but not yet in conjunction with Mn together. In fact, it 

  Fragilariopsis sp. Chaetoceros sp.  Pseudo-nitzschia sp.  Phaeocystis antarctica 

  day-1 day-1  day-1 day-1 

Control 0.46 ± 0.02 b  0.34 ± 0.04 b 0.45 ± 0.02 a 0.22 ± 0.06 c 

+Mn 0.46 ± 0.00 b  0.33 ± 0.07 b 0.38 ± 0.01 b 0.21 ± 0.02 c 

+Fe 0.56 ± 0.01 a  0.57 ± 0.02 a 0.45 ± 0.05 a 0.42 ± 0.01 b 

+FeMn 0.57 ± 0.01 a  0.58 ± 0.01 a 0.49 ± 0.01 a 0.49 ± 0.05 a 
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was previously reported that Phaeocystis cells accumulated Fe and Mn in their mucus matrix (Schoemann 

et al. 2001) and that the mucus matrix may aid in increasing their bioavailability to Phaeocystis (Engel 

2000; Hassler and Schoemann 2009; Hassler et al. 2011). Therefore, the here observed bigger and more 

abundant P. antarctica colonies in the +FeMn treatments (Suppl. Table S3) potentially may have helped 

to accumulate the dFe (0.5 nmol L-1) and dMn (1 nmol L-1) inside the mucus. P. antarctica colonies may 

provide a substrate for Fe and Mn, thus directly impacting the short residence times of both TMs in the 

surface ocean (Engel 2000; Moore et al. 2013). In an area like the SO, where the scarcity of Fe and Mn 

drives phytoplankton species composition, the ability of Phaeocystis to use its mucus as a TM reservoir 

may be a competitive advantage over other phytoplankton species (Schoemann et al. 2001).  
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Figure 3. Effect of Fe and Mn addition on the export of organic carbon. The enhancement 

of the Chla-based growth rate of the whole community was mainly driven by Fe additions (+Fe: 0.28 d-

1, +FeMn: 0.32 d-1). The addition of Fe and FeMn changed the community structure; Fe and FeMn 

additions increased the growth rate of P. antarctica (represented in blue in the pie charts), but the most 

significant increase (indicated by the orange arrows) resulted from FeMn additions. Consequently, Fe 

and FeMn addition also increased the primary production of the whole community (green arrows) to 

157 and 210 mg C m-3 d-1, respectively. Still, the most significant increases (indicated by the orange 

arrows) resulted from FeMn additions. The higher contribution of P. antarctica in the FeMn treatment 

enhanced highly POC-enriched aggregates (green circles). The estimated carbon flux to 100m (POC100, 

dark arrow) was significantly influenced by the addition of Fe (13 mg C m-2 d-1) but only the addition of 

FeMn increased the POC100 up to 36 mg C m-2 d-1, significantly higher relative to the single addition of 

Fe (+177%, indicated by the orange arrows).  
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P. antarctica enhanced the carbon export potential of the plankton community  

An aggregation experiment was conducted with the final phytoplankton communities of the four 

treatments to determine whether the observed changes in community composition also translate into a 

change in carbon export potential (see Methods for detailed description). This is the first study, which 

directly links the effects of FeMn additions on community composition changes and primary production 

together with aggregate formation and settling rates. From each treatment, resulting aggregates larger 

than 0.5 mm were picked and used for further analyses. The aggregate volumes were similar between 

the treatments, ranging from 0.1 to 8.2 cm3, while the sinking velocities ranged from 0.5 and 40 m d-1 

(Suppl. Table S4). Very interestingly, the POC content of the aggregates changed with TM addition 

(POCend, Table 5). Relative to the Control, the POC content of the aggregate increased, albeit not 

significantly, in the +Mn treatment (+35%) and the +Fe treatment (+50%). The highest POC 

concentrations were observed in the FeMn-enriched aggregates (Table. 5), likely due to the higher 

number of larger P. antarctica colonies formed upon FeMn addition (Suppl. Table S3). Colonial P. 

antarctica cells have a mucilaginous matrix surrounded by a hydrophobic skin; hence, when a colony is 

formed, organic matter, e.g. (muco)polysaccharides and carbohydrates, are exuded from the cell 

(Hamm et al. 1999). Approximately 30% to 50% of the assimilated POC is located in the mucus matrix 

of a P. antarctica colony (Matrai et al. 1995; Mathot et al. 2000b). As the polysaccharide matrix of 

Phaeocystis colonies contains high amounts of TEP, it can facilitate aggregation due to its sticky/glue-like 

nature (Engel 2000; Passow 2002). Increased numbers of larger P. antarctica colonies with increased 

aggregation potential and higher POC concentrations suggest that carbon export via the biological 

pump can increase when FeMn co-limitation is alleviated (Fig. 3). While the estimated POC flux down 

to 100 m (POC100) was significantly influenced by the single addition of Fe (+41%) after combined 

addition of Fe and Mn together the POC100 flux even increased by +294% compared to the Control 

(Table 5, Fig. 3). Indeed, it is important to note that this experiment did not measure the effects of 

aggregate fragmentation, grazing by zooplankton and microbial remineralization processes, which are 

also important factors constraining the export of organic carbon (Iversen et al. 2010). Future studies 

should thus focus also on these aspects.  



 
 

 
91 

Table 5. POC content of phytoplankton aggregates. Particulate organic carbon content before 

(POCstart) and after (POCend) being incubated in the roller tank and POC flux to 100m (POC100) were 

estimated from the community sampled at the end of the roller tank experiment. Values represent the 

mean ± SD (n=3). Different letters indicate significant differences between treatments (p < 0.05).   

 

 

 

 

 

 

 

 

 

 

 

Conclusion 

Climate change scenarios are projected to increase new TMs inputs into the euphotic zone (Deppeler 

and Davidson 2017). SO primary production has largely been deemed as solely Fe limited, since a 

plethora of Fe fertilization experiments resulted in enhanced primary production (De Baar et al. 2005). 

However, this increase was not always accompanied by proportional rise in carbon export (Gall et al. 

2001b; Martin et al. 2013), and was highly dependent on which species acted as a carbon conduit This 

study shows for the first time that a small change in species composition through an alleviation of FeMn 

co-limitation can have strong implications for its carbon export potential. Fe alone stimulated primary 

production by 3,5-fold, but did not even double the carbon export potential. However, even though the 

Fe and Mn addition resulted in an only slightly higher (4-fold) increase in primary production, the 

species shift resulted in a three times higher carbon export potential. Henceforth, biogeochemical 

models need to consider Mn limitation/FeMn co-limitation (Hawco et al. 2022) as even small changes 

in plankton community composition can have large effects on carbon export potential.  

  

  POCstart POCend Estimated POC100 

  mg L-1 mg L-1  mg C m-2 d-1 

Control 0.33 ± 0.00 b  5.12 ± 1.05 b 9.18 ± 0.12   

+Mn 0.30 ± 0.01 b  6.89 ± 2.34 b 7.02 ± 0.10   

+Fe 0.47 ± 0.01 a  7.62 ± 1.30 b 12.94 ± 0.08  

+FeMn 0.52 ± 0.03 a  12.76 ± 3.25 a 36.15 ± 0.17  
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Supplementary materials for Chapter 4 
 
 

Table S1. Microscopic cell counts (cells mL-1) were determined from the initial community 
sampled for the experiment (n = 1) and at the end of the experiment after exposure to different Fe and 
Mn concentrations. Values represent the mean ±	SD (n=3). Different letters indicate significant 
differences between treatments (p < 0.05). 
 
 

 
 
Table S2. Particulate organic nitrogen (PON) content was estimated from the community 
sampled after exposure to different Fe and Mn concentrations. Values represent th4e mean ± SD (n=3).  
 
 
 
 
 
 
 
 
 
 
Table S3. Phaeocystis antarctica colony sizes determination. P. antarctica colonies abundances 
per size and mL-1 were determined at the end of the experiment from the communities after exposure 
to different Fe and Mn concentrations. Values represent the cumulated mean of triplicates, ~9mL of 
samples were counted.  
 
 

 15-18 
µm  
col mL-1 

18–30 
µm  
col mL-1  

31-65 
µm  
col mL-1 

66-95 
µm  
col mL-1 

96-130 
µm  
col mL-1 

131-200 
µm  
col mL-1 

200-300 
µm  
col mL-1 

300-500 
µm  
col mL-1 

500-600 
µm  
col mL-1 

Total 
colonies  
mL-1 

Control 0 0 0.1 0.1 0.1 0.3 0.1 0.1 0 0.8 
+Mn 0 0 0.2 0.2 0.2 0.3 0.1 0 0 1.1 
+Fe 0 0 0.5 0 0.3 0.3 0.3 0.6 0 2.2 
+FeMn 0.1 0.1 0.3 0.4 0.1 0.5 0.8 1 0.2 3.8 

 
  

 
Fragilariopsis 
sp. 

Chaeotoceros 
sp. 

Pseudo-
nitzschia sp. 

Phaeocystis 
antarctica 

Total 

 cells mL-1 cells mL-1 cells mL-1 cells mL-1 cells mL-1 
      
Initial  75  8  54  52  189 
Control 3950 ± 716  152 ± 50  2622 ± 552  370 ±	184 7094 ± 1182 
+Mn 3819 ± 117  144 ± 73 1474 ± 222 305 ± 52 5742 ± 1237 
+Fe 5154 ± 512 580 ± 100 1677 ± 642 1147 ± 116 8558 ± 916 
+FeMn 5538 ± 282  641 ± 43 2206 ± 248 2250 ± 928 10636 ± 1276 

  PON 
  µg mL-1 
Control 0.06 ± 0.00  
+Mn 0.05 ± 0.00 
+Fe 0.08 ± 0.00 
+FeMn 0.09 ± 0.00 
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Table S4. Carbon export potential. Parameters to derive the POC flux to 100m were determined 
at the end of the roller tank experiment for each aggregate sample in each treatment.  
 
 

 
 
 
  

  Aggregates 

Sinking 
velocities Aggregate 

volume 
POC per 

aggregates 
Tank 

volume 

Aggregate 
volume 
formed 
per m3 

Flux to  
100 m per 

day 

m day-1 cm3 µgC agg-1 ml µgC cm3 m-3 
mgPOC m-2 

d-1 

Control 1 13,9 
1,43675504 7,34460796 2733 2687,37942 0,466932174 

  2 11,2 2,144660585 10,9633798 2733 4011,481817 0,561607454 

  3 12,1 2,144660585 10,9633798 2733 4011,481817 0,606736625 

  4 30,7 
10,3059947 52,6836437 2733 19276,85464 7,397492967 

  5 6,8 
0,17959438 0,91807599 2733 335,9224275 0,028553406 

  6 5,9 
0,113097336 0,57814698 2733 211,5429864 0,015601295 

  7 5 
0,268082573 1,37042248 2733 501,4352271 0,031339702 

  8 5,9 
0,381703507 1,95124606 2733 713,9575792 0,052654371 

  9 5,9 
0,17959438 0,91807599 2733 335,9224275 0,024774279 

+Mn 1 26,9 
5,575279763 38,4411823 2733 14065,56249 4,729545386 

  2 23,3 
3,053628059 21,0545619 2733 7703,827989 2,243739902 

  3 8,1 
0,113097336 0,77979859 2733 285,3269626 0,028889355 

  4 12,5 
0,033510322 0,23105143 2733 84,54132224 0,013209582 
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  Aggregates 

Sinking 
velocities Aggregate 

volume 
POC per 

aggregates 
Tank 

volume 

Aggregate 
volume 
formed 
per m3 

Flux to  
100 m per 

day 

m day-1 cm3 µgC agg-1 ml µgC cm3 m-3 
mgPOC m-2 

d-1 

+Fe 1 34,3 
3,053628059 23,2720048 2733 8515,186536 3,650886227 

  2 28,9 1,15034651 8,76690579 2733 3207,795751 1,158816215 

  3 10,8 
0,113097336 0,8619261 2733 315,3772791 0,042575933 

  4 10,8 0,268082573 2,0430841 2733 747,5609579 0,100920729 

  5 16,2 
0,381703507 2,9090006 2733 1064,398317 0,215540659 

  5 0,5 0,065449847 0,49879983 2733 182,5099995 0,001140687 

  7 16,2 3,053628059 23,2720048 2733 8515,186536 1,724325274 

  8 10,8 0,17959438 1,36870673 2733 500,8074386 0,067609004 

  9 30,7 4,849048261 36,9550817 2733 13521,80084 5,188991073 

  10 19,8 
1,15034651 8,76690579 2733 3207,795751 0,793929448 

+FeMn 1 33,3 8,181230869 104,40096 2733 38200,13166 15,9008048 

  2 33,3 
3,053628059 38,9674495 2733 14258,12274 5,934943591 

  3 39,6 3,053628059 38,9674495 2733 14258,12274 7,057770757 

  4 16,2 
0,904778684 11,5459109 2733 4224,62896 0,855487364 

  5 11,7 0,523598776 6,68166143 2733 2444,808426 0,357553232 

  6 24,3 
4,188790205 53,4532914 2733 19558,46741 5,940884476 

  7 9,9 0,17959438 2,29180987 2733 838,5692902 0,10377295 
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Figure S1. Fv/Fm and Chla. The dark-adapted maximum photosystem II quantum yield (Fv/Fm) (a) 
and Chlorophyll a (Chla) content (b) of the cells over time.  
 
 

 
 
 
Figure S2. Phaeocystis antarctica cell abundances determination from colony sizes. 
Adapted from Mathot et al. (2000). 
 
Mathot, S., W. O. Smith Jr, C. A. Carlson, and D. L. Garrison. 2000. Estimate of Phaeocystis sp. carbon 

biomass: methodological problems related to the mucilaginous nature of the colonial matrix. J 

Phycol 36: 1049–1056. 
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Figure S3. Examples of flow cytometric counts and the 4 gating groups for each treatment (Control, 
+Mn, +Fe, +FeMn). 
 
 

 
 
Figure S4. Picture of the aggregated phytoplankton communities inside the roller tank for each 
treatment (Control, +Mn, +Fe, +FeMn). 
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5  
SYNTHESIS 
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In this last chapter, the major findings are discussed together and the presented results are put into 

perspective of undergoing climate changes and the subsequent ecological implications. Furthermore, 

new research directions are suggested to extend our knowledge of FeMn co-limitation effects on 

phytoplankton ecology and the biogeochemistry of the SO. 

 

5.1 Discussion of the major findings  
 

Publication I, II and III highlighted the importance of Mn and Fe for the growth of dominant SO 

phytoplankton. Altogether, the performed studies showed that FeMn co-limitation strongly depends on 

the specific requirements of each species and the initial concentration of TMs, which varied locally and 

seasonally. In this section, the parameters that might have triggered FeMn co-limitation for Fragilariopsis 

sp. and Phaeocystis antarctica and how these may have subsequently affected phytoplankton community 

structure and, consequently, the BCP are discussed (Fig. 1).  

 

5.1.1 FeMn co-limitation of Fragilariopsis sp. is enhanced by low Fe concentrations and light 

availability  

 

The heavily silicified diatoms Fragilariopsis sp. are one of the most observed species in SO HNLC waters 

and are frequently reported to be the primary beneficiaries of Fe enrichment experiments in the field 

(Boyd et al. 2000; Gall et al. 2001a; Hoffmann et al. 2007; Strzepek et al. 2011). Following these findings, 

Fragilariopsis sp. (Publications I and III) was found to dominate the microphytoplankton community in 

the Drake Passage and the Weddell Sea (75% to 95% of cell abundances) and also to be Fe-limited in 

both areas. Furthermore, Fragilariopsis sp. reached maximum growth rates only when Fe and Mn were 

provided together in the western Drake Passage (referred as West in Publication I), indicating a relief of 

FeMn co-limitation. However, Fragilariopsis sp. was only Fe-limited in the eastern Drake Passage 

(referred as East in Publication I) and the Weddell Sea (Publication III). Different species of the 

Fragilariopsis genus, spatial variability of the experiment, enhanced Mn requirements under low Fe 

supply, and different light regimes may explain the potential occurrence of FeMn co-limitation.  

 

First, the variability of TM requirements among species within genera (Twining and Baines 2013) might 

have triggered different cellular responses depending on the sampling locations. For instance, within the 

diatom genus Pseudo-nitzschia sp., different growth rates in response to Fe addition were reported 

(Marchetti et al. 2006). These discrepant results among one genus emerged primarily due to the high 

capability of some species compared to others to reduce their Fe requirements by accumulating and 

storing intracellular Fe for later usage, a process termed ‘luxury consumption’ (Droop 1975). In this 

study, in addition to F. kergenlensis, small species such as F. curta, F. nana, F. cylindrus and F. pseudonana 



 
 

 
108 

were grouped as Fragilariopsis sp. as these species are challenging to distinguish with light microscopy 

(Cefarelli et al. 2010). Hence, similar to Pseudo-nitzschia sp., the possibility that different species among 

Fragilariopsis sp. may have divergent Fe and Mn requirements at different locations cannot be excluded. 

In the future, the use of additional taxonomic determination techniques, such as scanning electron 

microscope just as performed by Cefarelli et al. (2010) for Fragilariopsis species determination, may help 

to dismantle FeMn co-limitation on a species level. 

 

The differences in the occurrence of FeMn co-limitation may also be caused by varying dissolved Fe 

and Mn concentrations of the experimental locations (Appendix Table 1). The dissolved Fe 

concentrations of the western Drake Passage were four times lower than those measured in the eastern 

Drake Passage (Publication I), which may have increased Mn requirements of Fragilariopsis sp. During 

periods of low Fe supply, fewer electron carriers are present in the cell, which increases the likelihood 

of ROS formation through leaking electrons generated by PSII activity (Asada 2006). However, the 

utilisation of the Fe-free electron transfer protein flavodoxin (instead of ferredoxin, see Chapter 1, Fig.6; 

Roche et al. (1996)) may decrease energy dissipation under low Fe supply and possibly relax ROS 

production (Lodeyro et al. 2012). Surprisingly, in contrast to the sole Fe deficiency, less flavodoxin was 

expressed when both Fe and Mn were depleted (Wu et al. 2019). In addition, with Mn being an integral 

part of the antioxidant enzyme SOD (Wolfe-Simon et al. 2005), most of the produced ROS may not be 

scavenged. As a consequence, in both laboratory studies and protein allocation models, Mn 

requirements were enhanced by increasing the Mn content of SOD for Fe-limited diatoms (Peers and 

Price 2004; McCain et al. 2021), indicating a strong interdependence of Fe and Mn to meet cellular 

requirements (McCain et al. 2021). Additionally, in the framework of these experiments, only Fe and 

Mn were tested; therefore, one could speculate that Fragilariopsis sp.was co-limited with other 

micronutrients, such as vitamin B12, zinc, or cobalt. These additional micronutrients are also required 

for many cellular metabolic processes (Twining and Baines 2013) and limit or co-limit phytoplankton 

biomass in several areas of the ocean (Moore et al. 2013), including the SO (Panzeca et al. 2006; 

Bertrand et al. 2007, 2015; Koch and Trimborn 2019). Therefore, co-limitation of Fragilariopsis sp. with 

other TMs may explain no growth stimulation with additional Mn in the eastern Drake Passage and 

the Weddell Sea.  

 

Aside from Fe availability, light is also an important bottom-up control of phytoplanktonic growth in 

the SO (Boyd 2002; Smith and Lancelot 2004). In Publication I, the experiment was performed under 

30 μmol photons m-2 s-1 to mimic natural light conditions occurring in the Drake Passage, an area more 

prone to eddy activity (Kahru et al. 2007), which results in phytoplankton experiencing greater light 

limitation (Mitchell et al. 1991; Nelson and Smith Jr 1991; Van Oijen et al. 2004). However, in 

Publication III, the experiment was performed under 100 μmol photons m-2 s-1, representing higher 
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light intensities of the south Weddell Sea during summer. Hence, the differently applied light regimes 

may also explain discrepancies in the behaviour of Fragilariopsis sp. as observed in Publications I and III.  

Under low light intensities, light-harvesting pigment production must be increased, thereby enhancing 

Fe requirements (Sunda and Huntsman 1998; Strzepek and Price 2000). Consequently, F. kergenlensis 

was found Fe-limited under low light regimes (Hoffmann et al. 2007). Considering these findings and 

the results of Publication I, the assumption that low light might enhance FeMn co-limitation was raised. 

Thus, to test this hypothesis, an additional experiment was performed in the northern part of the 

Weddell Sea (Appendix Fig. 1). Just as in Publication I, Fragilariopsis sp. within a natural phytoplankton 

assemblage also expressed a relief of FeMn co-limitation under 30 μmol photons m-2 s-1 (Appendix Fig. 

1). Hence, low light may alleviate FeMn co-limitation of Fragilariopsis sp. in the Drake Passage and the 

Weddell Sea. Some SO phytoplankton species, including F. kergenlensis, possess adaptative mechanisms 

to cope with low Fe-light environments, including acclimation strategies to keep cellular Fe requirements 

constant (Strzepek et al. 2012; Moreno et al. 2020). However, no comparable mechanism was observed 

for Fragilariopsis sp. Hence, light limitation may strengthen the interdependence of Fe and Mn and 

strongly enhance the production of ROS (Peers and Price 2004; McCain et al. 2021), however, only 

based on Chla and cellular-based growth rate, no clear conclusion can be drawn.  

 

Another critical point may be the potential seasonal pattern of Mn, Fe, and FeMn limitation of 

phytoplankton communities at different locations. The field experiments presented in Publications I and 

III were performed in February and March (Appendix Table 1). The low dFe and dMn concentrations 

during this late austral summer may have resulted from preceding biological uptake and/or reduced 

vertical TM inputs due to stronger water stratification. Fe concentrations during springtime are 

relatively high due to recent Fe inputs from deep winter mixing (Tagliabue et al. 2014), thereby 

decreasing the likelihood of Fe limitation. Afterwards, Fe concentrations slowly decrease towards the 

end of the summer (Hawco et al. 2022); hence, FeMn co-limitation is most likely to occur after summer, 

as observed in the Ross Sea (Wu et al. 2019). The decrease of dFe (53%, Appendix Table 1) between 

December and January has generated higher Mn stress during the late summer season (Wu et al. 2019). 

However, timing of Mn limitation of phytoplankton may be more challenging to assess with respect to 

the difficulty of predicting Mn inputs. Injection of Mn in surface waters is less seasonal-dependent, being 

mainly sustained by Mn-containing aerosols (Baker et al. 2006, 2016) and elevated photoreduction of 

Mn oxides (Sunda et al. 1983; Sunda and Huntsman 1994). In fact, as observed in the Drake Passage, 

some communities were already Mn-limited in early November (Browning et al. 2021). Despite seasonal 

variations, it is important to keep in mind that the results reported in Publications I and III, merely 

present a spatial and temporary snapshot, albeit performed in representative SO areas (Permanently 

Open Ocean and Seasonal Sea Ice Zones). In addition to winter mixing, in the Drake Passage, Fe inputs 

also depend on more sporadic events, such as aerosols containing Fe and upwelling/downwelling of Fe-
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rich waters induced by important eddy activity in this region (Kahru et al. 2007). Therefore, high ranges 

of Fe concentrations have been reported in this area (0.05–4.51 nmol L-1, Publication I, Fig. 5 in Chapter 

1.3.1). Due to the potential patchiness of TM inputs, phytoplankton might experience different TM 

limitations within a small spatial resolution as observed within the Drake Passage, where Fe or Mn 

limitation, FeMn co-limitation and no limitation co-occurred (Browning et al. 2021).  

 

Albeit all these possibilities that might influence the results, the ecologically important diatom 

Fragilariopsis sp. was found FeMn co-limited at low light in the Drake Passage and the Weddell Sea, and 

this finding might have important implications considering climate change.  

 

5.1.2 The life cycle of Phaeocystis antarctica may impact its Mn requirements 

 

Phytoplankton growth in open ocean waters mainly depends on winter mixing that brings Fe-richer 

water up to the surface (Tagliabue et al. 2014). Consequently, phytoplankton communities in these areas 

are often more impacted by severe Fe limitations compared to coastal regions of the SO. As Fe is 

required for Phaeocystis colony build-up (Bender et al. 2018), in Fe-limited open ocean waters, Phaeocystis 

antarctica mostly thrives as solitary cells (Smith et al. 2003). In accordance, the solitary P. antarctica was 

found Fe-limited in open waters of the Drake Passage (Publication I). In addition to this finding, 

Publication II provided further evidence of the Fe and Mn requirements of P. antarctica. Interestingly, 

the field results of natural P. antarctica (Publication I) within a microcosm were reflected in the 

monoculture laboratory experiment (Publication II). The combined experimental and modelling study 

performed in Publication II, revealed that while P. antarctica was indeed Fe-limited; the sole depletion of 

Mn did not affect the overall growth and POC production of this species as observed in the field. The 

tolerance of P. antarctica to cope with low Mn concentrations resulted from an efficient photoacclimation 

strategy featuring an accumulation of active PSII reaction centres with lower electron transport rates. 

Therefore, unlike the SO diatom Chaetoceros debilis (Pausch et al. 2019), the solitary P. antarctica may be 

better equipped to deal with low Mn concentrations, a competitive advantage in an area like the Drake 

Passage, where low Mn concentrations were already reported (≈0.03-2 nmol L-1; Middag et al. 2012; 

Browning et al. 2014, 2021; Balaguer et al. 2022). 

 

Due to the additional process of sea-ice retreat, higher Fe quantities are injected into coastal areas of 

the SO (Lannuzel et al. 2010), enhancing ice-edge phytoplankton blooms like in the Weddell Sea (von 

Berg et al. 2020). Henceforth, as the colonial P. antarctica usually has a greater Fe demand to sustain 

colony build-up (Bender et al. 2018) it often dominates over solitary cells in coastal areas (Smith et al. 

2003). Furthermore, in response to higher abundances of zooplankton in coastal regions of the SO 

(Pakhomov et al. 2002; Atkinson et al. 2009), colony formation provides an effective defence mechanism 
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against grazing (Hamm et al. 1999), as already reported for P. antarctica in the Ross sea (Caron et al. 

2000). Hence, in addition to TM concentrations, the presence of grazers may also play a role in colonial 

P. antarctica being more prevalent in coastal waters in comparison to the solitary stage. Therefore, it was 

not surprising that 25% of the phytoplankton community in the Weddell Sea was composed of the 

colonial P. antarctica (Publication III). Additionally, the colonial P. antarctica (Publication III) was found 

to be Fe-limited and in contrast to the solitary stage (Publications I and II), also FeMn co-limited. In 

fact, P. antarctica abundance is partially controlled by Fe availability during important life cycle stages as 

a flagellate or colonial organism (Smith et al. 2003). Among others, the expression level of a glycosylated 

putative spondin protein, an essential component of the extracellular matrix, was found to respond 

strongly to Fe addition (Bender et al. 2018). As an increase in P. antarctica colony sizes upon FeMn 

addition was observed (Publication III, Appendix Fig. 2), it hints toward the involvement of both trace 

metals in the colony formation of P. antarctica. Although the initial dFe and dMn concentrations in the 

Weddell Sea were sufficient to support the colonial life stage of P. antarctica, the concentrations were still 

limiting, which may indicate high requirements or accumulation mechanisms. It was previously 

reported that Phaeocystis cells can accumulate Fe and Mn in their mucus matrix (Schoemann et al. 2001), 

utilising two distinctive processes. Fe accumulates within the mucus of Phaeocystis, because it features a 

higher availability of ligands than surrounding seawater (Engel 2000; Schoemann et al. 2001). In fact, 

it was reported that Fe bound to polysaccharides is more likely to be stabilised during the soluble and 

colloidal phase, which results in Fe being more bioavailable to SO phytoplankton (Hassler and 

Schoemann 2009; Hassler et al. 2011). With respect to Mn, its accumulation in Phaeocystis mucus as an 

indirect result of photosynthesis had already been hypothesised by Lubbers et al. (1990). In fact, 

photosynthetic activity resulted in both high O2 concentrations and high pH inside the colonies, which 

altered the redox conditions and may cause Mn precipitation (Lubbers et al. 1990; Lancelot and 

Rousseau 1994). During respiration, on the other hand, O2 consumption combined with CO2 

production (Alldredge and Cohen 1987) could potentially enhance Mn photoreduction of already 

precipitated Mn, making it more available for phytoplankton utilisation (Schoemann et al. 2001). In an 

area like the SO, where the scarcity of Fe and Mn drives phytoplankton species composition, the ability 

of Phaeocystis to use its mucus as a TM reservoir may be a competitive advantage (Schoemann et al. 

2001). However, further studies disentangling the various effects and benefits of the extracellular mucus 

matrix of P. antarctica are still needed. 
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5.1.3 Changes in relative abundances of Phaeocystis antarctica influence carbon export potential of 

phytoplankton aggregates  

 

Both field studies (Publication I and III) showed that multiple FeMn co-limitations can occur within a 

phytoplankton community. While measurements of bulk community parameters such as Chla are 

necessary, they may miss interspecific differences, such as TM co-limitations. According to Publications 

I and III, Chla analysis indicated Fe-limited communities, whereas Fragilariopsis sp. and Phaeocystis 

antarctica were indeed FeMn-limited. Similarly, Wu et al. (2019) did not observe any FeMn co-limitation 

based on Chla alone but did report significant changes in the metaproteome in FeMn compared to Fe-

treated cultures. Most importantly, by only quantifying Chla, POC and primary production, it is difficult 

to assess the effects of low Fe and Mn supply on phytoplankton communities and its subsequent influence 

on carbon export. In fact, taxonomic diversity of cell size, shape and, for diatoms, degrees of cell-wall 

silicification within a community affect carbon accumulation, aggregation time and sinking rate (Durkin 

et al. 2012; Tréguer et al. 2018). Therefore, it is important to consider taxonomic diversity within 

communities and its influence on the carbon flux in order to refine the resolution of biogeochemical 

models. Species like the large and heavily silicified Fragilariopsis sp. may enhance faster sinking rates 

(Tréguer et al. 2018); hence the relief of FeMn co-limitation presented in Publication I can have 

substantial consequences on organic matter export, however, this was not assessed in the framework of 

this study. Consequences of FeMn co-limitation on species composition and, subsequently, carbon 

export were for the first time revealed in Publication III. Within this study, it was shown that Fe and 

FeMn addition significantly enhanced primary production in a coastal area of the Weddell Sea. Similar 

to the microcosm experiment in Publication III, multiple in situ Fe fertilisation experiments in the SO 

already reported enhanced primary production (e.g. Bidigare et al. 1999; Landry et al. 2000; Coale et 

al. 2004; Buesseler et al. 2004; Boyd et al. 2005; Blain et al. 2007; Salter et al. 2007; Aramaki et al. 

2009; Morris and Sanders 2011; Smetacek et al. 2012). However, this increase in primary production 

did not result in consistently enhanced POC export (Boyd et al. 2000; Gall et al. 2001b; Assmy et al. 

2013; Martin et al. 2013).This discrepancy between primary production and export rates may be 

explained by changes in community composition, as observed in Publication III. The increased growth 

rate of P. antarctica between Fe and FeMn addition significantly changes the POC flux potential. In fact, 

as the growth of P. antarctica increased, bigger and more numerous colonies were formed (Appendix Fig. 

2). Colonial P. antarctica cells feature a mucilaginous matrix surrounded by a hydrophobic skin; hence, 

when a colony is formed, organic matter in the form of (muco)polysaccharides and carbohydrates is 

excreted from the cell (Hamm et al. 1999). The stickiness induced by P. antarctica mucus in combination 

with the highly silicified diatom-dominated community resulted in greatly POC-enriched aggregates, 

which significantly enhanced the carbon export potential. Hence, FeMn addition increased primary 

production to a similar degree as Fe addition but enhanced the export of organic matter by ≈2.5-fold 
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(compared to the sole Fe addition) due to a higher relative abundance of P. antarctica within the 

aggregates (see Fig. 3 in Publication III). Ultimately, the relief of FeMn co-limitation of the colonial P. 

antarctica enhanced carbon export 4-fold compared to low FeMn supplied communities as naturally 

occurring in the Weddell Sea (Appendix Table 1). Different to large-scale Fe enrichment experiments, 

Publication III downscaled ecological complexity to only investigate the effects of varying Fe and Mn 

environments and did not consider aggregate fragmentation, grazing by zooplankton or microbial 

remineralisation processes, which constrain the export of organic carbon (Iversen and Poulsen 2007; 

Iversen et al. 2010). Nonetheless, for the first time, the cascading effects of FeMn co-limitation on 

community composition and subsequently on carbon export were revealed (Fig. 1).  

 

 

 
Figure 1. Schematic illustration of the major findings. Phytoplankton assemblages are driven 
by the surface concentrations of both Fe and Mn (red arrows) (Publication I) as a consequence of 
different TM requirements and photophysiological responses of each species (Publication II). In turn, 
this results in distinct species compositions that crucially influence the formation of phytoplankton 
aggregates (Publication III) with different sinking velocities and particulate organic carbon contents, 
which can ultimately affect how much particulate organic carbon (POC) is sequestered into the sea floor 
(green arrows). 
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5.2 Ecological implications of changes in Fe, Mn and light availabilities 

for future phytoplankton productivity  
 

Polar regions are more vulnerable than the global average to ongoing climate changes (Pörtner et al. 

2019). The partial CO2 pressure in the atmosphere has already increased from 286 to 420 μatm since 

the pre-industrial time and climate models project that it will continue to rise up to 700 μatm by the 

year 2100, if CO2 emissions accelerate with the same tendency (Pörtner et al. 2022). By decreasing the 

pH, CO2 dissolution in seawater leads to an alteration of its chemistry (i.e. ocean acidification), with 

great consequences for SO marine organisms, including phytoplankton communities (Hancock et al. 

2020). Hence, in an area like the SO, where cold waters have the ability to absorb a larger amount of 

CO2 due to the inverse relationship of CO2 solubility and seawater temperature (Zeebe and Wolf-

Gladrow 2001), enhanced CO2 levels are becoming even more problematic. A further effect of climate 

change and ozone depletion will be the increase in the positive phase of the Southern Annular Mode 

(SAM), a north-to-south movement of westerly winds blowing from the mid to high latitudes of the 

southern hemisphere. As SAM progresses into a more positive phase, the circumpolar vortex increases 

in strength and moves southward (Deppeler and Davidson 2017). A more positive SAM and additional 

abiotic factors resulting from climate change (Pörtner et al. 2019; Henley et al. 2020) will substantially 

alter multiple controls of marine primary productivity (e.g. TM, nutrient and light availability) and 

phytoplankton community composition (Greaves et al. 2020). However, it is difficult to assess the impact 

of these environmental changes on the biologically induced carbon export due to the complex interplay 

between abiotic factors and ocean biogeochemistry. Furthermore, the response of low trophic 

ecosystems to climate change varies greatly in time (season) and location (shelf and open ocean waters) 

due to distinct requirements of phytoplankton towards light, TMs and nutrients. As phytoplankton 

species composition is a key control of the BCP (c.f. 1.2.2), it is essential to determine the effect of climate 

changes on the structure of future phytoplankton communities. Further mechanistic understanding of 

essential physiological processes of SO key species such as Fragilariopsis sp. and Phaeocystis antarctica is 

required in order to improve models that simulate changes in species composition. Thus, the projected 

changes that may occur in the SO with respect to Fe, Mn and light availability and their subsequent 

effects on Fragilariopsis sp. (Publication I, Balaguer et al. (2022)) and Phaeocystis antarctica (Publication II-

III) will be discussed in this section. Furthermore, the impact of community changes on the biological 

carbon pump will be debated.   
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5.2.1 The future fate of Fe and Mn inputs and light availability  

 

In the SO, HNLC surface waters, such as in the Drake Passage, are sustained with Fe by winter deep 

water mixing (Tagliabue et al. 2014), deposition of Fe-bearing aerosols from dust storms (Jickells et al. 

2005; Mahowald et al. 2005; Raiswell et al. 2016; Tagliabue et al. 2017), airborne volcanic ash (Duggen 

et al. 2010) and inputs from nearby shelf regions (Herraiz-Borreguero et al. 2016; Sherrell et al. 2018; 

Van der Merwe et al. 2019). Dust/ash usually contains Fe and Mn and can thereby act as TM fertiliser 

for phytoplankton growth in coastal and open waters (Hopkinson et al. 2007; Browning et al. 2014a). 

Sedimentary input of Fe is probably also accompanied by Mn (Measures et al. 2013; Hatta et al. 2013). 

However, different to Fe, maximum concentrations of Mn can be found solely on the surface (c.f. 5.1.1) 

of the water column while the ocean interior is mostly Mn-depleted (<0.3 nmol L-1) (Moore 2016; van 

Hulten et al. 2017).  

The projected intensification of the westerly winds, from a more positive phase of SAM, may promote 

more water mixing and thereby a deepening of the mixed layer depth (MLD) (Meijers 2014; Hauck et 

al. 2015; Panassa et al. 2018), which might enrich surface layers with additional Fe (Fig. 2). Indeed, a 

causal relationship between increasing Chla, possibly induced by enriched nutrients in the surface layer, 

and the MLD deepening was already reported from remote sensing and floats data (Carranza and Gille 

2015). Furthermore, a positive SAM increases the strength of the western boundary currents and the 

transport of Fe-rich water from the subtropics to the subantarctic (Bowie et al. 2009). Additionally, 

stronger winds might import FeMn-rich terrigenous material from nearby ice shelf waters (Herraiz-

Borreguero et al. 2016; Sherrell et al. 2018; Van der Merwe et al. 2019) and increase the frequency of 

TM-rich aerosol deposition and wildfire ash events (Pörtner et al. 2022). On the other hand, the larger 

supply of TMs to surface waters might be counteracted by increasing surface temperatures, which could 

result in stronger surface water stratification and, therefore, potentially impact Fe supply from deeper 

water masses (Fu et al. 2016; Rintoul 2018). However, increased stratification and consequentially 

higher exposure to sunlight could also enhance the photoreduction rates of Mn oxides (Sunda and 

Huntsman 1994). Additionally, the rise in temperatures will lead to iceberg melting (Lin et al. 2011; 

Raiswell et al. 2016; Hopwood et al. 2017), contributing to the enhanced discharge of Fe and Mn (Fig. 

2). In areas surrounding Antarctica, projections are more complex. In fact, the Antarctic Sea ice paradox 

was drawn out of the observation that since 1979, no decline in sea ice around Antarctica has been 

reported (Pörtner et al. 2019). High eddy activity likely enables the SO to dissipate anthropogenic 

warming around Antarctica (Rackow et al. 2022). Nonetheless, increasing temperatures are likely to 

reduce the extent and thickness of the ice and probably facilitate the release of TMs (Fig. 2, Lannuzel 

et al., 2016). Overall, the effects of climate change may increase the concentrations of Fe and Mn in the 

two study areas (Fig. 2), the Drake Passage and the Weddell Sea (Publication I-III). However, it is 

important to keep in mind that not all Fe or Mn inputs will be bioavailable for phytoplankton. TM 
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bioavailability depends on the chemical nature of the supplied TM and the Fe uptake abilities of the 

phytoplankton species. For instance, ash addition might enhance the contribution of soluble Fe (Duggen 

et al. 2010; Raiswell et al. 2016) and the presence of organic ligands that can potentially act as a binding 

partner to Fe or Mn (Hassler and Schoemann 2009). To date, there is only limited knowledge on TM 

bioavailability to SO phytoplankton and future research needs to address this important aspect.  

 
 

Figure 2. Schematic figures showing climate change-driven alterations of physical 
drivers of trace metal inputs in the Southern Ocean. Before (a) and after climate change (b). 
The black dashed line represents the mixed layer depth (MLD) and the water mixing induced by wind 
forcing is represented by the ovals. Red arrows represent trace metal (TM) inputs from deeper layers, 
icebergs, sea-ice melting and atmospheric deposition. Arrows thickness represents relative rates of 
TMs flux. Modified from Deppeler and Davidson (2017). 
 

The effect of physical forcing on light availability greatly depends on the location in the SO. In an area 

like the Drake Passage (Fig. 2), the predicted deepening of the upper mixed layer (Meijers 2014) 

combined with an increase in cloud cover could result in a decreased light availability (Lovenduski and 

Gruber 2005; Deppeler and Davidson 2017). However, changes in light intensity are more complex to 

project in an area like the southern part of the Weddell Sea. Here, light availability would probably 

increase due to enhanced water stratification and extended ice-free periods (Henley et al. 2020). 

Nevertheless, these areas are not fully protected from storms and wind-induced mixing that may also 

enhance light fluctuation (Venables and Meredith 2014; Deppeler and Davidson 2017), although 
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enhanced wind velocity might, on the other hand, accelerate sea-ice retreat and thereby increase light 

availability (Deppeler and Davidson 2017).  

 

5.2.2 Low light intensities might alleviate FeMn co-limitation and increase the relative abundance 

of the diatom Fragilariopsis sp. 

 

In open ocean areas like the Drake Passage or the Weddell Sea, Fe and Mn inputs next to a decrease in 

light availabilities are projected for the future (c.f. 5.2.1). According to Publication I and additional 

results (Appendix Fig. 1), these factors will relief FeMn co-limitation of the ecologically important 

diatom Fragilariopsis sp. and therefore increase its relative contribution to phytoplankton communities 

(Publication I, Appendix Fig. 1). This finding is in accordance with recent climate change projections 

under the high greenhouse gas emission scenarios RCP8.5 (Fig. 3, Krumhardt et al., 2022) and 

microcosm in situ experiments (Pausch et al. 2022), which show that diatoms (e.g. Fragilariopsis sp.) are 

indeed more likely to thrive in open ocean waters (Fig.3). An increase of Fragilariopsis sp. may stimulate 

primary production as reported in artificial fertilisation experiments in the ACC region (e.g. Boyd et al. 

2000; Gall et al. 2001a). However, the subsequent effects on carbon export remain unclear. During the 

in situ Fe enrichment experiment SOIREE, Fe addition triggered a significant increase of F. kergenlensis 

growth accompanied by high primary production (Gall et al. 2001a), however, no comparable response 

could be observed for POC export (Boyd et al. 2000; Gall et al. 2001b). An increase in F. kergenlensis 

growth simultaneously enhances biogenic silica production rates, affecting the Si:C ratios of this species. 

Enchanced Si:C ratio may increase the sinking rate (c.f. 1.2.2) but decrease the carbon export potential 

of this species (Assmy et al. 2013) and may lead to a high biomass low export system (Lam and Bishop 

2007; Martin et al. 2013). However, not all diatoms are equal in carbon export (Tréguer et al. 2018). In 

contrast to Fragilariopsis sp., lightly silicified diatoms such as Chaetoceros sp., defined as carbon-sinkers (c.f. 

1.2.2, Assmy et al. 2013; Queguiner 2013), are more likely to form large and rapid sinking aggregates 

leading to the deepest carbon flux (Riebesell and Wolf-Gladrow 1992). And in fact, when stimulated by 

Fe addition, these species were shown to be more efficient carbon conduits than Fragilariopsis sp. (Assmy 

et al. 2013). The additional capacity of Fragilariopsis sp. to bear high grazing pressure due to its strong 

frustule (Hamm et al. 2003) may decrease zooplankton grazing activity and, thereby, faecal pellet 

production (Assmy et al. 2013). Faecal pellets are a significant contributor of organic matter transport 

through the water column (Cavan et al. 2015), hence less zooplankton grazing might considerably lower 

the efficiency of the biological carbon pump (Manno et al. 2015; Cavan et al. 2017). Overall, models 

project an increase of carbon export south of 60°S triggered by an enhanced diatom biomass (Henley 

et al. 2020). However, if Fragilariopsis sp. outcompetes other species upon FeMn addition, the high Si:C 

ratio of this species may retain high organic carbon production in the euphotic zone (Smetacek 1999) 

with low carbon export efficiency (Assmy et al. 2013). The different genera and species of diatoms (e.g. 



 
 

 
118 

silica-sinker and carbon-sinker) change the fate of carbon and need to be carefully characterised to better 

quantify how much carbon can be exported from an enhancement in primary production.  

 

5.2.3 Enhanced Fe and Mn inputs may increase the relative contribution of the colonial Phaeocystis 

antarctica in diatom-dominated communities  

 

Light availability is challenging to assess in an area like the southern part of the Weddell Sea, as discussed 

in the previous section (c.f. 5.2.1). However, as P. antarctica has the ability to acclimate to different light 

conditions (Van Leeuwe and Stefels 2007; Alderkamp et al. 2012), its response in the future might 

primarily depend on TM concentrations. Therefore, Fe and Mn inputs may increase the relative 

contribution of the colonial P. antarctica in comparison to diatoms (Publication III). These results align 

with recent climate change projections under the high greenhouse gas emission scenario RCP8.5 (Fig. 

3, Krumhardt et al., 2022), which projected that small phytoplankton contribution may increase in 

response to variable light and TM additions in Sea Ice Zones (Fig. 3). Consequently, the transfer 

efficiency of organic matter may decrease (Bopp et al. 2005; Marinov et al. 2010) in response to a 

reduction of diatom-dominated communities (e.g. Ferreira et al., 2020), however this decrease may be 

counterbalanced, if the contribution of the colonial P. antarctica is enhanced. P. antarctica has a strong 

ability to form aggregates with diatoms and can act as substantial carbon vector (DiTullio et al. 2000; 

Ducklow et al. 2015; Asper and Smith 2019) as reported in Publication III. The increased growth of P. 

antarctica enabled the formation of highly POC-enriched aggregates, which significantly enhanced the 

carbon export potential. In line with these results (Publication III), additional model simulations 

incorporating characteristics of P. antarctica colonies showed a possible overestimation of diatom 

contribution for primary production and sinking of POC in the SO (Wang and Moore 2011). In fact, 

south of 60°S, in the Weddell or Ross Sea, models projected that P. antarctica colonies contribute up to 

30 to 50% of the total POC export (Wang and Moore 2011; Nissen and Vogt 2021). As P. antarctica was 

found FeMn co-limited at both locations (Publication III; Wu et al. 2019), one can speculate that their 

contribution to the total POC export might even increase in the future. Hence, in environments with 

relatively high irradiance and TMs release, colonial P. antarctica contribution could increase. The TEP 

produced by P. antarctica contributes to the coagulation process (Passow and Alldredge 1995; Engel 2000; 

Passow 2002), which, together with silicified diatom, might simultaneously increase the carbon content 

and the velocity of sinking aggregates (Mari et al. 2017). 
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Figure 3. Schematic of hypothesised changes to the Southern Ocean ecosystem in the 
Permanently Open Ocean Zones such as the Drake Passage and the Sea Ice Zone such 
as the southern Weddell Sea. This is based on the results of the CESM1-LE under a high emission 
scenario RCP8.5. Reprinted from Krumhardt et al. (2022) under CC-BY. 
 

In conclusion, this dissertation showed that in context of climate change, in areas where light limitation 

may prevail (e.g. ACC, Fig. 3), the contribution of the diatom Fragiliariopsis sp. could increase. While 

this may enhance primary production, the high Si:C ratio of this species may prevent similarly increased 

carbon export compared to other carbon-sinkers diatoms (e.g. Chaetoceros sp. or Pseudo-nitzschia sp.). In 

areas with fluctuating or increasing light availabilities and intensities (e.g. coastal Weddell Sea, Fig. 3), 

the relative contribution of Phaeocystis antarctica colonies inside the diatom-dominated community may 

be enhanced. These changes within the community could increase the carbon export by four-fold 

compared to the present low FeMn supply system. However, these results must be interpreted carefully 

as they also strongly depend on regional and seasonal variations (c.f. 5.1.1). Moreover, additional factors, 

such as temperature and ocean acidification, were not considered in the projections made in the last 

sections (c.f. 5.2.2, 5.2.3). To have a precise estimation of how much carbon will be exported, aggregate 

fragmentation, grazing by zooplankton and microbial remineralisation processes (Iversen and Poulsen 

2007; Iversen et al. 2010) also need to be assessed in the context of climate change (Henley et al. 2020). 

Although the projected results presented in this chapter are highly speculative regarding the fate of the 

BCP in the SO, they may contribute to new research perspectives in the future.  
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5.3 Future directions 
 

In this thesis, three manuscripts explored how divergent Fe and Mn concentrations and the different 

TM requirements of phytoplankton species affect phytoplankton community structure. Such 

understanding is of major importance to better quantify how much carbon is transferred through the 

BCP. Despite the provided answers, many important questions remain open. The purpose of this 

chapter is, thus, to share new research questions and ideas that were raised during this PhD.  

 

5.3.1 An experimental approach to assess the specific Fe and Mn requirements of Fragilariopsis sp.  

 

While the importance of Fragilariopsis sp. in Fe-limited SO water was largely studied as being one of the 

main responders to Fe artificial enrichment experiments (Boyd et al. 2000; Gall et al. 2001a; Hoffmann 

et al. 2007), its response to varying Mn concentrations has never been investigated. Based on Publication 

I and Appendix Fig. 1, the genus Fragilariopsis sp. was found to be prone to FeMn co-limitation under 

low light conditions in several locations (Publication I, Appendix Fig. 1). Next to Fragilariospsis kergenlensis 

more information on small-size congeners of Fragilariopsis sp., such as F. cylindrus, F. curta, F. nana and F. 

pseudonana, is required as they were also found to dominate phytoplankton assemblages at both locations 

(Publication I and III, Cefarelli et al. 2010)). Monoculture experiments in the laboratory will enable a 

mechanistic understanding of photosynthesis and TM requirements of several Fragilariopsis species under 

various light and TM conditions. These studies should also include measurements of the cell’s oxidative 

stress as Mn limitation was found to increase oxidative stress in temperate diatoms (c.f. 1.4.2, Peers & 

Price 2003). Additionally, effective mechanisms for scavenging ROS were reported for Fragilariopsis sp. 

under combined low Fe-light availability (Moreno et al. 2020); whether it is also the case under low Mn 

concentrations is unknown. Thus, measurements of ROS concentrations in response to Mn supply using 

the method described by Prado et al. (2012) should also be performed. In addition, the physiological 

response of Fragilariopsis sp. under low Fe and Mn can be better characterised using metatranscriptomic 

approaches (Pearson et al. 2015) and the regulation of various metabolic pathways, including enzyme 

activities such as the Fe and Mn containing SOD, can be identified using transcriptomics. 

Characterising the protein expression patterns might facilitate the detection of protein signatures 

produced under Fe (e.g. flavodoxin; Roche et al. 1996) or FeMn stress, just as reported for P. antarctica 

(Wu et al. 2019). Due to the lack of intracellular concentrations of Fe and Mn data, future studies also 

need to include this parameter, required to better parameterise current models. 
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5.3.2 An experimental approach to quantify particulate organic carbon flux in TM-limited 

environments  

 

To project further carbon accumulation and export through the BCP in the SO, the methodology 

described in Publication III can be replicated and extended, leading thus to a better understanding of 

the environmental factors driving species composition, primary production and carbon export. Based 

on Publications I-III, it is also necessary to carry out laboratory studies with different life stages of P. 

antarctica. In particular, for the colonial life stage, one needs to find out how carbon, Fe and Mn 

accumulate inside diatom-Phaeocystis-containing aggregates and include the assessment of physical and 

chemical coagulation and binding to organic substances, which potentially make Fe and Mn 

bioavailable. The mechanisms that trigger the potential accumulation of Fe and Mn (ligand 

concentrations or altered redox conditions) can be assessed as previously described in Schoemann et al. 

(2001). To distinguish between cellular and mucus-associated uptake of Fe and Mn, radioactive isotope 

assays can be performed. A comparison of intracellular Fe and Mn concentrations at the beginning and 

the end of the roller tank incubation could help to estimate the bioavailability of the accumulated Fe 

and Mn inside the aggregates. Additionally, intra and extracellular content of organic carbon should be 

better quantified. The proportion of organic matter attributed to the cells and the mucus matrix of 

Phaeocystis sp. could be differentiated using stable isotopes of carbon and nitrogen and thus, the produced 

organic substances can be traced. Together with analysis of the TEP content, this approach will help to 

calculate the total organic carbon pool of the newly formed aggregates. Extensive remodelling of 

proteins was previously observed under altered Fe concentrations, indicating high Fe supply as a trigger 

of Phaeocystis sp. colony formation (Bender et al. 2018). The proteome structure changes upon Fe 

addition, which happens simultaneously with a shift from single to colonial cells. The use of proteomic 

biomarkers, as described in Bender et al. (2018), under different Fe and Mn treatments could help to 

assess to which degree Mn also influences colony formation, a process still unknown.  

With the current experimental set-up for aggregate formation, it still remains unclear what fraction of 

the fixed carbon will eventually be exported to the deep ocean. This calls for further investigations of 

not only export mechanisms (aggregate formation and size-specific settling velocities) but also of 

attenuation and transformation processes by both microbes and zooplankton grazing. For instance, krill 

were found to selectively feed on diatoms over small species such as cryptophytes and Phaeocystis sp. 

(Haberman et al. 2003; Pauli et al. 2021). Hence, grazing preferences of grazers with different ratios of 

diatoms and Phaeocystis sp. inside aggregates should be further investigated and could determine whether 

an aggregate is exported or fed upon by zooplankton.  

Relief of FeMn co-limitation is highly dependent on the initial concentration of Fe that might enhance 

higher Mn requirements (c.f. 5.1.1). These variations of Fe and Mn concentrations depend on the season 

but also sporadic inputs such as dust events. In fact, FeMn co-limitation was reported during late 
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summer (Balaguer et al., 2022; Wu et al., 2019; Browning et al., 2014; Publication III) but also in spring 

(Browning et al. 2021). Henceforth, this experiment should be replicated during different seasons and 

areas of the SO, such as open waters, coastal and polynyas which harbor divergent Fe and Mn 

concentrations and phytoplankton communities. However, shipboard incubation experiments remain 

mainly restricted to the spring and summer seasons when the SO is accessible by ship. This increases 

the importance of choosing representative regions to be able to integrate these experimental 

measurements with observational data (Claustre et al. 2021).  

 

5.3.3 The need to investigate phytoplankton adaptation  

 

Phytoplankton can experience stress at a variety of temporal scales, including long-term temperature 

increases, seasonal water mixing, or sporadic dust deposition. Divergent mechanisms may emerge, in 

response to these different-scale stressors, such as rapid acclimation or evolutionary adaptation. 

Acclimation refers to reversible changes within a generation (such as photoacclimation), while 

adaptation refers to inter-generational changes, including modification in the deoxyribonucleic acid 

(DNA) sequence (Flynn et al. 2015). The majority of the experiments presented in this thesis were 

conducted over several days, which only underpinned short-term physiological acclimation to a given 

stress and were not long enough to resolve adaptation. However, a thorough understanding of 

phytoplankton adaptation is essential to predict changes in phytoplankton communities in response to 

climate change. Models simulating the adaptation of phytoplankton are scarce (Ward et al. 2019; 

Tittensor et al. 2019), although some species have been shown to adapt to warmer conditions or ocean 

acidification (Lohbeck et al. 2014; Padfield et al. 2016; Bach et al. 2018). Considering long-term changes 

(>250 generations) as a result of adaptation, an increase in TM supply combined with low light 

availability may result in different outcomes than those projected in Fig. 3. In fact, Publication I suggests 

an alleviation of FeMn co-limitation under low light for the diatom Fragilariopsis sp. however, SO 

phytoplankton species have already shown some acclimation strategy to not increase their Fe 

requirements under low light (Strzepek et al. 2012, 2019; Moreno et al. 2020). Therefore, Fragilariopsis 

sp. may also adapt to the lower light intensities and reduce its Fe and Mn cellular requirements over 

time. In conclusion, it is crucial to clearly distinguish acclimation and adaptation processes of 

phytoplankton when comparing results, especially whit the aim of conducting interdisciplinary studies 

by combining experimental, time series and modelling approaches (Reusch and Boyd 2013; Flynn et al. 

2015).  
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5.3.4 Detection of Fe and Mn limitations using observational approaches  

 

Since 2002, carbon budget estimations diverge strongly (Crisp et al. 2022), especially in the SO (Hauck 

et al. 2020). Due to expensive, scarce and summer-restricted shipboard measurements, the SO carbon 

budget calculation is highly biased. It is possible, however, to overcome the variability of the BCP 

assessment over seasons by implementing multiplatform observations, e.g. moorings, profiling floats, 

gliders and autonomous vehicles, which can provide continuous measurements (Claustre et al. 2021). 

Prediction of phytoplankton biomass is essential to estimate the export ratio and transfer efficiency of 

organic carbon from the euphotic zone to deeper depths. Nowadays, phytoplankton biomass can be 

determined in multiple ways, including the characterisation of Chla, particle size and phytoplankton 

community composition (Claustre et al. 2021). Only through the combination of multiple approaches 

it will be possible to assess how phytoplankton communities will be altered in the future (Henley et al. 

2020). The determination of optical properties and/or pigment composition of phytoplankton enable 

differentiation between main phytoplankton groups (Uitz et al. 2006), such as diatoms, coccolithophores 

and large or small phytoplankton (e.g. Phaeocystis sp.). However, it is still not possible to identify growth 

controlling factors of phytoplankton. In general, measurements of dissolved macro-nutrients (especially 

NO3) are feasible through the deployment of floats and gliders, whereas the measurements of dTM are 

limited to ship-based sampling surveys (e.g. GEOTRACES, Schlitzer et al. (2018)). In an area like the 

SO, where phytoplankton biomass is regulated by the availability of TMs, the additional challenge of 

TMs collection, mainly due to the high risk of TM contamination, makes these data very valuable, yet 

scarce. Thus, the question arises: how can TM limitations in the SO be detected through observational 

platforms? While nutrient-addition bioassay experiments can help to understand mechanistic processes, 

it is important to combine all approaches to extend our knowledge on the coverage of TM limitations.  

 

• The use of active measurements of Chla fluorescence  

Active fluorescence measurements are induced by light-stimulated changes in the quantum yield of 

chlorophyll fluorescence (Kolber and Falkowski 1993). Instruments such as the FRRf ensure the 

measurements of active Chla fluorescence (c.f. 1.4.1) and provide valuable information regarding the 

photosynthetic status of phytoplankton (Schuback et al. 2021). In fact, it is now well conceived that the 

photosynthetic efficiency of phytoplankton (Fv/Fm) (Greene et al. 1992), together with the functional 

absorption cross-section of PSII (σPSII), can be used as a proxy to detect Fe-limited communities 

(Behrenfeld and Milligan 2013). Hence, implementing this tool into observational platforms, such as 

gliders (Carvalho et al. 2020), represents a significant step forward towards mapping TM limitations in 

the SO. While the effect of species composition on Fv/Fm and σPSII (Suggett et al. 2009) can be corrected 

by the increased availability of phytoplankton species composition data (e.g. in situ observations), the 

effect of multiple TM limitations on both parameters is more difficult to assess. Although Fv/Fm was 
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mainly linked with Fe availability, it was also found to be positively correlated with dMn concentrations 

(c.f. Fig. 5 in Publication I) which suggests that single TM limitation and co-limitation by two TMs are 

difficult to dismantle in the field purely on the basis of low Fv/Fm values alone. However, in all 

experiments presented in this thesis (Publications I-III), despite Fv/Fm values decreasing in response to 

low Mn supply, σPSII values were unaffected. As PSII reduction requires electrons from the PSII Mn 

cluster (i.e. WOC, see Fig. 6 in Chapter 1.4.2), all these parameters related to PSII are altered differently 

under Mn than under Fe limitation. Thus, it would be beneficial to investigate these parameters in more 

detail under controlled and altered Fe and Mn concentrations with different key species of varying 

phytoplankton groups. Increasing the implementation of photophysiological sensors in multiplatform 

observations, e.g. moorings or profiling floats, could provide additional data on these photophysiological 

parameters and thus increase the potential to detect and identify single and co-limitation by Fe and Mn. 

Increased measurements of Fv/Fm and σPSII next to dTM may assist in understanding the causal 

relationship between these two variables and Fv/Fm:σPSII ratio could potentially serve as a signature for 

a particular TM. 

 

• The use of natural phytoplankton fluorescence  

Different to active fluorescence measurements, natural fluorescence of phytoplankton is a non-

stimulated fluorescence and can be derived from satellite measurements. Natural phytoplankton Chla 

fluorescence is also a valuable tool for assessing the physiological status of phytoplankton. By analysing 

fluorescence quantum yields, Behrenfeld et al. (2009) demonstrated that satellite-detected fluorescence 

can provide insights into physiological changes caused by Fe limitations. However, the measurements 

must be normalised with the NPQ mechanisms (c.f. 1.4.1) in order to remove the interference caused 

by the incident sunlight. Aside from this, NPQ responses also depend on the acclimation state of 

phytoplankton communities, which differ depending on species and locations in the ocean (e.g. stratified 

water or deeper mixing). Therefore, NPQ-normalized satellite-based fluorescence quantum yields 

cannot only reveal nutrient limitation signatures. Consequently, Browning et al. (2014b) conducted 

NPQ measurements of various natural phytoplankton communities under different light conditions and 

detected their fluorescence quantum yields. It provides an effective means of characterising different 

NPQ-normalized quantum yields according to different communities and locations within the SO. 

Similarly, this approach could be used in the laboratory to evaluate multiple TM limitations by detecting 

different NPQ signals under varying Fe and Mn concentrations and refining the satellite-based 

correction of fluorescence quantum yields. Further, the quantum yield of fluorescence is defined as the 

quantum yield for light harvested by all PSI and PSII pigments (Behrenfeld et al. 2009). As a matter of 

fact, Fe-stress increases PSII:PSI ratio (Strzepek and Harrison 2004; Behrenfeld and Milligan 2013), 

and this elevated ratio has been attributed to the use of an alternative pathway, such as the PSII-

midstream oxidase (Publication II). By using this pathway, Fe-rich PSI reaction centres are avoided and 
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ATP production is sustained (Behrenfeld and Milligan 2013). As the main sink of Mn is PSII (Raven 

1990), PSII-midstream oxidases are rather Mn expensive. Therefore, in an Mn limiting scenario, the 

electrons would use an alternative acceptor, such as the Mehler reaction (Mehler 1951), where oxygen 

is reduced on the acceptor side of PSI, decreasing Mn demand. It would therefore be expected that the 

PSII:PSI ratio under Fe or Mn limitation would change and have a different impact on the quantum 

yield of fluorescence. Additional laboratory experiments will, however, be required to quantify the ratio 

of PSII to PSI under different Fe and Mn concentrations for different communities, as described in 

Falkowski et al. (1981). This ratio varies within phytoplankton groups based on the architecture of their 

photosynthetic apparatus, primarily determined by the number of PSI and cytochrome b6 complexes 

(Schoffman et al. 2016). It is also necessary to evaluate the effect of light fluctuation, as an increase in 

the PSII:PSI ratio could also reduce the organism’s ability to tolerate rapid changes in irradiance 

(Strzepek and Harrison 2004). A combination of these experiments and remote sensing would 

potentially enable to determine if additional cellular stress responses of Mn deficiency next to Fe exists.  

 

Overall, the most efficient method that will provide a better understanding of TM limitation patterns 

in the SO is the combination of experimental approaches to determine Fe and Mn requirements 

together with additional measurements of TM concentrations and photosynthetic parameters to 

investigate their causal relationship. This would ultimately help to detect photophysiological stress from 

phytoplankton natural fluorescent light emission. 

 

5.3.5 Bridging the gap between experimental data and model parametrisation  

 

To determine the effect of climate changes on phytoplankton communities, it is necessary to combine 

experiments, to understand mechanistic processes, and modelling to project these potential changes. 

This dissertation shows that phytoplankton and, more specifically, diatoms and P. antarctica differ in their 

response towards Fe, Mn and light availability, with important implications for SO community 

structure. Although most models can be parametrised to represent different diatom genera (Irwin and 

Finkel 2017), Phaeocystis is not systematically included as an additional functional type due to its very 

complex life cycle (Schoemann et al. 2005). However, some biogeochemical models have already added 

the characteristics of P. antarctica colony (Tagliabue and Arrigo 2005; Wang and Moore 2011; Le Quéré 

et al. 2016; Nissen and Vogt 2021) and could show the important effects of P. antarctica on carbon export 

(c.f. 5.2.3). Moreover, models already projected significant changes in species composition in the future 

(Bopp et al. 2005) and by accounting for phytoplankton physiology (Kwiatkowski et al. 2018; Person et 

al. 2018), their performance greatly improved (Séférian et al. 2020). However, not all studies consider 

additional physiological mechanisms such as evolutionary adaptations or different ratios of Fe with other 

TMs required for phytoplankton (Hutchins and Boyd 2016; Strzepek et al. 2019). Additionally, the 
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incorporation of TMs associated with phytoplankton physiology and metabolism, such as cobalt, zinc, 

copper and Mn (van Hulten et al. 2017; Tagliabue et al. 2018; Weber et al. 2018; Richon and Tagliabue 

2019; Hawco et al. 2022) in conjunction with the development of phytoplankton adaptation models 

(Séférian et al. 2020) may help to bridge the gap between TM availability and divergent requirements. 

More recently, mechanistic proteomic allocation models investigating cellular demands of Fe and Mn 

of polar diatoms helped to understand their interdependence for phytoplanktonic physiology (McCain 

et al. 2021). Several laboratory experiments and extensive observational datasets, such as 

GEOTRACES (Schlitzer et al. 2018) for TMs, have already improved the accuracy of all of these 

models.  

 

5.4 Conclusion 
 

As early as 1942, Hart firstly suggested that the high levels of biomass observed in SO islands may be 

due to the release of trace metals such as Fe (Hart 1942). 50 years later, the Fe hypothesis was raised 

and Martin provided the first insight that Fe played a substantial role in limiting biomass in the SO 

(Martin 1990), followed by Buma and colleagues who pointed out that “… it would be premature to 

consider Fe to be the main factor limiting phytoplankton production in Antarctic waters. Obviously, it 

plays a role as one of several rate-limiting factors” (Buma et al. 1991). Many studies have since 

strengthened and built upon these findings, and the conclusion of this thesis certainly underlines the 

statement drawn by Buma and colleagues (1991). The present dissertation further demonstrated that Fe 

and Mn together can drive SO phytoplankton community composition and subsequently the carbon 

export. Nonetheless, the results presented here are based on experimental approaches and should be 

considered as a snapshot in time and space. In this manner, they can assist in bridging some processes 

and building some causal relationships to aid in the development of biogeochemical models and sensors. 

In order to gain a better understanding of this tremendous field of research, the knowledge transfer 

between different fields should be encouraged to provide a more accurate projection of the future fate 

of the BCP in the SO.  
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APPENDIX 
 

DETECTION OF FEMN CO-LIMITATION 
 

Table 1. Summary of combined in situ and laboratory enrichment experiments that evidenced FeMn 
co-limitation on species composition 
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ADDITIONNAL EXPERIMENT PERFORMED DURING PS124 EXPEDITION TO TEST 
LIGHT INTENSITIES IN ADDITION TO FE AND MN. 

 

 
Figure 1.  

(a): Experiment location in the Weddell Sea. An FeMn-light manipulation experiment was 
performed in the northern sector of the Weddell Sea.  
(b): Initial relative abundances of the different phytoplankton groups. Relative abundances 
of the different microphytoplankton genera at the start of the experiment were determined via light 
microscopy (b)  
(c,d): Species-specific response. Growth rate of the different group determined via light 
microscopy after exposure to different Fe and Mn concentrations for at ambient light (c) and low light 
(d). Values represent the mean ± SD (n=3). Different letters indicate significant differences between 
treatments (p < 0.05).  
The methods used for this experiment is the same as described in Publication I and III. These results 
are currently in preparation and should be submitted to Geophysical Research Letters (Balaguer et al., 
unpublished data).  
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ADDITIONNAL INFORMATION FOR THE INCUBATION EXPERIMENT PERFORMED 

IN PUBLICATION III  

 

 

 
 

 

Figure 2. Phaeocystis antarctica response to Mn, Fe and FeMn additions. Growth rate and 
colony sizes of Phaeocystis antarctica were determined via light microscopy after exposure to different Fe 
and Mn concentrations (see Methods in Publication III). Values represent the mean ± SD (n=3). 
Different letters indicate significant differences between treatments (p < 0.05). 
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