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Abstract: 

The diatoms, a unique group of primary producers, are inextricably linked to the marine silicon 

(Si) and carbon (C) cycles. Diatoms are regarded as unicellular, eukaryotic organisms that form 

biogenic silica (bSi) frustules. The use of stable isotopes and physicochemical factors 

(temperature, light, and trace metal) provides a promising method for understanding how Si 

and C fluxes will change in response to future climate change. However, a better understanding 

of the fundamental mechanisms underlying observed signatures is required to fully exploit 

these geochemical tools. The silicon (Si) cycle in the Southern Ocean was investigated using 

an isotopic approach in incubation experiments and the natural environment. This study 

provides new measurements of the Si isotope composition of biogenic silica in a natural 

phytoplankton community and for multiple species isolated from the Southern Ocean and 

grown within a laboratory setting. 

Through a combination of constrained experimental investigations, geochemical models, and 

field analyses, this thesis adds to our current understanding of the influences of stable isotopes 

and physicochemical factors on phytoplankton. This study aims to identify how Fe limitation 

and predicted ocean warming (of approximately +2°C) affect the physiology, nutrient 

stoichiometry, Si uptake kinetics, and Si isotope fractionation of diatoms isolated from the 

Southern Ocean and the Ross Sea. We also investigated the effects of Fe, Zn, and Co limitation 

on two Antarctica diatoms, Chaetoceros flexuosus (C. flexuosus) and Chaetoceros neogracilis 

(C. neogracilis), which are crucial for phytoplankton growth.  

Major findings from this thesis can be summarized as follows:  

During the annual phytoplankton bloom in the austral spring of 2018, a field study was 

conducted (Chapter 2). This study compared high productivity during an austral spring bloom 

in the East Australian Current (EAC) to low productivity in the subantarctic region. A clear 

trend of Si isotope fractionation toward heavier isotope values at the surface with a decrease in 

depth was observed in the EAC. The estimated fractionation factor of -1.8 ± 0.5‰ was 

observed when applying the steady state model, which is similar to previous studies. These 

findings support the use of bSi isotopic composition as a tool for characterising and improving 

our understanding of the Si biogeochemical cycle during a spring bloom.  

In addition, an 8-day shipboard incubation experiment investigated the role of light intensity 

(Low light, UV-Filtered, High light, and Dark treatment) on a mixed plankton community in 

the EAC during the bloom to better understand Si biogeochemical cycling and the effect of 

light intensity (Chapter 3). The light had a clear interaction with the growth, stoichiometric 
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composition, photosynthetic parameters, and increased chlorophyll a (Chl a) and bSi compared 

to the Dark treatment. A slight increase in the Si isotope composition of bSi for Low light and 

UV-filtered treatments from 1.59 ± 0.12‰ (initial) to 1.86 ± 0.17‰ and 1.88 ± 0.40‰ (end of 

the experiment) was observed. Due to the low utilisation of dissolved Si by the phytoplankton 

community in the different light treatments, a closed-system Rayleigh fractionation kinetics 

model could not be applied. 

I also investigated how Fe limitation and if predicted ocean warming (from 3°C to 5°C) affects 

phytoplankton physiology, nutrient stoichiometry, Si uptake kinetics, and Si isotope 

fractionation in model diatoms (Chapter 4). An increase in temperature resulted in an increase 

in growth rate for all the diatoms under Fe-replete conditions while Fe limitation resulted in a 

decrease in growth rate. Both bSi and chlorophyll concentration increased per cell volume for 

all the cultures when the temperature was increased from 3°C to 5°C in the Fe-replete 

conditions. Additionally, diatom Si:C and Si:N molar ratios increased while the C:N molar 

ratios decreased. When diatoms are Fe-limited their cellular Si:N and Si:C ratios increase 

which may have significant implications for biogeochemical cycles, such as the efficiency and 

strength of the biological carbon pump, and the depletion of Si before N, driving the system 

towards Si limitation. Temperature also influenced Si kinetic uptake by decreasing the maximal 

Si  uptake rate (Vmax) for both the Fe replete and Fe limited in  C. flexuosus. For Thalasiossira 

antarctica (T. antarctica) temperature had the opposite effect on Vmax. Silicon isotope 

fractionation for all the species became more negative when the temperature was increased. 

According to our findings, future warming will cause species-specific alterations in Si(OH)4 

absorption and Si isotope fractionation. Diatoms' thermal qualities, as well as their thickening 

frustules due to Fe constraint, will allow them to boost output and compete with other algal 

communities amid the ocean's expected warming and Fe limitation. 

The effects of Fe, Zn, and Co co-limitation (-Fe, -Zn and -Co) on two Antarctic diatoms, C. 

flexuosus and C. neogracilis, and how these trace elements might influence the silicon isotope 

fractionation factor was investigated. For the two Chaetoceros sp. studied, C. neogracilis was 

able to replace Co with Zn, resulting in increased photochemical efficiency (Fv/Fm), growth 

rate, and cell volume (CV) (Chapter 5). Trace metal limitation increased the Si content for C. 

flexuosus, while Fe and Co limitation increased the Si content for C. neogracilis. The diatoms 

were observed to become heavily silicified, increasing their ballasting properties with trace 

metal limitation; as a result, future projections show that these diatoms will strip the Si in 
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surface water, affecting Si biogeochemical cycling, reducing C uptake, and contributing to 

further global warming. 

Under a trace metal deficiency and ocean warming scenario, it appears that cells will become 

enriched with bSi, thus increasing ballast, potentially leading to increased C export to the deep 

ocean while simultaneously lowering the Si concentration in the surface waters, driving it 

towards Si limitation. These findings demonstrate that light intensity, warming of the ocean 

and deficiency of trace metals can affect cellular physiology and silicon isotope fractionation 

of Southern Ocean diatoms. 
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Chapter 1: Literature Review 

The following review examines the present literature on several topics that are central to this 

thesis. Firstly, it presents discussions on the key concepts related to the physical and biological 

dynamics of the Southern Ocean. It explains the biogeochemistry of the Southern Ocean and 

its influence on phytoplankton growth and carbon dioxide (CO2) sequestration. The silicon (Si) 

cycle is then discussed, followed by the biological importance of Si and the physicochemical 

factors that influence Si uptake by diatoms. Understanding the processes by which diatoms 

take up and export Si is crucial in interpreting the biogeochemical cycling of Si. Finally, the 

silicon isotope systematics and the biological fractionation of Si isotopes during 

biogeochemical transfers in the Southern Ocean are reviewed. This review highlights the gaps 

in current knowledge of the roles diatoms play in controlling the Si cycles and the need for new 

studies of biogenic silica in the Southern Ocean.  

1.1 Carbon Export in the Southern Ocean 

The Southern Ocean is very important to the global carbon cycle. It occupies approximately 

20% of the world's ocean surface area (Arrigo et al., 1998). Twenty percent of the global ocean 

CO2 sink takes place in the Southern Ocean (Takahashi et al., 2009), and its carbon absorption 

rate is approximately 1.5 × 1015 g C yr−1 (Mckinley et al., 2017). The biological pump (Fig. 

1.1) transports (as a sinking flux) CO2 in the form of particulate organic carbon (POC) from 

the surface ocean to the deep ocean, thereby enriching it with CO2 in the deep sea, as a result 

of POC remineralisation (Herndl and Reinthaler, 2013).  

The biological gravitational pump (BGP) utilises gravity to transfer organic particles from 

surface waters into the deep ocean. Suspended and sinking particles can also be injected to 

depth through additional biological and physical mechanisms. Boyd et al. (2019) proposed that 

these ‘particle injection pumps’ (PIPs) sequester as much carbon as the gravitational pump, 

helping to close the carbon budget. PIPs are physically mediated through subduction and/or 

biologically mediated by large mesopelagic migrators and can export all classes of particles 

(Fig. 1.1). 
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Fig. 1.1: The biological pump in the ocean. The diagram represents the large-scale ocean circulation for a range of 

pumps that interplay between particle characteristics and mode of export for biological gravitational pump (BGP) 

or Particle injection pump (Boyd et al., 2019) 

In Fig. 1.1, the top layer represents the mixed-layer particle types and includes faecal pellets 

and marine snow, which form part of the BGP (Buesseler et al., 2007, Mckinley et al., 2016, 

Sarmiento and Gruber, 2006, Sundquist and Broecker, 1985). PIP particles injected include 

suspended and/or slow-settling heterogeneous particles and cells (including healthy, slow-

sinking phytoplankton) (Boyd et al., 2005). The coloured vertical arrows/lines indicate the 

following: yellow arrow indicates the BGP; black lines indicate physically mediated PIPs and 

purple arrows indicate biologically mediated PIPs. The top right of Fig. 1.1 shows the 

patchiness distribution of vertically migrating animals that drive three-dimensional particle 

delivery to depths and denotes different fish or copepod stocks in the upper ocean (Ohman and 

Romagnan, 2016, Powell and Ohman, 2012).  

The middle layer of the box presents different particle transformations that are central to the 

BGP (Buesseler and Boyd, 2009); however, their role in the PIP is not fully characterised. 

Processes that form and/or break down heterogeneous particles include microbial solubilisation 

(throughout the water column), aggregation (marine snow denoted by aggregation I; 

heterogeneous faecally dominated aggregates denoted by aggregation II) and/or disaggregation 

(Giering et al., 2014).  
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The lower box is the delivery depth with respect to the BGP (and some PIPs) exporting some 

particles to the sea floor. The transport of subsurface material along downward-sloping 

isopycnals (white dashed lines) is represented by the blue curved arrows. This physically and 

biologically mediated PIPs diagram reveals that they are directly transporting substantial 

amounts of biogenic particles to a depth of a cumulative magnitude that may be equivalent to 

the carbon storage of the BGP (Boyd et al., 2019). Phytoplankton and biological activity are 

important contributors to natural and anthropogenic carbon sequestration (Gruber et al., 2019). 

The biological pump and global-scale carbon sequestration may change in a future warming 

climate (Hauck et al., 2015, Henson et al., 2019, Laufkötter et al., 2015, Moore et al., 2013a). 

 

Fig. 1.2: Phytoplankton bloom in the Southern Ocean, floristic composition, and season (Petrou et al., 2016). 

The transport of POC from the surface ocean is associated with large phytoplankton blooms. 

In the Southern Ocean, diatom blooms occur in polar front areas, while non-calcifying 

haptophytes dominate blooms in the seasonal ice areas (Arrigo et al., 1998). Hence, 

phytoplankton blooms and changeability in their composition affect the carbon cycle in the 

Southern Ocean. The seasonal variability of phytoplankton composition for the Southern 

Ocean is shown schematically in Fig. 1.2. Phytoplankton bloom initiation occurs when there 

is a high iron (Fe) and high light environment during spring (Fig. 1.2.). The bloom is initially 

dominated by large diatoms and then transits to smaller phytoplankton.  
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Iron and light supply regulates the distribution and growth of the phytoplankton in the Southern 

Ocean (Boyd et al., 2010, Sunda and Huntsman, 1997). Iron fertilisation experiments in the 

Southern Ocean have revealed that primary productivity escalates with an increased supply of 

new Fe (Behrenfeld and Kolber, 1999, Boyd and Law, 2001). In the Southern Ocean, the 

phytoplankton community has adapted to grow in low Fe concentrations using various 

strategies (Moreno et al., 2018). These strategies are species-specific. One of the strategies is 

substituting Fe-containing enzymes for metal-free enzymes or enzymes that utilise other metals 

(La Roche et al., 1996). This current study will also investigate diatoms during a spring 

phytoplankton bloom.  Results obtained will be compared with previously published data 

(Cardinal et al., 2005, Cardinal et al., 2007, Varela et al., 2004). 

1.2 Biogeochemistry of the Southern Ocean 

1.2.1 Macronutrients (NO3, PO4, Si) 

In terms of nutrients, phytoplankton require macronutrients; nitrogen (N), phosphorus (P), and 

silicate (Si), and micronutrients, including trace metals (TMs) such as Fe, zinc (Zn), cobalt 

(Co), copper (Cu), and manganese (Mn). Of the macronutrients mentioned, N and P are needed 

in the largest quantities and, therefore, have attracted the most attention. The Redfield Ratio 

(N/P = 16:1) (Redfield, 1934) further emphasizes the importance of N and P, which, for many 

years, was considered as being an established ratio describing the optimum ratio of internal 

phytoplankton stoichiometry. It was also used to predict the limitation of N and P when the 

N/P ratio in the water deviates from 16:1 (Klausmeier et al., 2004, Turner et al., 2003, Yin et 

al., 2004). It remains an important feature of the contemporary ocean and phytoplankton 

elemental stoichiometry, an important phytoplankton trait (Finkel and Kotrc, 2010). 

Silicate (Si(OH)4) differs from phosphate (PO4) and nitrate (NO3) in that it is only required by 

diatoms, radiolarians, silicoflagellates, and other siliceous plankton that use amorphous Si 

(opal) to form cell walls or other supporting structures. Conversely, all phytoplankton require 

PO4 and NO3 to sustain their metabolism (Holzer et al., 2014). Si(OH)4 is also regenerated 

from opal through temperature‐dependent dissolution without passing through a pool of 

dissolved organic matter (Holzer et al., 2014). 

In addition, the different spatial distributions cause the ratio of Si(OH)4: NO3 or PO4 to vary 

from place to place due to the dissolution of opal and the remineralization of organic matter. 

This is why a simple universally applicable “Redfield” stoichiometric ratio between Si and 
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organic matter is non-existent, despite that Si and N are taken up in a 1:1 (mol:mol) ratio by 

healthy diatoms (Brzezinski, 1985, Sarmiento and Gruber, 2006). 

The Southern Ocean is described in High Nutrient-Low Chlorophyll (HNLC). Despite a high 

concentration of N in the surface waters, the productivity levels are very low. This is mainly 

due to the lack of the bioavailability of Fe in the surface waters, which ultimately limits the 

primary productivity (Boyd et al., 2000, Sarmiento et al., 2004). In the Antarctic waters, there 

is a greater consumption of Si(OH)4 relative to NO3 (at a ratio of 4:1, mol:mol) by Fe-limited 

diatoms, and as a result, waters that are transported by prevailing westerlies to the Sub-

Antarctic Zone (SAZ) have more NO3 and depleted Si(OH)4 (Matsumoto et al., 2014). 

1.2.2 Micronutrients (Trace metals: Fe, Zn, Co, etc.) 

Through their enzymatic activity, microbes mediate the many redox reactions and are 

responsible for transforming energy and matter in the world (Falkowski et al., 2008). The 

biological demand for trace metals is lower than for macro-nutrients, such as phosphorus 

(Twining and Baines, 2013), by almost three orders of magnitude. As such, these elements are 

called micro-nutrients. Metals are essential for life in the ocean since many key enzymes 

contain or depend on metals (Morel and Price, 2003). A dozen or so elements with atomic mass 

above 50 have a biological role, a lot as cofactors in enzymes and as structural elements in 

proteins. The topmost trace metals studied by oceanographers are Fe, Zn, Co, Cu, Mn, nickel 

(Ni), cadmium (Cd), and molybdenum (Mo) (Table 1.1) (Morel and Price, 2003).  Trace metals 

are required in many metabolic processes, and Fe is of the utmost importance among them 

(Table 1.1). The plankton biomass has trace metal concentrations as low as 2 µmol/mol C (~30 

µM) for Co and as high as about 50 µmol/mol C (~1000 µM) for Fe, which is employed in 

numerous electron transfer intermediates and a variety of enzymes  (Martin and Knauer, 1973). 

Iron, Zn, Co, Cu, Mn, Ni, and Cd concentrations are generally low because of low input sources 

away from continental regions; hence concentrations decline rapidly away from the coast 

regions (Johnson et al., 1997). Planktonic microbes are a key regulator of the biogeochemical 

cycling of most marine bio-essential metals but simultaneously, these metals control in part the 

growth of the microorganisms and their cycling of major nutrients like C and N (Morel and 

Price, 2003).  

The chemical speciation of Fe, Cu, and potentially Co in seawater is highly dependent upon 

each metal’s propensity to interact with heterogeneous organic ligands (Coale and Bruland, 

1988, Rue and Bruland, 1995, Saito and Moffett, 2002). Other trace metals such as Ni and Zn 
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also interact with ligands in seawater (Kim et al., 2015, Xue et al., 2001), while other trace 

metals such as Mn have minimal interaction with the natural organic ligands in seawater (Morel 

and Price, 2003).  

 

Table 1.1: Common metals and metalloproteins present within marine phytoplankton 

Metal Protein(s) Function(s) 

Fe Cytochromes Electron transport in photosynthesis and respiration 

  Ferredoxin Electron transport in photosynthesis and N fixation 

  Other Fe-S proteins Electron transport in photosynthesis and respiration 

  Nitrate and nitrite reductase Conversion of NO3 to ammonia 

  Chelatase Porphyrin and phycobiliprotein synthesis 

  Nitrogenase Nitrogen fixation 

  Catalase Conversion of hydrogen peroxide to water 

  Peroxidase Reduction of reactive oxygen species 

  Superoxide dismutase Disproportionation of superoxide to hydrogen peroxide and O2 

Zn Carbonic anhydrase  Hydration and dehydration of CO2 

  Alkaline phosphatase  Hydrolysis of PO4 esters 

  RNA polymerase  Nucleic acid replication and transcription 

  tRNA synthetase  Synthesis of tRNA 

  Reverse transcriptase  Synthesis of single-stranded DNA from RNA 

  Carboxypeptidase  Hydrolysis of peptide bonds 

  Superoxide dismutase  Disproportionation of superoxide to hydrogen peroxide and O2 

Mn O2-evolving enzyme Oxidation of water during photosynthesis 

  Superoxide dismutase Disproportionation of superoxide to hydrogen peroxide and O2 

  Arginase Hydrolysis of arginine to ornithine and urea 

  Phosphotransferases Phosphorylation reactions 

Ni Urease Hydrolysis of urea 

  Superoxide dismutase Disproportionation of superoxide to hydrogen peroxide and O2 

Cu Plastocyanin Photosynthesis electron transport 

  Cytochrome oxidase Mitochondrial electron transport 

  Ascorbate oxidase Ascorbic acid oxidation and reduction 

  Superoxide dismutase Disproportionation of superoxide to hydrogen peroxide and O2 

  Multicopper ferroxidase High-affinity transmembrane Fe transport 

Co Vitamin B12
a
 Carbon and Hydrogen transfer reactions 

Cd Carbonic anhydrase
b
 Hydration and dehydration of CO2 

Mo Nitrate reductase Conversion of NO3 to ammonia 

  Nitrogenase Nitrogen fixation 

Adapted from (Sunda, 1989, Sunda and Huntsman, 1988), with additional information from Raven et al. (1999), 

Da Silva and Williams (2001), and Wolfe‐Simon et al. (2005). 
a
Cofactor in a number of enzymes. 

b
Has been found only in diatoms (Lane and Morel, 2000, Price and Morel, 1990). 
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Forty percent of the World’s oceans' primary productivity is controlled by the availability of 

the trace metal Fe (Boyd and Ellwood, 2010, Moore et al., 2009, Moore et al., 2004). This is 

more evident in HNLC (Fig. 1.3) areas where biomass is low relative to the nutrient stocks, 

located in the equatorial Pacific Ocean, the subarctic Pacific Ocean, and the Southern Ocean 

(De Baar et al., 2005).  

 

Fig. 1.3: The diagram represents chlorophyll a concentration in the globe. High-nutrient low-chlorophyll (HNLC) 

regions marked with red circles characterise low productivity relative to their high concentrations of nitrate. 

Limited productivity in these regions is due to low iron. These regions are important in regulating the global 

atmospheric CO2 partly due to their large surface area, and upwelling of CO2 and nutrient-rich waters 

(http://oceancolor.gsfc.nasa.gov/). Global distribution of ocean surface (to 30 meters depth) chlorophyll a 

concentration, 1997-2007 mean values from SeaWIFS satellites (redrawn from (Huston and Wolverton, 2009). 

Zinc also acts as the central metal in many enzymes within marine phytoplankton and has an 

important role in controlling the ocean's primary production. Its main role in phytoplankton is 

in the enzyme carbonic anhydrase (CA) which catalyses the reversible hydration of CO2 to 

bicarbonate and H+ ion. The rapid conversion concentrates CO2 in the chloroplasts of 

phytoplankton, which is necessary for efficient photosynthesis (Badger and Price, 1994). Other 

trace metals such as Mn (Peers and Price, 2004, Wolfe-Simon et al., 2006), Cu, and Ni (Ho et 

al., 2013, Nuester et al., 2012) are used as co-factors in the production of superoxide dismutase 

(SOD) (Wolfe‐Simon et al., 2005), which are important enzymes for the defence of cells 

against harmful reactive oxygen species. Manganese is also required in photosystem II for the 

oxidation of water during photosynthesis (Sunda et al., 1983). Since Co is at the centre of 

http://oceancolor.gsfc.nasa.gov/
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vitamin B12 it also is important and is synthesised by bacteria and assimilated by eukaryotic 

phytoplankton (Bertrand et al., 2007, Croft et al., 2005). Because of the replacement in the 

photosynthetic apparatus of Fe-rich cytochrome c6 by Cu-containing plastocyanin (Peers and 

Price, 2006), and of the use of a multi-copper oxidase in some phytoplankton Fe transport 

systems, Cu limitation can be linked to Fe limitation (Maldonado et al., 2006, Peers and Price, 

2006). 

The supply ratio of TMs to phytoplankton can influence plankton community composition and 

structure, especially in HNLC regions (Moore et al., 2013a). Alteration in plankton 

communities in the North Pacific has been reported when there was an addition of Zn (Coale, 

1991, Crawford et al., 2003), while the species composition in the North Pacific (Martin et al., 

1989), North Atlantic (Panzeca et al., 2008), and Southeast Atlantic (Browning et al., 2017) 

was affected by Co limitation. 

 

Fig. 1.4: Chaetoceros simplex grown under trace metal replete (Control), iron (-Fe), zinc (-Zn), cobalt (-Co), and 

vitamin B12-deficient (-B12) conditions. Carbon normalized cellular quotas of the trace metals (Koch and 

Trimborn, 2019). 

Koch and Trimborn (2019) conducted a study to analyze the effects of TM limitation (Fe, Zn, 

Co, and Vitamin B12) on growth, elemental composition [C, N, Si, Fe, Zn, Co, Mn, and Cu] 

and photophysiology in Antarctic phytoplankton. The results showed that the limitation of any 

one of these TMs elicited a similar physiological response within the species. This was 
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characterised by a decrease in the growth rate and production of POC, as well as a reduction in 

the TM:C ratios of all TMs measured (Fig. 1.4).  

Studies focusing simultaneously on several TMs and vitamins are still lacking despite studies 

on the effects of Fe limitation and, to a lesser degree of Zn and Co, on the cellular physiology 

of Antarctic phytoplankton have been investigated.  

1.2.3 Cycling of Iron and its biological uptake in the Southern Ocean 

Iron is an essential nutrient and a natural fertilizer for the synthesis of chlorophyll and electron 

transport proteins in plants, including phytoplankton. The Fe cycle and the linkages to the 

cycling of carbon and other nutrients are shown in Fig. 1.5.  

In the Southern Ocean, away from continental and island input sources, concentrations of 

dissolved Fe (dFe) are typically sub-nanomolar (60–200 pmol kg−1) (Boyd et al., 2010, Coale 

et al., 2005). Organic complexation and atmospheric supply control the lower limit for this dFe 

range. The supply of Fe usually is provided via upwelling and upward mixing of deeper Fe-

enriched waters since atmospheric inputs are very low in the Southern Ocean (Boyd et al., 

2010, Tagliabue et al., 2014). 

 

 

Fig. 1.5: Representation of the major processes in the ocean Fe cycle, with emphasis on the Atlantic Ocean. 

Continental margin and upwelled hydrothermal sources are more important in the Southern Ocean in contrast to 

low latitudes where dust remains dominant (Tagliabue et al., 2017). 

In the future, how climate change will influence the biogeochemical cycling of Fe remains an 

open question. Circulation may alter both regional Fe budgets and the Fe inventory of the 

global ocean if there is a climate-mediated change to oceanic or atmospheric dynamics (Boyd 
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and Ellwood, 2010). Ocean productivity and elemental cycles will alter if there is a change in 

Fe supply and may enhance or reduce P and Si stocks. There are many uncertainties about how 

climate will impact the oceanic Fe cycle.  

It is expected that climate change will have major consequences for marine ecosystems which 

include changes in biogeochemical cycles (Gattuso et al., 2015, Payne et al., 2015). These 

projections are based on models that attempt to represent reality within the constraints of process 

understanding, observational data, and future conditions (Payne et al., 2015). However, there are 

uncertainties associated with these climate change projections which can be categorised as 

structural (model) uncertainty, parametric uncertainty, initialization, and internal variability as well 

as scenario uncertainty (Payne et al., 2015). As such, the model representation of Fe cycling also 

introduces uncertainties (Tagliabue et al., 2023). Particulate Fe which is known to be critical in the 

transport and removal of Fe (Bowie et al., 2009), is not given much attention in most ocean 

biogeochemical models. Furthermore, biogeochemical models often neglect the possible chemical 

feedback between climate change and the Fe cycle that may be driven by anthropogenic changes 

to temperature, pH, or stratification/irradiance. These key uncertainties about the Fe cycle must be 

better understood to constrain future predictions (Tagliabue et al., 2023). 

Factors controlling the interplay between particulate and dissolved Fe in the upper ocean and 

the processes underlying the transfer of Fe between soluble and colloidal phases (Wu and 

Boyle, 2002, Wu et al., 2001) represent important uncertainties. The launch of a decade-long 

global survey of trace elements and their isotopes (GEOTRACES; www.geotraces.org), 

together with the rapidly developing field of Fe stable isotopic analysis (Homoky, 2009, Lacan 

et al., 2008), should deliver the accuracy and fact required to address many of these concerns. 

1.3 Global effects of Southern Ocean biogeochemical processes 

The main conduit of nutrients from the Southern Ocean to the upwelling regions of the 

equatorial Pacific and off South America has been identified as Subantarctic Mode Water 

(SAMW) (Toggweiler et al., 1991). The concentration of NO3 (Fig. 1.6) is high, and that of 

Si(OH)4 is low in SAMW.  This difference can be expressed as Si* = [Si(OH)4] – [NO3] 

(Sarmiento et al., 2004), with low Si* values for SAMW with values ranging from -10 to -

15 µmol kg-1.  If Si and N are taken up by a 1:1 (mol:mol) ratio in diatoms with adequate light 

and nutrients, the value of Si* usually positive, i.e. ≥ 0. Negative Si* values obtained for 

SAMW are associated with higher Si:N uptake ratios, typically >4, in surface waters. 

Sarmiento et al. (2004) used the negative Si* to trace SAMW (σθ = 26.8 or 1026.8 Kg m−3) 

propagation from the Southern Ocean to low latitudes.  

http://www.geotraces.org/
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Analysis conducted by Sarmiento et al. (2004) shows the impact of climate change on the 

global nutricline, biological productivity, and the carbon cycle. The Southern Ocean plays a 

vital role in the global carbon cycle and biological productivity, and their response to climate 

change (Anderson et al., 2002, Matsumoto and Sarmiento, 2008, Sarmiento et al., 1998, 

Sigman and Boyle, 2000). The mechanism and processes of intermediate water mass formation 

have critical implications in determining how Southern Ocean processes affect the supply of 

nutrients to the main thermocline and low‐latitude productivity (Fig. 1.6). 

 

 

Fig. 1.6: The map indicates; a, Annual mean NO3; b, annual mean Si(OH)4; c, and annual mean Si*. The mean 

position of the Polar Front is denoted by the southerly lines followed in sequence from south to north, the 

remaining lines represent the position of the Subantarctic Front, the Southern Subtropical Front, and the Northern 

Subtropical Front (Sarmiento et al., 2004). 

Studies have shown that in the last decade, the simple view of single-nutrient limitation has 

been replaced by an emerging paradigm of multiple-nutrient co-limitations where several 

nutrients simultaneously limit phytoplankton growth in the ocean. This limitation has been 
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described as ranging in scale from the biochemical level (Saito et al., 2008) to the community 

level (Harpole et al., 2011). Macroecological study was only conducted by Harpole et al. (2011) 

while other studies provide regional evidence of community co-limitation of N and P in the 

Baltic Sea (Lagus et al., 2004, Seppälä et al., 1999) in the eastern Mediterranean Sea (Zohary 

et al., 2005), and P and Si in the South China Sea (Arrigo, 2005, Beardall et al., 2001). 

 

 

 
 

Fig. 1.7: Control on the thermocline nutrient concentrations in the Southern Ocean. Nutrient concentrations (Si, 

N) from the Southern Ocean to low latitudes. This diagram depicts physical and biological processes that form 

low-Si* waters and feed them into the global thermocline in the Southern Ocean. Water flow is depicted on top 

and the detail of the surface processes at the bottom. CDW: Circumpolar Deep Water, AAIW: Antarctic 

Intermediate Water, SAMW: Subantarctic Mode Water, APF: Antarctic Polar Front, PFZ: Polar Front Zone, SAF: 

Subantarctic Front, SAZ: Subantarctic Zone, STF: Subtropical Front. As the water moves to the north, silicic acid 

is stripped out preferentially over nitrate, generating Si*. This negative-Si* water is Subantarctic Mode Water 

(SAMW), which sinks into the base of the main thermocline and feeds biological production in the low latitudes 

(Sarmiento et al., 2004). 

 

The thermohaline circulation, commonly called the conveyor belt allows an increase in the DSi 

concentration during its flow by the constant settling of dissolving siliceous particles in the 

deep ocean (Fig. 1.7). Circumpolar Deep Water (CDW) upwells to the surface in the Southern 

Ocean and is transported to the north across the Antarctic Polar Front (APF) into the Polar 

Front Zone (PFZ), where Antarctic Intermediate Water (AAIW) forms, and then across the 

Subantarctic Front (SAF) into the Subantarctic Zone (SAZ), which is bounded to the north by 
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the Subtropical Front (STF) as shown in Fig. 1.7. The transport of DSi-rich deep and 

intermediate waters to the surface spurs substantial Si production in the regions affected. The 

regions where BSi production (Fig. 1.7) dominates are near upwelling zones for nutrient-rich 

deep water. Such upwelling regions include waters south of the APF, in the Antarctic 

Circumpolar Current (ACC) and near the Marginal Ice Zone (MIZ) (Brzezinski et al., 2001, 

Fripiat et al., 2011a, Quéguiner et al., 1991, Quéguiner et al., 1997). The northern part of the 

ACC is another important region for the flow of nutrient in the Atlantic Ocean. In the PFZ, the 

deep water is upwelled to the surface and then flows northward as SAMW carries nutrients to 

the low latitudes (Sarmiento et al., 2004). 

According to Demaster (1981), most opal deposition in the sediments is found in the Southern 

Ocean. BSi production was rated higher than expected in the Southern Ocean, which ranged 

from 1.62 ± 0.58 mol-Si m-2yr-1 to 3.34 ± 0.54 mol-Si m-2yr-1 (Pondaven et al., 2000). The 

observation of high opal accumulation in Southern Ocean sediments is at odds with the idea of 

the Southern Ocean as it is a high-nutrient, low chlorophyll (HNLC) area of modest 

productivity. The Southern Ocean is twice as productive in terms of BSi (Pondaven et al., 1998) 

compared to the Atlantic Ocean and 2 – 3 times more productive than the Equatorial Pacific 

(Pondaven et al., 1998). The opal accumulation rate in the Southern Ocean is 12 times higher 

when compared to the Equatorial Pacific (0.016 mol-Si m-2 yr-1), 31 times higher in comparison 

to the mesotrophic northeast Atlantic (0.008 mol-Si m-2 yr-1), and 185 times higher in 

comparison to the oligotrophic Atlantic (0.001 mol-Si m-2 yr-1) (Nelson et al., 1995).  
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1.3.1 Biogenic silica and dissolved silicon in the oceans 

 

 

Fig. 1.8: Ocean Data View for longitudinal section across the entire Atlantic Ocean (top panel) and Pacific Ocean 

(bottom panel) of the dSi concentration versus depth (Schlitzer, 2000). 

Assuming that the Si cycle is close to steady-state, the residence time for Si in the ocean is 

estimated to be between 15 000 and 17 000 years (Tréguer and De La Rocha, 2013). As seen 

in Fig. 1.8, dSi is unevenly distributed in the ocean in terms of both depth and latitude. With 

depth, the section shows an increase in the dSi concentration. Surface dSi concentrations in the 

equatorial Atlantic and Pacific Oceans are in the low micromolar range (Nelson and Brzezinski, 

1997, Nelson et al., 1995). At depth, dSi concentrations can range between 40 and 125 μmol 

L-1 in the North Atlantic Ocean and the Atlantic sector of the Southern Ocean and can be as 

high as 180 μmol L-1 in the North Pacific Ocean (Demaster, 2001). The high concentrations at 

depth are a consequence of bSi dissolution as it sinks through the water column en route to the 

sediments. Inorganic SiO2 dissolution in the water column accounts for 90% of dissolved bSi 

(Demaster, 2001). Deep dSi content is ~30 times higher than surface water due to biological 

clearance in surface waters combined with bSi. 
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1.4.1 The Silicon input pathways to the ocean 

Understanding the Si cycle is very important since its biological uptake exerts control on total 

primary productivity (Nelson et al., 1995, Treguer et al., 1995), the carbon cycle (Harrison et 

al., 2000, Tréguer and Pondaven, 2000), and indirect control of atmospheric CO2 (Matsumoto 

et al., 2002). Silicon, which represents 27% of the lithosphere (Treguer et al., 1995), is one of 

the biogenic elements of the ocean. The Si cycle has been of great interest due to the role 

silicate weathering plays in maintaining climatic stability on geological time scales (Conley et 

al., 2017, Frings et al., 2016, Siever, 1991) and because Si is a vital nutrient for many organisms 

in marine and freshwater ecosystems. Due to the uptake and deposition of Si into diatom 

frustules, which subsequently are deposited on the seafloor, the global Si cycle has evolved 

through geologic time with overall declines in oceanic dissolved silica (dSi) (Conley et al., 

2017, Siever, 1991).  

There are six pathways for the transfer of Si to the oceans within a total input flux (F) of 14.8 

± 2.6 Tmol Si yr-1 (Fig. 1.9). These inputs are riverine (FR), aeolian (FA), dissolution of 

minerals (FW), submarine groundwater (FGW), (Sub)polar glaciers (FISMW) and hydrothermal 

activity (FH). Chemical weathering of silicate minerals in the earth’s crust produces dSi and is 

predominantly in the form of orthosilicic acid (H4SiO4) below pH 9.7 (Dietzel, 2000). 

Dissolved silica, bSi, adsorbed Si, and coprecipitated Si is the reactive forms of Si that are 

bioavailable or potentially bioavailable to marine organisms such as diatoms, radiolarians, and 

sponges (Tallberg et al., 2012). 

Rivers are the main sources of Si in the oceans, representing 68% of total Si inputs, with an 

annual input of 8.1 ± 2.0 Tmol Si yr-1 (Tréguer and De La Rocha, 2013, Frings et al., 2016). 

Seafloor (ocean crust) weathering oceans account for 20% (1.9 ± 0.7 Tmol Si yr-1) of the influx 

of dSi to the oceans. According to Saccone et al. (2007), amorphous silica (aSi) is composed 

of bSi (phytoliths, freshwater diatoms, and sponge spicules), altered bSi, and pedogenic 

silicates that are reactive and have similar solubilities. Frings et al. (2016) reviewed the delivery 

of fluvial systems and proposed a value of FRaSi = 1.9 ± 1.0 Tmol Si yr-1, which adds up to FR 

= 8.1 ± 2.0 Tmol Si yr-1. 

Dissolved silica is also contributed as input by aeolian dust deposition. The dust mostly comes 

from the Sahara and Gobi deserts and yields an estimated aeolian Si deposition flux of 2.8 to 

4.6 Tmol Si yr−1 (Tegen and Kohfeld, 2006, Tréguer and De La Rocha, 2013). The bioavailable 
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fraction of Si is estimated to be 0.5 Tmol Si yr-1 (Treguer et al., 1995, Tréguer and De La 

Rocha, 2013).  

 
Fig. 1.9: Si cycle in the modern world ocean. The total Si inputs = total Si outputs = 15.6 Tmol Si yr−1. Net sources 

of silicic acid (dSi) and/or of dissolvable amorphous silica (aSi) and dSi recycled fluxes are represented by the 

white arrows. The sink fluxes (bSi or authigenic Si) of Si are represented by orange arrows and the green arrows 

represent the biological (pelagic) fluxes (Tréguer et al., 2021). 

Dissolved silica is also released during the dissolution of minerals (FW) via two processes: the 

dissolution of river-derived lithogenic particles deposited along continental margins and 

shelves, and the dissolution of basaltic glass in seawater, both of which occur primarily in deep 

waters (Tréguer et al., 2021). When extrapolated to the global ocean's 120 million square 

kilometres of opal-poor sediments, FW = 1.9 ± 0.7 Tmol Si yr-1 is obtained. 

Submarine groundwater (FGW) contributes 2.3 ± 1.1 Tmol Si yr−1. According to Cho et al. 

(2018), calculated the total (terrestrial + marine) submarine groundwater discharge (SGD) dSi 

flux to the ocean to be 3.8 ± 1.0 Tmol Si yr-1. Tréguer and De La Rocha (2013) made best 

estimates for FGW at a global scale to be 0.6 ± 0.6 Tmol Si yr−1. Rahman et al. (2019) added 0.7 

±0.1 Tmol Si yr−1 to the FGW, which was a combination of a compilation of dSi in shallow water 

coastal aquifers to derive a terrestrial groundwater dSi input to the world ocean. Tréguer et al. 

(2021) recently estimated that FGW is approximately three times greater than Tréguer and De 

La Rocha (2013) with an average of 2.3 ± 1.0 Tmol Si yr−1. 

Subpolar glaciers (FISMW) are a recent flux (Tréguer et al., 2021) that has been identified as a 

source of Si to the marine environment (Tréguer, 2014, Meire et al., 2016, Hawkings et al., 

2017). The total FISMW is contributed from the dSi + aSi. The input of silicic acid is estimated 

to be 0.04 ± 0.04 Tmol Si yr−1 from (sub)polar glaciers and the aSi flux, which provides an 
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additional 0.29 ± 0.22 Tmol Si yr−1, which adds to 0.33 ± 0.26 Tmol Si yr−1 for FISMW and does 

not include any fluxes from the coastal region where glacially derived particles are benthic 

processed (Tréguer et al., 2021). Lastly is the hydrothermal activity (FH) leading to a dSi input 

of 1.7 ± 0.8 Tmol Si yr-1 (Tréguer et al., 2021), which is 3 times greater than estimates made 

by Tréguer and De La Rocha (2013). The new estimation is based on the combination of axial 

and ridge flank hydrothermal fluxes.  

In the modern ocean, the Si budget as shown in Table 1.2 indicates that the Si cycle is not 

balanced due to an increase in continental weathering associated with agricultural growth and 

modern changes seen in rivers and the coastal ocean. Damming and eutrophication of river 

waters indicate that the cycle is presently disturbed and has been for years. The coupling 

between Si input and output, fluxes are determined largely by the amount of bSi production. 

 

Table 1.2: The Si budget in the world ocean (Tréguer et al., 2021) 

A – Estimates for Si inputs and outputs 

Inputs Tmol Si yr−1 Reference 

FR(dSi+aSi) rivers 8.1(±2.0) 

Tréguer and De La Rocha (2013); Frings 

et al. (2016) 

FA aeolian 0.5(±0.5) Tréguer and De La Rocha (2013) 

FW dissolution lithogenic Si 1.9(±0.7) Tréguer and De La Rocha (2013) 

FGW submar. groundwater 2.3(±1.1) 

Cho et al. (2018); Rahman et al. (2019); 

Tréguer et al. (2021) 

FISMW (sub)polar glaciers 0.3(±0.3) (Tréguer et al., 2021) 

FH hydrothermal 1.7(±0.8) (Tréguer et al., 2021) 

Total input estimate 14.8(±2.6)   

Outputs Tmol Si yr−1 Reference 

FB (net deposit) burial 9.2(±1.6) 

(Tréguer et al., 2021), Hayes et al. 

(2021) 

FSP sponges 1.7(±1.6) Maldonado et al. (2019) 

FRW reverse weathering 4.7(±2.3) Rahman et al. (2016, 2017) 

Total outputs 15.6(±2.4)   

B – Comparative estimates of Si fluxes 

  

Nelson et al. (1995) and 

Tréguer and De La Rocha, 

(2013) 

(Tréguer et al., 

2021) 
  

Difference 

(%) 

Net inputs (Tmol Si yr−1) 9.4(±4.7) 14.8(±2.6)  57 % 

Net outputs (Tmol Si yr−1) 11.4(±7.6) 15.6(±2.4)  37 % 

Gross bSi pelag. prod. (Tmol Si yr−1) 240(±40) 255(±52)  6 % 

D:P (production: dissolution) 0.56 0.56   

τG residence time (kyr) 12.5 (3) 7.7   −38 % 

τB residence time (kyr) 0.50 (3) 0.47  −6 % 

τG:τB 25 (3) 16   −34 % 
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1.4.2 Phytoplankton as marine silica cycle conductors 

Diatoms control the biogeochemical cycling of Si in the oceans. Compared to silicoflagellates, 

radiolarians, and siliceous sponges, diatoms have a comparatively higher influence on the Si 

cycle since they are the main Si biomineralising group (Demaster, 2002). The Si requirement 

of diatoms is relatively high, with a typical cellular ratio being 0.9:6.6 (mol: mol) Si:C 

(Demaster, 2002, Dugdale et al., 1995, Martin‐Jézéquel et al., 2000). 

Diatoms are also important in the biogeochemical cycles of N, P, and Fe (Buesseler, 1998) and 

have a dominant role in the export production of C (Ragueneau et al., 2000, Sarthou et al., 

2005). About 75% of the annual primary production in the Southern Ocean can be attributed 

to diatoms (Nelson et al., 1995), and 20% of the CO2 fixed during photosynthesis is also the 

result of diatom productivity (Field et al., 1998). The frustules of diatom ballast the cells and 

aid their export to the deep ocean from the surface waters much faster than non-silicified cells. 

This unique physiology forges an important link between the marine Si and carbon cycles 

(Petrou et al., 2019). 

The formation of the cell walls and the diatom cell cycle is illustrated in Fig. 1.10. Diatom 

frustules provide mechanical defense against grazing and biochemical defense against 

pathogens (Finkel and Kotrc, 2010, Raven and Giordano, 2009) and enzymatic attack (Sims et 

al., 2006). The sophisticated structure of diatom frustules increases the mechanical pressure 

required to break them, protecting the cell inside (Kröger and Poulsen, 2008, Lopez et al., 

2005). Polymerised bio-silica, which is more acidic (Schindler and Kamber, 1968) and 

concentrated at the diatom surface compared to silicic acid, is an efficient buffer for diatom 

anhydrase (CA) at seawater pH (Milligan and Morel, 2002). Extracellular CA catalysis is a 

slow reaction between bicarbonate and CO2 on the surface of a diatom (uncatalysed half-life 

30 s) (Nimer et al., 1999) that is regulated and increases at low levels of ambient CO2 

(Burkhardt et al., 2001). Diatom species with thick shells, and thus grazer protection, evolved 

in response to heavy copepod grazing pressure in the presence of an abundant silicate supply 

(Assmy et al., 2013). 
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Fig. 1.10: Growth of the diatom cells (Left). The silicification process of the growing frustules is indicated by the 

numbers: (1) uptake of silicic acid across the cell membrane, (2) assimilation of silicic acid into a Si precursor 

and carrying to the sites of active valve formation, (3) regulation of Si polycondensation under the formation of 

the immature frustule by the genetically controlled organic template, and (4) mature frustules form by Si 

deposition in girdles, bands, and setae. (Right) The four silicification events during the diatom cycle. (Ragueneau 

et al., 2000, Canfield et al., 2005). 

The siliceous cell wall is made within a membrane-bound compartment called the Si deposition 

vesicle (SDV) (Drum and Pankratz, 1964, Reimann et al., 1966, Schmid, 1981). The 

silicalemma is the membrane surrounding the SDV (Fig. 1.11). An important trigger for 

silicification is a shift in pH within the SDV, and a lack of pH change in other compartments 

could prevent Si formation (Hildebrand et al., 2018). Literature also supports the importance 

of low pH for Si formation whereby non-posttranslationally modified Cylindrotheca fusiformis 

silaffins had a Si forming optima at pH 7, whereas the native silaffins were optimal at pH 5 

(Kröger et al., 1999). 

 

 
 

Fig. 1.11: Diagram of a diatom's valve and associated components. All components associated with the valve 

during its formation, including those embedded in the Si or associated with the ammonium fluoride insoluble 

material (AFIM), insoluble organic matrix (Scheffel et al., 2011), or silicalemma, as well as the cytoskeleton. 
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1.5 Silicon metabolism in phytoplankton 

1.5.1 Silicon uptake kinetics in phytoplankton and growth 

Kinetic experiments have shown that Si-uptake by diatoms follows Michaelis-Menten style 

saturable kinetics (Martin‐Jézéquel et al., 2000) (Fig. 1.12), which is used to describe the rate 

of an enzymatic reaction as it approaches a saturating concentration of a substrate. Other studies 

suggest that the uptake of Si(OH)4 by diatoms under certain conditions is nonsaturable, and 

was observed to take place after short periods of Si(OH)4 limitation (Collos et al., 1992, Collos 

et al., 1997, Watt et al., 1992, Wheeler et al., 1982).  

 

 

Fig. 1.12: The image represents the model of Si uptake in diatoms. A rectangular box is represented as a diatom 

cell and a gray elongated oval as cell wall Si (Si deposition vesicle, SDV). Si(OH)4 are the black dots. Structures 

that are in the form of the horseshoe are a representation of intracellular Si-binding components that data suggest 

are present but have yet to be identified. Transportation is denoted by the arrows with magnitude indicated by 

their thickness (Thamatrakoln and Hildebrand, 2008). 
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If cells are growing exponentially, equilibration is attained between uptake rate, intracellular 

pools, and cell wall Si incorporation (Fig. 1.12). The levels of the intracellular-binding 

component have delivered Si(OH)4 to the SDV and are predominantly in the uncomplexed state 

after a brief (5-10 min) of incubation in a Si-free medium (Fig. 1.12, panel B). In panel C, the 

cells can accommodate surge uptake mediated by diffusion at high Si(OH)4, and nonsaturable 

uptake kinetics are observed upon the replenishment of Si(OH)4. At low 

Si(OH)4 concentrations, SITs are still capable of mediating uptake; thus a biphasic curve is 

seen. Equilibration is assisted due to silicic acid transporter (SIT) -mediated efflux.  Silicon 

starvation (24 h) results in a reduction of the level of binding (Fig. 1.12, panel F), and upon 

Si(OH)4 replenishment where the cells are not able to accommodate surge uptake lowers the 

intracellular capacity is called Michaelis-Menten type saturation reaction (Fig. 1.12) 

(Thamatrakoln and Hildebrand, 2008).  

Silicon uptake by diatoms can be described using the Michaelis-Menten function: 

 

      V =
VmS

KS+S
                          (1.1) 

V     = specific rate of nutrient uptake 

Vm  = maximum specific uptake rate (V at [S] → ∞) 

S     = external concentration of the limiting nutrient 

Ks     = is the half-saturation constant ([substrate] at which V = 0.5Vm) 

                                                       ρ = VQavg            (1.2) 

 

Where Qavg is the average amount of the limiting element per cell (Dugdale, 1967). At a steady 

state, the specific uptake rate is related to the absolute rate of nutrient uptake per cell (ρ). 

Leynaert et al. (2004) investigated the silicic acid uptake kinetics of the pennate diatom 

Cylindrotheca fusiformis grown under varied Fe concentrations to evaluate the effect of Fe 

availability on diatom cell size, Si content, and silicic acid uptake kinetic parameters. The 

results show that when diatom Fe stress increased, diatom growth rate slowed, cell size 

decreased, and silicification increased. Under Fe limiting conditions, there was a decrease in 

the half-saturation constant for silicic acid uptake (KSi) and a decrease in the maximal specific 

uptake rate of silicic acid (VSi-max). The specific affinity for silicic acid did not change under 

Fe stress because VSi-max and KSi vary in the same direction. Leynaert et al. (2004) concluded 
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that Si uptake kinetics parameters, especially VSi-max, are strongly related to cell size, which is 

itself constrained by the degree of Fe limitation.  

Meyerink et al. (2017a) performed an in-vitro experiment using the Southern Ocean and 

temperate diatoms, to see the effect it had on the Si uptake with Fe limitation conditions using 

the saturable kinetics protocol (Fig. 1.13). The results suggested that Fe-stress had the potential 

to affect phytoplankton community dynamics and also the Si(OH)4:NO3 uptake and export 

ratios in the Southern Ocean waters. Studies have also shown that light stress led to high Si 

uptake rates in diatoms (Claquin et al., 2002, Davis, 1976, Pondaven et al., 2000). Nevertheless, 

other studies presented that Si uptake (Mongin et al., 2003) and Si metabolisms (Brzezinski, 

1992) were independent of the ambient light intensity and the rate of Si transport (Blank and 

Sullivan, 1979) during the day and night was similar in field studies.  

 

 
Fig. 1.13: Influence of dissolved inorganic Fe concentrations (Fe´) on the specific silicic acid uptake rates for E. 

antarctica (Meyerink et al., 2017a). 

Previous studies have presented that KSi is lower in centric diatoms compared to pennate 

diatoms (Irwin et al., 2006, Moloney and Field, 1991). Various types of silicic acid transporter 

(SIT) genes and the synthesis of higher affinity transporters can be influenced by the affinity 

differences in Si uptake (Martin‐Jézéquel et al., 2000). Thamatrakoln et al. (2006) reported that 

there were structural differences in SITs among centric and pennate diatoms. The integration 

of Si is connected to the cell wall synthesis phase (Martin‐Jézéquel et al., 2000). Larger cells 

have more Si than smaller ones since the Si concentration of diatom cells depends on the cell 

size (Falasco et al., 2009). Studies have shown that large-size phytoplankton dominated in 

nutrient-rich regions, whereas small-size phytoplankton tended to dominate in nutrient-poor 

water columns (Leynaert et al., 2009). 
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1.5.2 Silicon dissolution and export 

Dissolution of bSi between a few hundred meters from the surface and to the sediments affects 

Si in the marine environment (Passow et al., 2003, Van Cappellen et al., 2002). At a neutral 

pH dissolution results through a nucleophilic attack of water molecules that breaks Si-O-Si 

bonds found at the surface of the frustules (Cappelle and Behrends, 2008). The fraction of Si 

recycled in the euphotic zone that contributes to the gross amount of silicic acid available for 

diatom growth per year is determined by the bSi dissolution rate.  

Silicon recycling in the oceans (Van Cappellen et al., 2002) versus its burial in deep-sea 

sediments and export from the ocean is controlled by the fraction recycled at depth (Passow et 

al., 2003). Recycling and export of Si are related to significant diatom productivity. The 

residence time of bSi in the surface layer is influenced by the sinking speed and the dissolution 

rate. The main processes that will impact the export of Si are seasonality, food web structure, 

and aggregate formation (Ragueneau et al., 2000). Marine bSi produced 50 to 60% dissolves 

in the euphotic zone, and less than 3% gets buried in the sediment (Demaster, 2001, Nelson et 

al., 1995). Due to the high bSi solubility (> 1000 μmol-Si L-1) and the undersaturated conditions 

of the ocean (surface < 50 μM dSi, deep < 180 μM dSi), the export rates of bSi (Demaster, 

2001, Nelson et al., 1995) and Si are generally low (Passow et al., 2003, Treguer et al., 1995). 

Frustules of living diatoms have an organic coating that isolates the cell from the slightly basic 

pH of seawater, which protects it from dissolution. The dissolution rate in living diatoms is 

minimal (0.2 to 0.3% d-1) unless they are colonised by bacterial cells (Bidle and Azam, 1999). 

As the diatoms die, dissolution starts where the bacteria degrade the protection around the 

frustules exposing the bSi underneath, which gets in contact with seawater, resulting in high 

dissolution rates of bSi in the upper ocean (Passow et al., 2003). 

The specific dissolution rate Vdiss(h
-1) has been described by Hurd and Birdwhistell (1983) of 

the bSi as follows: 

Vdiss = k ∙ ([Si(OH)4]sat − [Si(OH)4]) ∙ Asp    (1.3) 

 

k = constant (cm h-1) 

Si(OH)4sat = opal solubility (mol cm-3) 

Si(OH)4 = the ambient dSi concentration (mol cm-3) 

Asp = the specific surface area of opal present (cm² mol-1) 

The above equation gives a better understanding of the conditions affecting the dissolution rate 

in the ocean, with lower dissolution rates for cool Antarctic waters and higher dissolution rates 
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in warmer waters. This study concludes that the temperature of the surface layer plays an 

important role in the dissolution rate observed in different regions.  

The recycling and export of bSi by grazers that feed on diatoms are impacted by food web 

structure.  Heterotrophic dinoflagellates remove all organic matter from the frustules, leaving 

them exposed to seawater, and so increase the dissolution rate of the Si through grazing. 

Copepod (crustacean) grazing has two different effects on dissolution. The first effect is, it 

breaks the frustules into smaller pieces in surface waters, deterring their export from the surface 

(Ragueneau et al., 2006). The second is it exports bSi through faecal pellets to the deep ocean 

(Beucher et al., 2004a). If there is little exchange between the aggregate and the surrounding 

seawater, aggregation can play a protective role or it can act as a stimulus of dissolution if there 

is significant bacterial activity (Passow et al., 2003).  

 

1.5.4 Physico-chemical factors influencing Si(OH)4 assimilation in phytoplankton  

Silicon uptake and deposition within diatoms are dependent upon a wide range of 

physicochemical factors. Diatom growth rates, Si(OH)4 uptake, and frustule morphology are 

all known to be affected by physicochemical factors such as light levels, nutrient limitation, 

and temperature (Martin‐Jézéquel et al., 2000). Kinetic studies have well explained the 

parameters that influence Si(OH)4 (Bucciarelli et al., 2010, Martin‐Jézéquel et al., 2000, 

Sullivan, 1976b). On the other hand, molecular studies have parameterised the components 

involved in Si uptake (Hildebrand et al., 1998, Hildebrand et al., 1993, Hildebrand et al., 1997, 

Thamatrakoln et al., 2006, Thamatrakoln and Hildebrand, 2007, 2008). In-vitro studies have 

mostly focused on Fe limitation studies in diatom growth and Si(OH)4 uptake thus its limiting 

nature on diatom productivity, and its ability to radically affect phytoplankton physiology and 

community dynamics in the HNLC regions of the Equatorial Pacific and the Southern Ocean 

needs further investigation (Bucciarelli et al., 2010, Leynaert et al., 2004, Marchetti and Cassar, 

2009, Meyerink et al., 2017a). Studies have also shown physiological changes in diatoms under 

Fe-limitation manifested by variations in cell morphology (decrease in cell size d with an 

increase in cell wall thickness, density, and Si-content) on endemic species to the Southern 

Ocean polar waters which have led to a relative decrease in cellular carbon and carbon content 

(Hoffmann et al., 2007, Hoffmann et al., 2008, Marchetti and Cassar, 2009). 

Whilst a number of studies have investigated the effects of Fe in diatoms, relatively little is 

known if the temperature could potentially co-limit changes in Si uptake. At present, few 

studies have investigated the effects of Fe-limitation on Si-uptake kinetics in diatoms (Leynaert 
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et al., 2004, Meyerink et al., 2017a). Leynaert et al. (2004) used a coastal diatom that was 

acclimated to relatively low Si-concentrations for their investigation of the Si-uptake kinetics 

in diatoms under resource limitation. In contrast, the Southern Ocean diatoms grow in Si 

concentrations that can be up to 20-30 times that of coastal or shelf-waters (Franck et al., 2000) 

and also can survive with considerably reduced ambient Fe-concentrations due to their capacity 

to access Fe from organic ligands that are inaccessible to coastal phytoplankton (Strzepek et 

al., 2011).  

Meyerink et al. (2017a) examined the effects of Fe availability on cell size, silicic acid 

(Si(OH)4) uptake kinetics, and elemental stoichiometry in Thalassiosira pseudonana, a centric 

diatom. Their study found no variation in cell size while VSi-max decreased, suggesting that the 

current paradigm where variations in Si-uptake parameters, particularly VSi-max, are associated 

with differences in cell surface area (SA) may not be true for all diatoms. An alternative 

mechanism where VSi-max is implicitly related to the cellular growth rate, rather than the cell 

surface-to-volume ratio, demonstrates a linear relationship with growth rate (r2 = 0.93). They 

concluded that growth rate, rather than the surface-to-volume ratio, should be related to kinetic 

parameters relating to Si(OH)4 uptake in biogeochemical models of planktonic ecosystems. 

 

 

Fig. 1.14: The graph represents the Specific growth rate (μ, d-1) of the Southern Ocean phytoplankton species 

under low and high temperatures, low light (20 μmol photons m-2 s-1) high light (200 μmol photons m-2 s-1), and 

low and high Fe limited concentrations. Errors are standard deviation, n = 5. (Andrew et al., 2019). 

Andrew et al. (2019) studied four Southern Ocean phytoplankton under varying conditions of 

light (high and low), Fe (limited and replete), the temperature at 3°C, and a future warming 
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scenario of 5°C. Results revealed that the highest growth rates for P. inermis, and C. flexuosus 

were observed in cultures grown at 5°C under high light and Fe replete conditions (0.67 ± 0.05, 

0.71 ± 0.02 and 0.66 ± 0.03 d-1) respectively. In contrast, at 3°C growth rates for these species 

were considerably lower (p < 0.05) with values: 0.43 ± 0.02, 0.39 ± 0.02, and 0.38 ± 0.05 d-1 

for the same Fe and light conditions ( 

Fig. 1.14). Thus these results indicate that Fe and light availability affects not only the growth 

rate, but also the temperature range over which growth can occur. Cells that were Fe-stressed 

generally reached mortality at lower temperatures than high Fe cells.  

 

 

Fig. 1.15: Individual Temperature Performance Curves (TPCs) under iron-replete conditions for five polar 

species. Note that all species except P. antarctica (isolated at −1.4 °C) grew at sub-zero temperatures. Zero growth 

rates denote the inability to grow at a temperature (and hence define upper or lower bounds) despite 

acclimatization (weeks) (Boyd, 2019). 

Thermal performance curves have recently been discussed by Boyd (2019) for diatoms in the 

Southern Ocean. Fig. 1.15 shows the differently shaped growth response curves for five polar 

species, and it is observed that Chaetoceros neglectus has a significantly different optimal 

temperature. Such thermal niches result from the Southern Ocean's isolation by strong 

circumpolar currents and thermal gradients (Malviya et al., 2016). In addition, the differences 

in optimum growth temperatures may indicate different evolutionary histories (Thomas et al., 

2016). On the other hand, in contrast to the genetic and physiological evidence, the Southern 

Ocean phytoplankton have evolved to photosynthesise optimally in the cold, low light, and low 

Fe Antarctic environment. As mentioned previously, the Southern Ocean is described to be the 

most important biogeochemical region in terms of climate change (Sarmiento et al., 1998), 

making it vital to understand future phytoplankton growth in this region. 
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1.6 Silicon Isotope Systematics 

1.6.1 Silicon stable isotope distribution  

There are 4 isotopes of Si in nature 28Si, 29Si 30Si, and 32Si (Ding et al., 2005) with the last one 

being radioactive. The first three isotopes are stable with relative abundances of 92.23%, 

4.68%, and 3.09%, respectively (De Laeter et al., 2003). To compare the Si isotope 

compositions of various materials with each other, the Si isotope ratios of the samples are 

normalised to a reference standard, NBS28 (Ding et al., 2005). Silicon isotope compositions 

are expressed in delta (δ) notation, which expresses the relative abundance of the heavier 

isotope in relation to the more abundant isotope (Ding et al., 2005).  The Si isotope composition 

is expressed in delta notation (δxSi) and can be calculated using the following formula: 

 

 

     δxSi (‰) = [

(
Sx i 

S28 i
)

sample

(
Sx i

S28 i
)

standard

− 1 ] ∗ 1000                           (1.4) 

 

Variation of the abundance of isotopes is called fractionation. Differences in the ratios of the 

different isotopes of an element between two substances or between two phases of a substance 

are processes that induce isotopic fractionation. Two types of mass-dependent fractionation are 

highlighted by Hoefs (1996), as the kinetic and equilibrium isotope effect. Inorganic chemical 

species that rapidly interconvert between forms containing the same element are most likely 

exhibited by equilibrium isotope effects. Since the covalent bonds linking the component atoms 

do not continuously break and reform, organic molecules almost never directly exhibit 

equilibrium isotope effects (Emerson and Hedges, 2008). If δ28Si/ δ29Si (lighter isotopes) are 

replaced by δ30Si (heavier isotope) in a seawater sample, it will take several minutes for the 

heavier isotope (δ30Si) to distribute itself among all the inorganic silicate species. The kinetic 

isotope effect, on the other hand, occurs under a non-equilibrium or physical conditions. Due 

to unequal masses, physical-based isotopes occur because molecules of the same compound, 

but containing different stable isotopes, move at a different rate. For Si, δ29Si, and δ30Si must 

have the same kinetic energy (Ek =
1

2
 Mv2, M is mass and v is velocity), but the lighter isotopes 

will travel faster than the heavier isotopes. Chemically based kinetic isotope effect occurs when 

molecules containing different isotopes of the same compound react at different rates. There is 

stronger chemical bonding in heavier isotopes that breaks more slowly during chemical 
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reactions, which results in the lighter isotope moving faster and reacting faster than molecules 

containing heavier isotopes. The formation and destruction of organic matter are kinetic isotope 

effects (Emerson and Hedges, 2008). 

Cardinal et al. (2007) suggested that there could be variable fractionation factors of the diatoms 

in the Antarctic waters or that these diatoms would be fractionating Si isotopes under non-

equilibrium conditions and also suggested that factors that would induce changes in the 

apparent fractionation factor could be related to specific silicic acid dissolution rates or its 

uptake. 

For analytical and practical reasons, Si isotope ratios and Si isotope fractionation is reported in 

δ notation on the permil (‰) scale. X in the equation represents either bSiO2 or dSi and the 

standard is the atomic ratio of Si isotopes (heavy and light) of the quartz standard (NBS28). 

Hoefs and Hoefs (2009) have expressed the isotopic fractionation defined by the isotopic 

fractionation factor (α). Thus for kinetic isotopic exchange (irreversible reaction), the equation 

is expressed as: 

        α =
k28Si

k30Si
                          (1.5) 

Where k represents the rate constant for the reaction of the heavy and the light isotopes. At 

equilibrium, the α can be calculated: 

                                                       α =

( 
S30 i

S28 i
)

A

(
S30 i

S28 i
 )

B

                                   (1.6) 

    

A and B in equation 1.5 are two chemical substances, where A is the substrate and B is the 

product of the reaction.  Fractionation of Si isotopes is a useful way to think about Si isotopes; 

equation 1.6 gives the value of fractionation factor (ε) by calculating the difference between 

the δ30Si values of dSi and bSiO2 (Criss, 1999) as: 

  

                                                                 ε ≅ 1000 × (αbSiO2−dSi − 1)             (1.7) 

 

where the isotopic fractionation factor between the product (bSiO2) and the substrate (dSi) is 

αbSiO2−dSi. The lack of redox speciation and organic complexation for Si limits isotope 

fractionation effects to predominately inorganic kinetic exchange reactions (Wiederhold, 

2015).  
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The first observation of a difference in the natural abundance of Si isotopes in diatoms 

compared to igneous rock was made by Douthitt (1982), but the first systematic study of Si 

isotope uptake by diatoms was done by De La Rocha et al. (1997).   

1.6.2 Biological fractionation of silicon isotopes during geochemical and biogeochemical 

transfers in the Southern Ocean 

When diatoms form their frustules they take up Si and preferentially incorporate the lighter 

isotopes of Si (De La Rocha et al., 1997, Milligan et al., 2004), which alters the stable isotope 

composition of the remaining dissolved Si pool (e.g., (Beucher et al., 2008, Cardinal et al., 

2005, Fripiat et al., 2011a, Varela et al., 2004)). De La Rocha et al. (1997) determined a 

fractionation factor of 0.9989 which corresponds to an isotopic effect of -1.1‰. During the 

subsequent silicic acid consumption both the remaining silicic acid pool and diatom, opal 

becomes progressively heavier (De La Rocha et al., 1998, De La Rocha et al., 1997). Thus, the 

Si isotope composition of the diatom opal should record the relative degree of silicic acid 

depletion/utilisation. 

In addition to biological fractionation, three other domains that involve Si fractionation are; 

rock-formation, water-rock interaction, and reservoir water. Fig. 1.16 highlights δ30Si values 

for various materials, including seawater and diatoms. The δ30Si composition of seawater is 

generally isotopically heavy, with values ranging between +0.6‰ and +3.3‰. Marine diatoms 

from water columns and sediments tend to have lighter δ30Si as compared to seawater, with a 

range of -0.7‰ and +2.8‰. 

 

Fig. 1.16: Range of δ30Si values observed in terrestrial and sweater (Basile-Doelsch, 2006, Cao et al., 2012, 

Cardinal et al., 2007, Cavagna et al., 2011, Ding et al., 1996, Egan et al., 2012, Ehlert et al., 2012, Fripiat et al., 

2011a, Hendry and Robinson, 2012, Reynolds, 2012, Varela et al., 2004, Wu et al., 1997). The grey solid line 

indicates the δ30Si of the bulk silicate Earth (Savage et al., 2010). 
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With depth, it is observed that the δ30SidSi decreases with depth as dSi concentrations increase. 

Varela et al. (2004) have determined the highest marine values of δ30SidSi in the surface waters 

of the Pacific sector of the Southern Ocean as + 3.10‰. For the deep water, (> 2000 m) + 

1.25‰ has been determined for the equatorial Pacific Ocean and Pacific sector of the Southern 

Ocean (Souza et al., 2012) and an average of + 1.20‰ for the Antarctic Circumpolar Current 

(Fripiat et al., 2011a). Fig. 1.17 represents a typical isotopic profile. 

 
Fig. 1.17: A typical profile of δ30SidSi and dSi concentration versus depth. Orange represents δ30SidSi values and 

blue is the corresponding dSi concentrations(Coffineau, 2013).  

The polar frontal zone of the Southern Ocean has exceptionally high values for δ30SidSi in sea 

surface waters where surface values for δ30SidSi exceed ~3‰, while values for deeper waters 

in this region range from 1.0 to 1.5‰ (De Souza et al., 2012b, Reynolds et al., 2006b). South 

of the APFZ in the Southern Ocean is a direct result of surface uptake of Si(OH)4 by diatoms 

that are associated with relatively higher concentrations of surface Si(OH)4 (3 – 6 μmol L-1) 

during summer (De Souza et al., 2012b). High- δ30SidSi Si(OH)4 is observed during late summer 

in the mixed layers at high latitudes in the Southern Ocean, which has the potential to strongly 

influence the value of δ30SidSi at lower latitudes via physical processes (De Souza et al., 2012b). 

The δ30SidSi value of the surface water is attenuated to ~2‰ during winter when the deep 

convection transmits 20-25% of the Si(OH)4 inventory in the APFZ to the deep winter mixed 

layer, where it is entrained in Si-replete sub-surface waters (Fripiat et al., 2011b, Fripiat et al., 

2011a). SAMW is thus formed when deep winter mixing occurs and remains subducted into 

the ocean interior. SAMW then transports high- δ30SidSi seawater to the subtropical regions of 

the ocean (De Souza et al., 2012b). Until the isotopic signature of SAMW reaches low latitudes, 
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it is conserved in the mesopelagic zone, where a change in the supply of Si(OH)4 in the 

mesopelagic zone from SAMW to rather lighter δ30SidSi source of North Pacific deep water 

results in the isotopic signature becoming lighter with respect to 30Si (De Souza et al., 2012b). 

This water is entrained into the surface mixed layer, causing relatively low surface δ30SidSi 

values at lower latitudes compared to the high δ30SidSi values found in surface waters at higher 

latitudes. 

Due to the preferential removal of 28Si over 29Si and 30Si by diatoms from ambient Si(OH)4 in 

the water column results in δ30SibSi values that are significantly lower than surface dissolved 

values for δ30SidSi (De La Rocha et al., 1997). Δ30SibSi values of 1.06 ±0.08‰ at the APFZ 

decrease to δ30SibSi values that are ~1‰ more negative in the Seasonal Ice Zone (SIZ) located 

south of the polar frontal zone in the Southern Ocean where there is a latitudinal variation in 

δ30SibSi values (Cardinal et al., 2007, Varela et al., 2004). A trend is observed in δ30SidSi towards 

lighter values between the APFZ and the SIZ, but the trend for δ30SibSi is steeper, which may 

perhaps point towards a difference in the apparent fractionation factor in diatoms along this 

transect (Cardinal et al., 2007). 

1.6.3 Models of Si isotope fractionation in diatoms 

Rayleigh fractionation (initially developed by Lord Rayleigh in 1902 for distillation processes) 

describes the change in isotope composition between reactants and products as the reaction 

heads toward completion (Johnson et al., 2004). Biologically induced silicon isotopic 

fractionation can be described by two general systems assuming kinetic fractionation (Fig. 

1.18).  

 
Fig. 1.18: Model describing a Si isotope fractionation, (a) closed system and (b) open system steady-state models. 

The dashed line represents the evolution of δ30 Si for bSi and solid for δ30 Si for seawater. Biogenic silica is used 

as a closed system model since it permits δ30 Si fractionation in both accumulating bSi (small dashes) and 

instantaneously biogenic opal solids (large dashes) whereas, this does apply in the open steady-state model. 

Adapted from Cardinal et al. (2007). 
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Seawater and bSi in the open system steady-state model (Cardinal et al., 2007) is 

mathematically defined as; 

 

Δ30Siseawater = δ30Sii−seawater − α(1 − f)      (1.8) 

 

and 

 

δ30Sibiogenic = δ30Sii−seawater + α(f)                         (1.9)                            

 

 

Where δ30Siseawater and δ30Sibiogenic are the isotopic composition of seawater and bSi, 

relatively at a given time,  δ30Sii−seawater is the initial isotopic composition of seawater, α =

Rbiogenic/Rseawater(R =30 Si/28Si), and f = [Siseawater]/[Sii−seawater].  

 

The closed Rayleigh system model (Mariotti et al., 1981) can be mathematically defined for 

seawater and bSi similarly as; 

 

δ30Siseawater = δ30Sii−seawater + α(lnf)               (1.10) 

 

and 

 

 δ30Siinst = δ30Siseawater + α                           (1.11)               

 

and  

 

δ30Siacc = δ30Sii−seawater − α(
fInf

1−f
)                           (1.12) 

 

Where δ30Siinst is the instantaneous biogenic opal solids and δ30Siacc is the accumulated 

biogenic solids.  

Closed and open steady-state models assume constant values for α (the fractionation factor), 

alias the enrichment factor (ε), where ε (‰) ≈ (1 – α) ×1000). Using linear regressions of 

observed values for δ30Si(OH)4 and δ30bSi for closed and open steady-state models 

(respectively) against f, both models can be derived. (Varela et al., 2004). -1.1‰ (closed 

system) or -1.9‰ (open system) were recent estimates for ε in the Southern Ocean calculated 

by Varela et al. (2004). Consequently, as the system has sporadic open and closed states due to 

intermittent mixing events, they accepted that the actual value likely resides between these two 

values. Recent in-vitro experiments suggest α is not constant but varies as a result of species 

diversity (Sutton et al., 2013). As a result, before Si-isotope fractionation in the Southern Ocean 

can be accurately determined, the model must be taken into account. Estimating the 
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fractionation factor from field data has proven difficult using these simple models(Grasse et 

al., 2013, Grasse et al., 2016, Closset et al., 2016, Cassarino et al., 2017). There are two major 

issues here: first, such idealised, simplified models do not accurately depict silicate 

fractionation in seawater, and second, identifying and characterising the type of water source 

is challenging (Grasse et al., 2021). 

In this current research, efforts will be made to use the different sensitivity of the Si-isotopic 

proxy in the modern ocean to different processes (uptake and mixing), thus constraining the 

mass Si-balance (Fig. 1.19). 

 

 

Fig. 1.19:The instantaneous effect of different marine Si‐cycle processes on silicic acid δ30Si. The trajectories 

define the reasonable approximations of the fractionation factors. These are subject to the initial silicic acid δ30Si 

in addition to the relative amplitude of the changes in silicic acid concentrations (Fripiat, 2010). 
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Aims and Approach 

In the euphotic zone, the marine Si biogeochemical cycle is dominated by bSi production and 

dissolution (Treguer et al., 1995). The Southern Ocean is crucial to the global Si 

biogeochemical cycle as diatoms, the main players of the biological pump in this region, 

dominate bSi production in both surface and subsurface oceans, creating a significant silicic 

acid gradient (Brzezinski et al., 2001, Sarmiento et al., 2004, Sarmiento et al., 2007). 

Additionally, the Southern Ocean contributes to 20-35% of the world's marine bSi production 

(Pondaven et al., 2000). In this thesis, I investigate how environmental factors impact the use 

of silicic acid by Southern Ocean diatoms. The study will examine physical and chemical 

factors such as temperature and the co-limitation of trace metals (Fe, Zn, and Co) that affect 

the uptake of silicic acid, as well as Si isotope fractionation. Using the methodology outlined 

by Meyerink et al. (2017b) the effects of Fe limitation on silicon uptake kinetics and elemental 

stoichiometry in two Southern Ocean diatoms will be investigated. The study will also explore 

how temperature influences diatom growth, Si uptake kinetics, cell morphology, and Si isotope 

fractionation.  

In summary, the main question of this thesis is, does light, temperature, and trace metal 

co-limitation affect Si uptake and isotope fractionation in the Southern Ocean diatoms?  

The associated questions investigated in this study are: 

How is the silicon isotope composition of deep oceanic waters connected to the surface 

ocean?  

On a 2018 springtime voyage, surface and deep water samples were collected off East Australia 

and into the Southern Ocean. Samples were collected from 3 process stations and 9 transit 

stations. The data will give a better understanding of how the Si biogeochemical cycle is 

influenced by a spring phytoplankton bloom. In addition, a mesocosm experiment was 

performed for 8 days, in four different light conditions (Low light, UV filtered, High light, and 

Dark) to investigate the effect of light regime on the cycling of bSi and Si isotopes.   

Does temperature affect Si uptake and isotope fractionation in Southern Ocean diatoms?  

In this study, an experiment was undertaken to investigate the Si uptake kinetics of two 

Southern Ocean diatoms cultured across a range of free Si concentrations. The influence of 

temperature (3ºC to 5ºC) and Fe (high and low concentrations) on Si uptake (VSi-max and KSi) 

was investigated. The influence of temperature on Si uptake has not been investigated; thus, it 
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was uncertain if it influences Si uptake and isotope fractionation. The kinetic uptake 

experiments will give a more accurate determination of kinetic constants such as VSi-max and 

KSi and enable us to determine the variation of KSi in response to temperature and Fe. 

If a trace metal becomes growth-limiting, is there any intraspecific variation of cell 

physiology in diatoms? Are Si uptake and Si isotope fractionation also affected?  

The Fe, Zn, and Co limitation will be studied for two Antarctic diatoms. These metals have 

previously been shown to limit biomass and influence plankton species composition (Koch and 

Trimborn, 2019). Extensive research has been published on the limitation of Fe alone and, to a 

lesser extent, studies focusing on the simultaneous manipulation of Fe, Zn, and Co in Antarctic 

diatoms. Because these metals are essential for phytoplankton growth, an additional 

phenomenon of reduced quotas of other Zn, Cu, and Co due to Fe limitation must be considered 

when developing global biogeochemical models. 

Thesis structure:  

Chapter 1:  

The literature review introduces the physical and biological dynamics of the Southern Ocean 

because it represents the main area of investigation in this thesis. Emphasis is given to Si, 

marine Si biogeochemical cycle, along with a brief description of isotopic fractionation and Si 

isotope applications. This chapter gives the background that helps to place the data chapters 

into a broader context. 

Chapter 2: 

 The satble silicon isotope composition of bSi was investigated during one oceanic voyage, that 

occurred between September 11th and October 8th, 2018, on the RV Investigator (VO4). The 

natural isotopic composition is argued in terms of the source of Si and fates for the various Si 

pools observed in the water column during the voyage in the EAC with high productivity to 

low productivity in the subantarctic region. We present the first δ30SibSi data from the upper 

300 m of the water column collected during a 2018 spring bloom. During the voyage, we 

sampled a large diatom-dominated phytoplankton bloom and characterised the silicon isotope 

fractionation of diatoms. The data will be used to gain a better understanding of how a spring 

phytoplankton bloom affects Si(OH)4. 
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Chapter 3: 

An 8-day shipboard incubation experiment was undertaken in the EAC in September 2018 to 

investigate the cycling of Si under a range of light conditions (Low light, UV-filtered, High 

light, and Dark treatments). Variations in the Si-isotope fractionation factor under different 

light regimes are also investigated.   

Chapter 4:  

The kinetic uptake of Si by diatoms, grown at two different temperatures, 3ºC, and 5ºC were 

investigated. The effects of temperature, as well as Fe limitation on cell morphology, nutrient 

stoichiometry, and Si-uptake kinetics in the Southern Ocean diatoms Thalassiosira antarctica 

and Chaetoceros flexuosus, were also investigated.  

Chapter 5:  

The co-limitation of iron, zinc, and cobalt on two Antarctic diatoms, C. flexuosus, and C. 

neogracilis, was studied. Changes in, Elemental stoichiometry, cell morphology, and silicon 

isotope fractionation were investigated. 

Chapter 6:  

Future work and conclusions. This thesis finishes with a synthesis of the results and an outlook 

that provides a basis for future research directions. 

These combined chapters will help in the understanding of Si biogeochemical cycling as well 

as the effects of physicochemical factors, including light, temperature, and trace metal co-

limitation (Fe, Zn, and Co) on silicic acid uptake and Si isotope fractionation in diatoms. 
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Chapter 2: Biogeochemical cycling of silicon isotopes in the East Australian Current and 

subantarctic waters during the annual spring bloom 

Abstract 

In the spring, a large phytoplankton bloom forms in the EAC's surface waters. The East 

Australian Current (EAC) plays an important role in the transfer of iron (Fe) from a broad 

spectrum of potential sources, as well as in delivering Fe to massive annual spring 

phytoplankton blooms in HNLC waters. Ocean cycling of silicon (Si) isotopes was investigated 

in EAC during a study of the annual phytoplankton bloom in the austral spring of 2018. The 

EAC is a major western boundary current that flows south along the eastern margin of Australia 

and mixes with subantarctic waters in the region of the subtropical front. The sites occupied in 

this study were located in the EAC (34°S – 46°S, 150°E – 154°E) and the Sub-Antarctic Zone 

(SAZ) of the Southern Ocean (46°S – 47°S, 141.5°E – 148°E). During this study, low 

concentrations of silicic acid (Si(OH)4) (~2 µmol L-1) and higher concentrations of nitrate 

(NO3) (~5 µmol L-1) concentrations were determined for EAC surface waters. Dissolved iron 

(DFe) and particulate iron (pFe) concentrations ranged from 0.50 – 0.80 nmol L-1 and 0.04 – 

0.54 nmol L-1, respectively, with the highest pFe concentrations in process station 3 (PS3) 

located in the southern extension of the EAC. We compared PS3, which was defined as a high-

productivity station, to stations PS1 and PS2 located in subantarctic waters. In this study, the 

Si isotopic composition of biogenic silica (δ30SibSi) was investigated in the upper 300 m to 

characterise the effect of Si utilisation in spring at each station. The δ30SibSi signatures in the 

surface waters at PS3 were high and ranged from 0.70‰ to 1.76‰ whilst values were low for 

the subantarctic stations, PS1 and PS2, and ranged from -0.40‰ to 0.52‰. An open system 

(steady-state) Rayleigh isotope fraction model was fitted to the δ30SibSi data and produced a 

fractionation factor (ε) of -1.8 ± 0.5. This value is not significantly different from estimates 

made with previous Southern Ocean studies under Fe-limiting conditions. My findings 

highlight the complex interplay between light intensity, Si and Fe availability in influencing 

the physiology and silicon isotope fractionation in EAC diatoms. These results underscore the 

potential implications of these factors for future biogeochemical cycles under changing oceanic 

conditions. 
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2.1.  Introduction 

Diatoms production represents about 40% of marine primary productivity thus they exert a 

strong control on C drawdown from the atmosphere (Tréguer et al., 2018). Diatoms are major 

producers of bSi and have an obligate silicon requirement to grow (Lisitzin, 1972).  To form 

silicified cell walls, diatoms primarily take up Si in the form of silicic acid (Si(OH)4). Diatom 

cell division will cease if there is inadequate Si dissolved in seawater to form new frustules 

(Brzezinski et al., 1990), making Si a potentially limiting macronutrient for diatoms (Sigmon 

et al., 2002).  

The EAC system forms part of the western boundary current for the South Pacific subtropical 

gyre in the southern Coral Sea (15–24°S) (Ridgway and Dunn, 2003). The EAC dominates the 

large-scale flow along south-eastern Australia to the Tasman Sea. The subantarctic zone (SAZ), 

located south of Australia, is strongly influenced by mixing with the EAC extension southeast 

of Tasmania (Bowie et al., 2009). A large phytoplankton bloom is observed in the EAC during 

the austral spring. There is limited data on the Si isotope fractionation in the EAC waters, and 

obtaining more of this data is important and will be useful in doing Si cycle modelling.  

Previous investigation has shown that the EAC surface water is warming and will continue to 

warm, threatening cold temperate species in South East Australia. The EAC has been 

strengthening, which has resulted in an increase in sea surface salinity off Australia's east coast 

(Ridgway and Hill, 2009). This strengthing of the EAC has resulted in changes in the 

distribution range for a number of marine species and will also impact commercially important 

fisheries (Ridgway and Hill, 2009). Phytoplankton are consumed by zooplankton, which is then 

consumed by larger organisms, according to the classic food chain (Kirchman, 1999).  

Subantarctic Mode Water (SAMW) has been identified as the primary nutrient transporter from 

the Southern Ocean to the upwelling regions of the equatorial Pacific and off South America 

(Toggweiler et al., 1991). By bringing more nutrient-poor water into the formation region, a 

strengthened EAC would reduce SAMW nutrients (Ayers and Strutton, 2013). In SAMW, the 

concentration of NO3 is high, whereas the concentration of Si(OH)4 is low. Si* expressed as 

Si* = [Si(OH)4] - [NO3] (Sarmiento et al., 2004), is a powerful water mass tracer that is used 

as an indicator of nutrient status related to the requirements of the diatoms. The lowest Si* 

values in the surface ocean are observed in SAMW source regions where values range from -

10 to -15 μmol Kg-1. SAMW originating from the base of the thermocline and supplying surface 
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waters has a Si:N ratio of less than 0. This explains the prevalence of low diatom production 

in parts of the global surface ocean underlain by SAMW (Ragueneau et al., 2000). 

Diatoms preferentially incorporate the lighter 28Si isotope from the dissolved silica (dSi) pool 

into biogenic silica (bSi), leaving the seawater enriched with heavier isotopes of 29Si and 30Si 

(De La Rocha et al., 1997). This enrichment is defined by the fractionation factor (ε). For a 

diatom population, either in vitro or in the field, ε generally ranges between -0.53‰ and -1.9‰ 

(Cardinal et al., 2007, De La Rocha et al., 1997, Fripiat et al., 2011a, Meyerink et al., 2017a, 

Sutton et al., 2013, Varela et al., 2004). The upper 50 m of the world’s ocean exhibits a broad 

range of δ30SibSi values between -0.2‰ and +3.42‰, but the surface waters δ30SidSi are even 

more positive  (Cao et al., 2012, Cardinal et al., 2007, Cavagna et al., 2011, Closset et al., 2016, 

Fripiat et al., 2012, Fripiat et al., 2011a, Varela et al., 2016, Varela et al., 2004). As a 

consequence, the isotopic composition of δ30SibSi in diatom frustules can serve as a proxy for 

examining the cycling of Si in the surface waters (De La Rocha et al., 1997, Fripiat et al., 2012, 

Milligan et al., 2004).   

Culture studies and theoretical calculations show that phytoplankton tend to require a higher 

Fe concentration when grown under low light conditions, as Fe is essential in photosynthesis 

(Raven, 1990, Sunda and Huntsman, 1997). When the nutrient and light conditions are 

favourable, a phytoplankton bloom occurs (Behrenfeld and Boss, 2014). Springtime 

phytoplankton blooms play an important role in the drawdown of carbon dioxide from the 

atmosphere through the photosynthetic fixation of carbon by algae, which subsequently die and 

sink to the oceans’ interior (Packer, 2009). There have been studies on δ30SibSi in New Zealand 

surface waters, the Southern Ocean, the Equatorial Pacific, and recently in the Peruvian. 

However, relatively little is known about the biological fractionation of Si-isotopes by diatoms 

in EAC and sub-tropical waters (Beucher et al., 2008, Brzezinski, 2008, De Souza et al., 2012b, 

Fripiat et al., 2012, Grasse et al., 2021, Varela et al., 2004, Meyerink et al., 2019, Llopis 

Monferrer et al., 2021).  

In this study, we explore the variations in Si isotope compositions caused by biological 

utilisation under high and low productivity and during fractionation in the surface waters of the 

ocean. We present the first δ30SibSi data from the upper 300 m of the water column collected 

during a 2018 spring bloom transiting from EAC with high productivity into subantarctic 

waters with very low productivity. During the austral spring of 2018, we sampled a large 

diatom-dominated phytoplankton bloom to characterise the silicon isotope fractionation of 
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diatoms in the southern EAC. The data provides the basis for a better understanding of how 

Si(OH)4 is influenced by a spring phytoplankton bloom.  

2.2 Methods 

2.2.1 Sampling site and experimental design 

The present study was conducted on the RV Investigator (IN2018_V04) voyage. The voyage 

was part of a GEOTRACES process study (GPpr13) and took place during a spring 

phytoplankton bloom in the EAC (subtropical - 34°S – 46°S, 150°E – 154°E) and subantarctic 

waters (46°S – 47°S, 141.5°E – 148°E) in September 2018 (Fig. 2.1). Three process stations 

(PS1, PS2, and PS3) and 9 transit stations (TS) were intensively sampled for a month, along 

the intervening transects. For the 3 stations studied, PS1 was located 47°S, 142°E at the 

Southern Ocean Timeseries Site (SOTS), PS2 was located in the east-west transect within 

subantarctic waters parallel to the EAC (PS3), and PS3 was located in the central part of the 

EAC with a phytoplankton bloom with sea surface temperatures warmer than PS1 and PS2.  

Sea surface chlorophyll a (Chl a). Seawater samples for chlorophyll (Chl) a, bSi, dissolved 

macro-nutrients (NO3, Si(OH)4, PO4, and NH3) particulate nitrogen (PON), particulate carbon 

(POC), salinity, temperature, and oxygen, were collected from Niskin bottles deployed on a 

24-bottle conductivity-temperature-depth rosette (CTD) system (SBE 911 plus CTD rosette, 

Seabird USA). Macronutrient concentrations were analysed on board with an autoanalyzer 

during the voyage using the procedures outlined by  Rees et al. (2019). In total, 10-20 L of 

seawater were collected per depth to ensure sufficient sample material was available for all 

parameters. 
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Fig. 2.1: The image with the three process stations (PS1, PS2, and PS3) studied during the voyage. Satellite-

derived chlorophyll a concentrations of the spring phytoplankton bloom (Barrett et al., 2021). The red circles 

represent the mixed layer depth (MLD) for the three process stations. In this Figure, the station labels are different 

to Barrett et al. (2021); Appendix: Chapter 2. 

2.2.2 CTD, collection of bSi and Si isotopes 

Samples for bSi analysis were collected from the CTD at each transit and process station. 2 L 

seawater samples were collected from 8 different depths at each station. Sample collection 

depths were decided by observing the fluorescence graph, which indicated productivity depth. 

The samples were filtered using 47 mm diameter 2 µm polytetrafluoroethylene (PTCE) filters 

and stored at -20 °C. Because the sampling time for seawater collection was longer, bSi for 

30SibSi was only collected from the three process stations. Twenty litres of seawater were 

collected in cubitainers (Thermo scientific – LDPE) for each depth, filtered using the same 

procedure as bSi, and the filters were stored in a freezer at -20 °C before analysis. 

2.2.3 Chlorophyll a and Macronutrient analysis 

Cells were collected using 25 mm glass fibre filters (Whatman GF/F) under a low vacuum 

(<100 mmHg). A known volume (2 L) of the culture water was filtered followed by rinsing 

with filtered Synthetic Ocean Water (SOW) to ensure all the cells were collected onto the filter. 

15 mL centrifuge tubes were used for storing the filters and kept at a temperature of - 20 °C 

until analysis. Extraction of Chl a was carried out by adding 10 mL of 90% acetone solution 

and Chl a concentrations were determined by in vitro fluorometry (Wright et al., 2005) using 

a Turner Design model 10-AU fluorometer calibrated with spectrophotometrically measured 

spinach Chl a standard (Sigma-Aldrich) (Parsons et al., 1984). 
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Samples were collected and analysed by the team from CSIRO for macronutrients; nitrate + 

nitrite NOx, phosphate (PO4), silicate (SiO4
4-), and, ammonium (NH4

+)  during the voyage 

(Rees et al., 2019). 

2.2.4 POC and PON analysis 

Samples for particulate organic carbon (POC) and nitrogen (PON) were collected by filtering 

2 L of seawater samples through a pre-combusted 25 mm GFF filter (Merck-millipore) before 

rinsing with 50 mL of filtered seawater. Filters were placed in sterile plastic wells and stored 

at - 80 °C before analysis. The wells were diffused with concentrated HCl (sealed container) 

to remove any organic matter which may interfere with the C and N content. The filters were 

dried in an oven for at least 2 weeks at 50°C. O-Acetyl-L-serine (OAS) Alanine and caffeine 

were used as standards for POC and PON analysis. A Sercon-Callisto CF-IRMS stable isotope 

analysis system was used for total organic C and organic N determination. 

2.2.5 Biogenic Silica analysis for the Voyage  

For particulate bSi determination, seawater (2 L) was filtered using 2 µm, 47 mm PTCE filters. 

All filters were stored at − 20 °C before analysis. Particulate bSi samples were dissolved using 

the sodium carbonate (Na2CO3) digestion method by Paasche (1980). Sodium carbonate (18 

mL) of 0.5% (w/w) solution was added to the samples to well disaggregate using a vortex mixer 

and then heated in the water bath at 85 °C for 2 h. When cool, each tube was neutralized using 

0.5 M HCl to the turning point of methyl orange (pH 3 – 4), before being made up to 25 mL. 

The concentration of silica was determined using the molybdenum blue method (Strickland 

and Parsons, 1972). 

2.2.6 Preparation of samples for determination of δ30Si of bSi 

Samples for δ30SibSi determination were prepared by adding 2.5 mL of deionised water into the 

stored tube, vortexed, and transferring it into a 5 mL Teflon bomb. The rinsed samples were 

dried overnight at 50 °C. The samples were then treated with 1 mL of 30% (v/v) H2O2 solution 

to oxidise organic material and refluxed for 24 h at 70 °C on a hotplate. The samples were then 

dried on the hotplate, and 2 mL of 0.5 M NaOH was added to each sample. Samples were left 

to reflux for 24 h at 80 °C. The silica concentration for each sample was determined using the 

procedure detailed by Strickland and Parsons (1972). On the day of column chemistry, a 

portion of each sample solution was diluted to 20 mg L-1 with deionized water in pre-cleaned 

Teflon vials for isotopic analysis. Sodium was removed from the samples using cation 
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exchange chromatography before δ30SibSi analysis (Wille et al., 2010). To remove sodium from 

the sample solution, 2.5 mL Polypropylene Pasteur Pipettes were loaded with 1 mL of cation 

exchange resin (Dowex 50 W-X8, 200-400 mesh). Columns were cleaned by passing 0.5 mL 

of 8% (v/v) hydrofluoric acid (HF) and left for an hour, followed by passing 3×0.75 mL of 

deionised water over the resin. The resin was then protonated with 3×0.75 mL 4 M HCl (q-

quartz distilled) followed by 3×0.75 mL deionised water rinses. This was repeated with 3×0.75 

mL 4 M HCl and finally with 3×0.75 mL of deionised water. After cleaning the resin, each 

column was loaded with 0.5 mL of a sample solution containing a total Si concentration of 20 

mg L-1. Silicon was then eluted from column beds using 4 x 0.5 mL of deionised water and the 

eluant was acidified to 2% with concentrated nitric acid. The resulting Si concentration in the 

solution was ~4 mg L-1. 

2.2.7 Determination of δ30Si in particulate bSi  

Determination of the δ30 Si followed the procedure outlined by Wille et al. (2010) using a multi-

collector inductively coupled plasma mass spectrometer (MC-ICP-MS) (Thermo-Finnigan 

Neptune, Germany) operated in medium-resolution (M/ΔM = 2000). The sample was 

introduced to the MC-ICP-MS via an Apex IR nebulizer with a Teflon inlet system and a 

demountable torch fitted with an aluminium-oxide injector to minimize any background 

contribution during sample introduction into the instrument. Data acquisition and reduction 

were carried out using a standard-sample standard bracketing technique (Wille et al., 2010). 

Before each sample run, a total chemistry blank measurement was made to ensure that the 

combined blank and background contributed less than 1% of the total sample signal. The δ30Si 

signal (based on the relative abundance of 30Si to 28Si (30Si/28Si) was calculated using the 

following formula: 

𝛿30𝑆𝑖 =

[
 
 
 
 (

𝑆30 𝑖 

𝑆28 𝑖
)

𝑠𝑎𝑚𝑝𝑙𝑒

(
𝑆30 𝑖

𝑆28 𝑖
)

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

− 1 

]
 
 
 
 

∗ 1000‰ 

           (2.1) 

Measured δ30Si and δ29Si values were corrected to the NBS28 standard reference value based 

on the daily offset between the in-house RC11 diatomaceous standard values and NBS28. The 

δ30Si composition of the “Diatomite standard” (again relative to NBS28) produced average 

values for δ29Si of 0.55 ± 0.21‰ and δ30Si of 1.10 ± 0.34‰ (2 SD, n=4). These were within 
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the range of δ29Si = 0.66‰ and δ30Si = 1.27‰ obtained by (Reynolds et al., 2007). The 

reproducibility of the δ30Si signal measured on the NBS28 standard prepared in full on three 

separate occasions was ± 0.32‰ (2σ standard deviation (SD)), which agrees with the calculated 

δ30Si regression error of ± 0.25‰ (2 standard error (SE), n = 80) from the plot of δ30Si vs. δ29Si 

(MDF, Fig. 2.2). The best-fit mass-dependent fractionation line (δ29/δ30Si=0.515) is consistent 

with the consensus slope of 0.511 obtained by inter-laboratory Si standard measurements and 

agrees with a theoretical kinetic Si isotope fractionation of 0.5092 (Reynolds et al., 2007). As 

a further check, several other in-house and other check standards were analysed to determine 

procedure and measurement accuracy. These include Kaolin and Calcined Kaolinite reference 

materials provided by Mark Brezenski, which returned average values for δ29Si of -1.05 ± 

0.12‰ and δ30Si of -2.11 ± 0.29‰ (n = 5) and δ29Si of -0.78 ± 0.14‰ and δ30Si of -1.52 ± 

0.25‰ (n = 5) relative to NBS28 (note agreed values are not yet available for these reference 

materials). An in-house standard (diatomaceous silica - D63) was also used, which returned 

average values for δ29Si of -0.51 ± 0.15‰ and δ30Si of -0.98 ± 0.31‰ (n = 3). A sponge, 

Demospongiae Spirophorida Tetillidae (class, order, and family, respectively, collected from 

66.32°S and 144.31°E and a depth of 457 m, label = SP150) was also analysed during each 

sample batch and had δ29Si of -1.73 ± 0.10‰ and δ30Si of -3.33 ± 0.18‰ (n = 5). These values 

agree with previous measurements (δ29Si = -1.65‰ and δ30Si = -3.18‰) reported by Wille et 

al. (2010). 

 

Fig. 2.2: Mass dependent fractionation (MDF) of δ29Si vs δ30Si line for all diatom samples relative to NBS28. 

MDF line represented by δ30Si = 0.515* δ29Si, r2 = 0.998, 2SE = 0.32‰ δ30Si. 
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2.2.8 Calculation of Apparent and Model Si Isotope Fractionation Factors 

In the case of Si-isotopic fractionation induced by diatoms, the formed bSi is internally isolated 

from dissolved Si(OH)4. The polymerisation of bSi from Si(OH)4 is shown in Fig. 2.3. As a 

result, Si isotopic fractionation follows a Rayleigh fractionation law in an overall closed mixed 

layer (ML). Along with a classical Rayleigh fractionation law, products can be removed 

internally within a closed system (Fry, 2006, Mariotti et al., 1981, Rayleigh, 1902).  

 

 

Fig. 2.3: Polymerization of monomeric silicic acid to form larger silica particles occurs in a variety of ways 

(Currie and Perry, 2007).  

 

Closed and open steady-state models have been used to describe Si isotope fractionation in 

diatoms (Cardinal et al., 2007, De La Rocha et al., 1997, Varela et al., 2004). In a closed system, 

there is no import or export of Si(OH)4 or bSiO2 into or out of surface waters during the 

biological incorporation of Si into bSi. A closed system model can be used to define the 

evolution of δ30Si through the following equations: 

  

δ30Si(OH)4observed
= δ30Si(OH)4𝑖𝑛𝑖𝑡𝑖𝑎𝑙

− ε ln[Si(OH)4)initial +  ε ln[Si(OH)4)observed (2.2) 

 

Setting yields  δ30Si(OH)4initial
−  ε ln[Si(OH)4)initial = Y − intercept                              (2.3) 

                            

δ30Si(OH)4observed
=  Y − intercept + ε ln[Si(OH)4)observed              (2.4) 

 

The isotopic composition of Si(OH)4 in seawater is designated by δ30Si(OH)4observed
. 

δ30Si(OH)4initial
 is the initial isotopic composition of Si(OH)4 in seawater before biological 

incorporation of Si(OH)4, and f is the fraction of Si(OH)4 remaining in the system after bSi 

formation ([Si(OH)4/[Si(OH)4 initial]) (Varela et al., 2004).  
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Irregular mixing periods or upwelling events during the growing season can result in the 

injection of Si(OH)4 between deep and surface waters. An open system model can be used to 

describe Si fractionation at process stations 1 to 3 since upwelling would invalidate the 

assumption of closed system dynamics (Barford et al., 1999, Reynolds et al., 2007). In this 

case, it is more appropriate to describe the biological fractionation of Si using the following 

equations: 

 

δ30Si(OH)4observed
= δ30Si(OH)4𝑖𝑛𝑖𝑡𝑖𝑎𝑙

−  ε(1 − ƒ)            (2.5) 

 

δ30Si⎻bSiO2 = δ30Si(OH)4𝑖𝑛𝑖𝑡𝑖𝑎𝑙
−  ε ƒ               (2.6) 

                                                                   

In addition, closed and open steady-state models assume constant values for α (the fractionation 

factor), alias the enrichment factor (ε), where ε (‰) ≈ (1 – α) ×1000). When observed values 

for δ30Si(OH)4 and δ30bSi for closed and open steady-state models (respectively) are plotted 

versus f, ε can be derived through linear regression of the data (Varela et al., 2004). In the 

Southern Ocean, -1.1‰ (closed system) or -1.9‰ (open system) were derived for ε by Varela 

et al. (2004). The true ε value is likely to reside between these two values in a system that is 

variably in open and closed states due to sporadic mixing events that inject Si into the surface 

waters. Recent in-vitro experiments suggest α is not constant but varies with species (Sutton et 

al., 2013). Therefore, before Si-isotope fractionation can be accurately determined in the 

Ocean, the model applied needs to be assessed to determine whether a single open or closed-

system isotope fractionation factor applies to a phytoplankton bloom.  

2.2.9 Statistical analysis 

A two-way ANOVA (Analysis of Variance) test was used to reveal any significant difference 

(Microsoft Excel Statistical App, 2016) between the different process stations.  

2.3. Results 

2.3.1 Chlorophyll a and bSi depth profiles 

Chlorophyll a and bSi depth profiles along the IN2018 V04 voyage track are displayed in Fig. 

2.4. Chlorophyll a content is correlated with fluorescence intensity under certain lighting 

conditions (Fo), reflecting the abundance of phytoplankton (Matorin et al., 2004, Ostrowska et 

al., 2000). Only process stations 1–3 were sampled for silicon isotope composition, and these 
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stations will be discussed further in this chapter. The results indicated that the bSi 

concentrations were highest in the regions with the highest phytoplankton biomass and ranged 

between 0.054 – 0.582 µmol L-1 at PS3 while PS1 and PS2 concentrations were lower with 

values ranging between 0.024 – 0.080 µmol L-1 and 0.034 – 0.076 µmol L-1, respectively. 

Although there are no data for bSi at transit station 5 (Fig. 2.1), it had the highest concentration 

of Chl a. The next-highest Chl a concentration was found at PS3, where it varied from 0.10 to 

3.85 µg L-1. PS1 and PS2 had concentrations that varied from 0.016 to 0.119 µg L-1 and 0.028 

to 0.496 µg L-1, respectively. A two-way ANOVA test with depth revealed a significant 

difference in bSi between the three process stations tested (p< 4 x 10-6) studied. The patterns 

for the three process stations for bSi and Chl a were comparable, with a two-way ANOVA test 

for Chl a having a p value of (p< 2.6 x 10-5). Similarly the degree of freedom (2) was 

comparable for both bSi and Chl a.  

Looking at the process stations only, the fluorescence (Fo, Fig. 2.5A) and Chl a concentration 

(Fig. 2.5B) for PS3 had relatively high Fo and Chl a concentration compared to PS1 & PS2. 

PS3 had a shallow ML of 60 m, while ML deepened at PS1 and PS2 with a depth of 320 m and 

254 m, respectively. The high Chl a concentrations within the mixed layer (60 m) at PS3 is 

associated with the formation of a phytoplankton bloom. A subsurface Chl a peak is observed 

in PS3 just below the mixed layer. 
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Fig. 2.4: Chlorophyll a and bSi depth profiles for all Stations from the voyage track. Similar trends are observed 

for both bSi and Chl a at the different process stations. 
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Fig. 2.5: Fluorescence (A) and (B) depth profiles across the three process stations during an annual spring 

phytoplankton bloom. 

 

2.3.2 Macronutirients:  Silicate, Nitrate, Phosphate and Ammonia 

Along the IN2018_V04 voyage track, depth profiles of NO3 and PO4 concentration were 

significantly the same in structure, with both nutrients showing depletions in surface waters 

and an increase in concentration with depth (Fig. 2.6A and B). Surface NO3 and PO4 

concentrations increased southward along the EAC (5 µmol L-1 and 0.46 µmol L-1, 

respectively) towards the sub-tropical front (11 µmol L-1 and 0.98 µmol L-1, respectively). Near 

PS3 (Fig. 2.6), there was a drawdown of NOx (≤7 µmol L-1) and PO4 (≤0.6 µmol L-1) above 

100 m depth. Whereas Si(OH)4 levels remained low at ≤2 µmol L-1 along the whole voyage 

track. The surface concentration for Si(OH)4 is comparable to values obtained by (Bowie et al., 

2011). NH4
+ concentrations ranged from undetectable (less than background levels) in the 

subtropical waters to detectable levels (0.2 µmol L-1) in the EAC. There was a subsurface peak 

in NH4
+ concentration at PS3 at a depth of 176 m, which was located below the mixed layer, 

cf. ~60 m. The peak in NH4
+ concentration highlights increased respiration of organic material 

as it sinks out of the mixed layer. Below 200 m, the concentration of NH4
+  declines rapidly to 

background levels (Fig. 2.6). 

The mixed layer concentrations of NO3, PO4, and Si(OH)4 were sufficiently high to fuel diatom 

production at PS3 (Fig. 2.6). There was a drawdown of Si(OH)4 on the surface water. Nitrate 

and PO4 concentrations, on the other hand, were 4 – 7 µmol L-1 and 0.4 – 1.6 µmol L-1, 

respectively, indicating that they were not growth-limiting. Ammonium regeneration was less 

than 0.27 mmol L-1, and its peak values in the water column occurred near the surface at PS3. 

Ammonium concentrations in PS1 and PS2 were below the detection limit, and there was no 

change in Si(OH)4 concentration within the upper 200 m. The deep MLs for PS2 and PS3 and 
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the stable Si(OH)4 concentration within the upper water column indicate that the annual spring 

bloom has yet to occur at these subantarctic stations. 

With silica concentrations varying from 2.3 µmol L-1 to 1.9 µmol L-1, the macronutrient 

contents (Fig. 2.7) support the general impression that the declining phases of the spring (Si 

limited) diatom bloom were sampled. The concentrations of phosphate and nitrate showed 

similar tendencies. The three macronutrients were rather high, indicating that they were not 

growth-restricting and the bloom was still in progress. When macronutrient concentrations 

were lowered, a high ammonium concentration became apparent, demonstrating that 

ammonium concentration was related to bloom condition.
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Fig. 2.6: Temperature and nutrient profiles ( Si(OH)4, NOX (NO3
- + NO2

-), PO4, NH4
+ (µmol L-1)) for process stations 1, 2, and 3.

Process Station 1 (SAF) Process Station 2 (SAF) Process Station 3 (EAC) 
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Fig. 2.7: Ammonium concentration plotted against the NO3 (A), PO4 (B), and Si(OH)4 (C) concentrations for 

mixed layer samples taken between 5.4 and 100.7 m depth from Process Station 3. No trend between NH4
+ and 

the other 3 nutrients during the phytoplankton bloom. The phytoplankton bloom was ongoing at the time of 

sampling (Johnson et al., 2007). No NH4
+ production was observed at PS1 and PS2.
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Fig. 2.8: Parameters collected from the regular CTD cast are represented as a function of depth. Distribution of 

Si* (defined as [Si(OH)4] −[Nitrate]) for the complete voyage track (only three process stations are discussed in 

this study). 

The formation of SAMW is manifest in the Si* tracer (Si* = [Si] –[NO3]). Si* values between 

– 5 µmol kg− 1 to – 15 µmol kg− 1, at depths between 200 and 750 m, consistent with mode 

water formation in the SAZ (Fig. 2.8).  

2.3.3 Al/Si Ratios in Particulate Silica 

Secondary Aluminium (Al) absorption occur following diatom mortality, increasing the Al:Si 

ratio (Lobus et al., 2021). During the voyage, the Al content of the digested bSi samples was 

determined using an ICP-MS on an Element XR (Thermo-Scientific), which was collected and 

analysed by Barrett et al. (2021). The Al/Si ratios plotted versus bSi concentration for PS1, 

PS2, and PS3 showed no obvious trend (Fig. 2.9A). The highest Al/Si ratio was measured for 

samples collected at PS1, and the lowest ratios were collected for samples at PS2 and PS3.  

PS1  PS2 PS3       
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Fig. 2.9: Al/Si (mM M–1) versus [bSi] (A) and δ30SibSi (B). (A)  Al/Si ratios for samples from 5 – 300 m depth for 

samples collected in this study and 1 – 150 m depth for samples from (Grasse et al., 2021). The bSi concentrations 

were < 0.6 µmol L-1 and low Al in this study. 

The particulate Al concentrations measured at the 3 process stations ranged between 0.15 – 

2.79 nmol L-1 (Barrett et al., 2021). These low Al concentrations indicate that the flux of 

lithogenic Al to the upper water column at these three stations is relatively low and that the 

contribution of lithogenic silica to the bSi signal is likely to be low. Thus δ30SibSi measurements 

made on bSi samples were not corrected for a lithogenic contribution. There was no trend 

A 

B 
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between δ30SibSi and Al/Si (Fig. 2.9B), further suggesting that the lithogenic contribution is low 

(Grasse et al. (2021).  

 

Fig. 2.10: Depth profiles for δ30SibSi (‰) at the 3 process stations. Individual error bars indicate the reproducibility 

of analytical replicates (2 s.d.). 

2.3.4 Particulate Organic Carbon, Nitrogen, Nutrient stoichiometry and Si isotope 

fractionation with Depth 

Depth profiles of Si isotopic composition of bSi are presented in Fig. 2.10. For PS3, δ30SibSi 

values were isotopically heavy in surface waters and decreased with depth. For stations PS1 

and PS2, the δ30SibSi values show minimal, if any, systematic change with depth. 
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Fig. 2.11: bSi, POC, and PON concentrations for process stations PS1 (A), PS2 (B), and PS3 (C), respectively. NO3 and Si(OH)4 concentrations and the isotope composition 

(δ
30

Si
bSi

) of bSi for process stations PS1 (D), PS2 (E), and PS3 (F), respectively.

Process Station 1 (SAF)  Process Station 2 (SAF)  Process Station 3 (EAC)  
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POC, PON, and bSi concentrations are presented in Fig. 2.11A, B, and C for the three process 

stations. Biogenic silica concentrations remained constant with depth in PS1 & PS2, while 

concentrations were highest in the upper water column and declined with depth for PS3. The 

same trend is also reflected in POC and PON concentration data. The POC concentration at 70 

m at PS3 was 6-fold higher compared to concentrations at 70 m for PS1 and PS2. This was 

consistent with higher biological production at PS3 compared to production at PS1 and PS2.  

At PS2 Si(OH)4 and NO3 concentrations were relatively invariant between 5 and 300 m (Fig. 

2.11E). At PS1 Si(OH)4 and NO3 concentrations were constant to a depth of 250 m, below 

which there was an abrupt increase in concentrations (Fig. 2.11D). These changes coincided 

with a decrease in temperature. At stations PS1 and PS2, δ30SibSi values ranged between -0.03 

to 0.27‰ and 0.24 to 0.52‰ and were relatively constant with depth. At station PS3, δ30SibSi 

in the mixed layer were isotopically heavy with a surface value of 1.76‰ that decreased with 

the depth to a minimum value of 0.70‰ at 300 m. This trend mirrored that of Si(OH)4 and 

NO3, which both increase in concentration with depth (Fig. 2.11F). The higher δ30SibSi values 

obtained for the mixed layer at PS3 are consistent with the preferential uptake of lighter Si 

isotopes by diatoms. At stations, PS1 and PS2 biological productivity was low and was 

reflected in δ30SibSi values which did not vary appreciably. 

2.3.5 Closed and Open system model for the 3 Process Stations 

In this study, we observed utilisation rates up to 40% (determined using the f form the plot) of 

the Si(OH)4 in the surface waters in PS3, while no effective utilisation was observed for the 

other two stations. Rayleigh closed and open steady-state models were used to calculate δ30SibSi 

fractionation factors for the three process stations (Error! Reference source not found.). For 

PS1 and PS2, productivity was low, so Rayleigh models could not fit the data. Only PS3, with 

its high productivity, could be fitted with an open or closed system Rayleigh models.  Isotope 

fractionation values for the two models were -1.8‰ and -1.4‰, respectively.
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Fig. 2. 12: Closed system (A, B, and C) models for process stations 1, 2, and 3, respectively, showing δ
30

Si
bSi 

during the voyage for the three process stations: Open system (D, E, 

and F) models for process stations 1, 2, and 3. Where f is the fraction of dissolved silicon remaining (Si/Si
0
), Si

0
 is the starting concentration of Si(OH)4. For model and equation, 

details see the method description “Calculation of the Apparent and Modelled Fractionation Factor”. 
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2.4. Discussion 

Our results demonstrate the fractionation of Si isotopes during an austral spring bloom at PS3 

in the EAC. In the following discussion, we will follow the Si pathway from high productivity 

in the PS3 located in the STF to low productivity stations PS1 and PS2 located in the 

subantarctic zone. Specifically, I discuss the Si(OH)4, bSi, and Si isotope results in the water 

column measurements. I then detail the utilisation of Si(OH)4 using the Rayleigh-type model.  

It can be hypothesized that silicon isotope fractionation should be much higher in regions with 

high productivity. At PS3, where the observed biological productivity was high, the mixed 

layer depth was ~ 60 m and 1% light level at 47 m. The upwelling of nutrient-rich subsurface 

waters and high incident light fuelled phytoplankton production (Grasse et al., 2021). This is 

typical for a bloom to develop in spring (September – November: this study was conducted 

between September to early October) when the mixed layer shoals and phytoplankton cells are 

exposed to sufficient light to support net population growth (Taylor and Ferrari, 2011). The 

macronutrients Si(OH)4, NOx (NO3 + NO2), and PO4 were drawn down at a depth shallower 

than 300 m ( 

Fig. 2.6C). There was a peak in NH4
+ concentration in the water column for this site only. 

Nitrogen remineralization rates have been reported in a few studies (Glibert, 1982, Goeyens et 

al., 1991, Zakem and Levine, 2019, Mdutyana et al., 2022a, Mdutyana et al., 2022b, Mdutyana 

et al., 2020, Smith et al., 2022), and some studies have estimated that significant amounts of 

NH4
+ are regenerated by the existing plankton, particularly microbial organisms (Koike et al., 

1986, Bronk et al., 2007, Chen et al., 2004, Fourquez et al., 2022). In Fig. 2.7C, there is 

evidence that the bloom is still in progress as the Si(OH)4 concentration remains constant 

despite the production of NH4
+. The peak in NH4

+ at 150 m indicates significant nitrogen 

regeneration at depth. 

No observable trend in the bSi and Si isotope data occurred at PS1 or PS2. The mixed layer 

depth at both stations extended well below the 1% light level (320 m cf 70 m at PS1 and 254 

m cf 89 m at PS2), indicating that biological productivity at both stations was light-limited. 

The utilisation of Si was very low at these two stations and could not be fit to either a Rayleigh 

or steady-state model. The temperature of the water was still cold (9-11°C) for the bloom to 

initiate.  
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SAMW plays a crucial part in Earth's climate because of its ability to collect carbon, oxygen, 

heat, and other components from the atmosphere and carry them from the surface into the ocean 

interior (Mccartney, 1982, Gao et al., 2018, Iudicone et al., 2011, Roemmich et al., 2015). 

According to recent results, SAMW has undergone considerable changes in terms of thickness, 

volume, and heat content. (Gao et al., 2018, Kolodziejczyk et al., 2019, Meijers et al., 2019, 

Portela et al., 2020, Qu et al., 2020, Roemmich et al., 2015) . It is important to monitor the 

SAMW, and more attention should be directed to the seasonality of the SAMW and its 

formation. The formation of SAMW consistent with the mode of water formation in the SAZ. 

The Al/Si ratios in particulate silica were determined in the three process stations to see if there 

was any contamination with lithogenic material. The Al/Si ratio for living diatoms generally 

does not exceed 8 mmol mol-1 (Köhler et al., 2017, Koning et al., 2007). Some Al/Si values 

measured across the 3 process stations were much higher than 8 mmol mol-1 (Fig. 2.9). The 

Al/Si ratio of bSi can change depending on the dissolved Al concentration of the surrounding 

water (up to 70 mmol mol-1 – Al/Si ratio) (Köhler et al., 2017, Machill et al., 2013).  

At PS3, bSi ranged from 0.07 – 0.58 µmol L-1 at the surface with the highest bSi occurring in 

the mixed layer before decreasing with depth (Fig. 2.11). The Si isotopes in surface water are 

fractionated during the utilization of Si(OH)4, mainly by diatoms. The measured δ30SibSi   range 

from +0.70 to +1.76‰ and decreases from the surface waters to the deep waters (Reynolds et 

al., 2006a). 

The most recent data on the Si isotopic composition shows that the variability of bSi and 

δ30SibSi is highest in surface waters and decreases with depth (Fig. 2.13). Except for the 

Equatorial Pacific Deep Water (EPDW), all oceanic regime values δ30SibSi tend to meet a 

constant value of +0.9‰ below 3000 m (Beucher et al., 2008, 2011). The δ30SibSi in the 

Southern Ocean ranges between −0.5‰ to +2.6‰, and in this study, it ranged from -0.40‰ to 

+1.76‰, which is comparable to the degree of fraction observed in the Southern Ocean. Closset 

et al. (2016) investigated the Si isotopic composition (Fig. 2.13) in an iron-fertilized zone of 

the Southern Ocean near the Kerguelen Islands in a number of investigations. One of the 

findings was a highly Fe-restricted station placed upstream of the eastward ACC flow, south 

of the Kerguelen Islands. It had a very low biomass, a low bSi production rate, and an 

isotopically light bSi.  

The deviation in δ30SibSi in the upper water column is due to the steady state model, which 

assumes no bSi accumulation and thus oversimplifies the natural settings (Fripiat et al., 2011b). 
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For instance, because bSi has a finite but variable residence time in the upper ocean, δ30SiSi(OH)4 

is more rigorously applicable in model calculations (Varela et al., 2004). As a result, the 

biological fractionation of the silicon isotope in the EAC is controlled by the strength of diatom 

production. The ranges of bSi (Fig. 2.13A) and δ30SibSi (Fig. 2.13B) in the EAC (Fig. 2.13A) 

were comparable to the values reported by Fripiat et al. (2012) in the Southern Ocean.  

In this study, we calculated utilisation rates reaching up to 40% of the available Si(OH)4 pool 

in the surface waters (Error! Reference source not found.). The data can be best fitted with an 

open steady-state model (r2 = 0.77; Fig. 2.11) and a predicted δ30Si(OH)4 with a Si(OH)4 source 

composition of +2.6 ± 0.3‰. An ε value of -1.8 ± 0.5‰ is obtained for PS3 but differs from 

the experimentally determined ε of -1.1‰ for culture diatoms (De La Rocha et al., 1997, 

Milligan et al., 2004, Sutton et al., 2013). Our results are similar to those obtained by Grasse 

et al. (2021) in the Peruvian upwelling system, where a value of -1.9‰ was obtained. During 

the austral summer, the Peruvian upwelling stimulates phytoplankton growth, resulting in 

exceptionally high rates of primary productivity (Grasse et al., 2021). This value is similar to 

observations made at Marguerite Bay, the Western Antarctic Peninsula, and the coastal waters 

of the Peruvian. (Cassarino et al., 2017, Grasse et al., 2021). This is demonstrated in Fig. 2.13A, 

which shows highly enriched bSi surface water and highly fractionated δ30SibSi Fig. 2.13B.  
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Fig. 2.13: Range of bSi (A) and δ30SibSi (B) in the upper 300 m of the water column in the Southern Ocean (Fripiat 

et al., 2012, Fripiat et al., 2011a), Peruvian upwelling (Grasse et al., 2021) the northern South China Sea (Cao et 

al., 2012) and  upstream of the eastward ACC flow, south of the Kerguelen Islands (Closset et al., 2016). The only 

data used was δ30
bSi outside the iron-fertilized patch in the Southern Ocean.  

Grasse et al. (2021) identified two particular problems when using these simple models to 

estimate silicon isotope fractionation factors from field data; namely that 1) such idealised, 

simplified models are not well represented by the d30Si(OH)4 fractionation in the seawater, and 

2) source waters can be difficult to identify and characterise. In this study, there was an 

incomplete drawdown of nutrients as sampling was undertaken at the initial stage of the bloom. 
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Cassarino et al. (2017) highlighted that the apparent silicon isotope fractionation factor might 

exhibit significant temporal variability because of changes in the extent of biological removal 

of Si(OH)4, the supply of Si(OH)4, the siliceous species involved in Si removal, and mixing 

events.  

Further investigation is needed in this location for diatom assemblages and core top sediments 

for future implications on paleo proxy for the reconstruction of Si(OH)4 utilisation in the region. 

To further understand Si isotope fractionation and collect data to make models and predict the 

fractionation factor in the ocean, the δ30Si of upwelling Si(OH)4 into the surface layer, the 

system characterisation (closed, open, or non-bloom), and the fractionation that occurs during 

dissolution and diagenesis of the diatom silica should all be investigated. 

 

2.5. Conclusion 

This study focused on characterising the consequences of high productivity during an austral 

spring bloom in the EAC at PS3 and comparison to low productivity under non-bloom 

conditions in the subantarctic region at PS1 and PS2. In the open ocean system, Si isotope 

fractionation during diatom growth has always been documented as having lower Si isotopic 

values (δ30Si) in the bSi of diatom frustules compared to dissolved Si. The EAC phytoplankton 

bloom yielded a clear trend of Si isotope fractionation toward heavier δ30SibSi values at the 

surface with a decrease in-depth at PS3. Applying a steady-state model to fit the data at this 

station results in an estimated fractionation factor (ε) of -1.8 ± 0.5‰. These results confirm the 

utility of using the isotopic composition of bSi as a tool to characterise and improve our 

understanding of the Si biogeochemical cycle during a spring bloom. 
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Chapter 3: The effect of light on the Silicon cycle in the East Australian Current during 

the spring bloom in a mesocosm study 

Abstract 

An 8-day shipboard incubation experiment was undertaken in the East Australian Current 

(EAC) in September 2018 to investigate the cycling of silicon (Si) under four light conditions. 

Unfiltered treatments containing mixed phytoplankton populations were incubated for 8 days 

in four 250 L Low-Density Polyethylene (LDPE) bags under the following light conditions: 

Low light, UV filtered (350 - 422 nm wavelength cut-off), High light and Dark. The effective 

absorption cross-section area of Photosystem II (σPSII) was measured using fast repetition rate 

(FRR) fluorometry, which showed an increase at the end of the experiment for all the light 

conditions. Conversely a decrease in photochemical efficiency (Fv/Fm), that determines the 

effects of physiological stress on the photosynthetic apparatus of the phytoplankton. The 

samples were analysed for chlorophyll a (Chl a), biogenic silica (bSi), macronutrients, 

particulate organic carbon (POC), particulate organic nitrogen (PON), and Si isotopes 

(δ30SibSi). Macronutrient concentrations nitrate (NO3), phosphate (PO4), and silicic acid 

(Si(OH)4) decreased during the 8-days of incubation across all the treatments. In all of the 

treatments, there was an increase in the amount of ammonia (NH3). Chlorophyll a 

concentrations increased for three treatments, with the highest concentration for the Low light 

treatment, while there was no change in concentration for the Dark treatment. There was a 2-

fold increase in bSi concentration in all the treatments except for the Dark treatment. The 

decrease in macronutrient concentrations indicates that the phytoplankton were utilizing the 

nutrients for physiology and growth. For the Low light and UV-filtered treatments, the silicon 

isotope composition of bSi (δ30SibSi) increased slightly from 1.59 ± 0.12‰ to 1.86 ± 0.17‰ 

and 1.88 ± 0.40‰ after 8-days. For the High light and Dark treatments, there was no 

discernable change in δ30SibSi. Silicon isotope fractionation in the mesocosm experiment did 

not follow a closed-system or open-system Rayleigh fractionation model because of the low 

Si(OH)4 utilisation. Overall, this study highlights the role of biological processes, Si cycling, 

and the light spectrum (photo adaptation to Low light conditions) of the phytoplankton 

community in the EAC's natural waters. Low light and UV-filtered treatments slightly 

stimulated the formation of d30SibSi in a mixed phytoplankton community.  
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3.1.  Introduction 

Light is the most important factor that affects the structure and function of phytoplankton 

communities in the aquatic environment (Hill, 1996, Wellnitz and Ward, 1998). Studies have 

shown the importance of underwater light intensity and how it affects phytoplankton species 

and community distribution (Huisman et al., 2004, Rocap et al., 2003). During winter, light 

levels in the Southern Ocean are low and limiting for phytoplankton growth. When daylight 

hours lengthen and the surface mixed layer shoals during spring, light becomes a secondary 

limiting factor with phytoplankton growth dependent on micro- and macro-nutrient supply 

(Walter et al., 2017). Phytoplankton species that thrive during the transition between winter 

and spring tend to be ones with the highest affinity for a limiting resource and typically out-

compete other species during this period (Tilman, 1980). Diatoms have a competitive 

advantage in the highly variable open ocean environment. Diatoms play a key role in marine 

microbial communities and have been observed interacting with a wide range of other marine 

organisms. Under constant low-light conditions, species with a low critical light intensity 

threshold tend to be better competitors (Huisman et al., 2004). The non-homogeneous 

distribution of light in deep mixed layers provides a competitive advantage to the diatoms that 

have better adaptability (Huisman and Weissing, 1995). 

Light can also be disadvantageous at high levels, reducing the photosynthetic rate, which is 

referred to as photoinhibition. Photoinhibition tends to occur during the middle part of the day 

at shallow depths. The depth of the mixed layer and its mixing rate can either enhance or reduce 

the extent of photoinhibition (Harding et al., 1982, Long et al., 1994, Neale et al., 1998). Some 

of the mechanisms and strategies that have evolved for these phytoplankton communities to 

cope with High light intensities include photoacclimation, photoprotection, and photo repair 

(Ragni et al., 2008). A dynamic physiological response to light availability called 

photoacclimation causes changes in the intracellular concentrations of light-harvesting 

pigments, most frequently observed as changes in chlorophyll pigment levels. To more 

efficiently capture photons in low-light conditions, phytoplankton increases their cellular 

chlorophyll to carbon biomass ratio (Geider, 1987, Geider et al., 1998, Laws and Bannister, 

1980).  

Non-buoyant algae, such as green algae or diatoms, sink to the bottom of the surface layer 

during stable stratification (Visser et al., 2016). The dark survival capacity of phytoplankton 

species is considerable. Some diatom species have a maximal survival time of up to 96 months, 
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and some dinoflagellates have been reported to have survived as much as 112 months (Antia 

and Cheng, 1970, Antia, 1976, Doucette and Fryxell, 1983, Peters, 1996, Peters and Thomas, 

1996). There have been previous studies on the dark survival of phytoplankton focusing on the 

effects of growth and structural alterations at a cellular level (Antia and Cheng, 1970, Antia, 

1976, Baldisserotto et al., 2005, Ferroni et al., 2007, Peters and Thomas, 1996, Wulff et al., 

2008). These phytoplankton species survive stasis through the resting cell and cyst formation, 

alteration in trophic mode, utilisation of stored reserves, and reduced metabolic rates (Reeves 

et al., 2011).  

In this study, the phytoplankton community was maintained in a closed system with other 

species, such as bacteria. The interaction between phytoplankton and bacteria is diverse and 

sophisticated (Amin et al., 2015, Durham et al., 2015). Their relationship to resource provision 

can be either reciprocal or exploitative (Cole, 1982). Competition for nutrients between 

phytoplankton and bacteria drives species composition of the phytoplankton and bacterial 

communities.  Light in the UV range affects bacterial growth (Agogué et al., 2005, Hörtnagl et 

al., 2011). Another study by Paver and Kent (2017) demonstrated that light had a consistent, 

direct effect on bacterial community composition in a microcosm experiment, but at the same 

time, they found a dependence on the strain of the bacteria present in the community.  

Due to stratospheric ozone depletion and climate change radiation ultraviolet radiation (UVR), 

exposure has increased markedly (Bais et al., 2019). Multiple studies have assessed the harmful 

consequences of UVR on the phytoplankton community (Häder et al., 2015, Williamson et al., 

2019). The UVR damages deoxyribonucleic acid (DNA) and protein molecules, suppresses the 

utilisation of carbon, nitrogen, and other nutrients, and causes the cells to die (Häder et al., 

2007, Häder et al., 2015). Primary productivity is affected by the inhibition of UVR since it 

affects photosynthesis and the growth rate of phytoplankton (Häder and Gao, 2017, Harrison 

and Smith, 2009, Neale and Thomas, 2017).  

To better understand the potential of phytoplankton communities to survive limited light 

conditions or darkness and how these conditions affect their growth potential, laboratory 

experiments on a mixed plankton community carried out. In this study, the role of light intensity 

and phytoplankton communities on the biogeochemical cycling of Si was investigated in an 8-

day shipboard incubation experiment in the East Australian Current (EAC) during a spring 

phytoplankton bloom in September 2018. In order to determine the effects of light-driven 

processes on the silicon cycling, four large bags (250 L) of unfiltered seawater containing 
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natural planktonic communities were exposed to various lighting conditions (Low light, UV-

filtered, High light and Dark). This experiment traced chemical parameters, including 

macronutrient concentrations (NO3, PO4, Si(OH)4 and NH3), Chl a, bSi measurements, and 

fractionation of δ30Si in four different light conditions. Here, we present comparisons of bSi 

production and Si-isotope (δ30SibSi) fractionation in the mesocosm experiment. These analyses 

provide novel insights into feedback between the light spectrum, and the fractionation of δ30Si 

in natural waters of the EAC. 

3.2. Methods 

3.2.1. Sampling site and experimental design 

This study was conducted onboard the RV Investigator (IN2018_V04) in September 2018. The 

voyage was part of a GEOTRACES process study. It took place during a spring phytoplankton 

bloom in the EAC (subtropical - 34°S – 46°S, 150°E – 154°E) and subantarctic waters (46°S – 

47°S, 141.5°E – 148°E) (Fig. 3.1). At process station 3, where productivity was high, a 

mesocosm experiment was carried out. Four 250 L LDPE bags containing were filled with raw 

seawater collected (Fig. 3.2) in a trace metal-free manner utilising a towed Fish system 

(Ellwood et al., 2014). The seawater collected was not filtered to prevent the loss of the 

phytoplankton community. As indicated in Fig. 3.2, a green shade cloth was used for all the 

treatments for consistency. There is a possibility of micrograzers in the bags and these could 

differ between treatments – affecting the results. The transmissivity was measured which was 

95.2% at 5m, the depth at which the water was collected. The water in the bags was 13-14 °C 

and was left on the deck to provide a natural source of sunlight. A total volume of 25L of water 

was harvested at each point in time from the four different bags. 
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Fig. 3.1: Location of Process Station 3 (PS3), is where the water samples were collected for the mesocosm 

experiment. Satellite-derived chlorophyll a concentrations of the spring phytoplankton bloom (Barrett et al., 

2021). In this Figure, the station labels are different from Barrett et al. (2021); Appendix: Chapter 2. 

The cycling of bSi and Si isotopes were measured in four bags for eight days under different 

light conditions (Low light, UV-Filtered, High light, and Dark). For the UV-filtered treatment, 

a UV shade plastic was used to stop the UV lights from passing through and filtered 80% of 

light in the UV-Filter with a cutoff wavelength of 350 – 422 nm (measured using a 

spectrophotometer, RSES, ANU). For the Low light treatment, a green shade cloth was used 

to block 65% of light in the low light treatment. Seawater samples for Chl a, bSi, dissolved 

macro-nutrients, particulate organic nitrogen (PON), particulate organic carbon (POC), and bSi 

for Si isotope were collected for analysis. The initial physico-environmental conditions can be 

found in the appendix to Chapter 3. Analysis for macronutrient concentrations was directly 

measured on board with an autoanalyzer during the voyage using the procedures outlined by  

Rees et al. (2019). 

3.2.2 Collection of bSi and Si isotopes 

Samples for bSi were collected for 8 days at intervals of 2 days, whereas isotope samples, were 

only collected and filtered on days 0, 4, and 8. For bSi analysis, two litres of seawater were 

collected, and 20 L of seawater were collected in cubitainers (Hedwin-LDPE) for Si isotopes 
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(δ30SibSi). The samples were filtered using the 2 µm, and 47 mm polycarbonate filters. Samples 

were stored at -20 °C before analysis. 

 

Fig. 3.2: Conceptual diagram representing the main procedures from the trace metal Fish through the collection 

of water for filtration and analysis for the 4, 220L bags in different conditions studied.  

3.2.3. Measurement of photo physiological parameters 

A LIFT- Fast Repetition Rate (FRR) fluorometer and the Light Induced Fluorescence 

Transients (LIFT) technique was used to examine the Photosystem II (PSII) effective 

absorption cross sections (termed σPSII) and photochemical efficiency (termed Fv/Fm). (Kolber, 

2002, Kolber et al., 1998) Soliense, Inc., Shoreham, NY; 

http://soliense.com/LIFT_Marine.php). The Light Induced Fluorescence Transients (LIFT) 

technique manipulates the level of photosynthetic activity of photosystem II (PSII) with a series 

of short pulses of light (flashlets), ultimately recording the changes in fluorescence yield.  In 

this study, fluorescence yields were measured in dark-acclimated (20 min) undiluted algal 

suspensions at the 470 nm wavelength delivered by a light-emitting diode. The σPSII, or 

functional absorption cross-section, captures the size of light-harvesting antennae and the 

efficiency of excitation energy transfer from pigments to the reaction centre. The maximum 

photochemical efficiency of photosystem II (σPSII), Fv/ Fm was calculated by Fv = Fm – Fo. 

Where Fm is the maximum fluorescence and Fo is the minimum fluorescence. Both of these 

parameters are used in an increasing number of fluorescence-based studies to investigate the 

http://soliense.com/LIFT_Marine.php
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effects of physiological stress on the photosynthetic apparatus of phytoplankton, and they are 

also used as an algal health indicator. 

3.2.4 Chlorophyll a and Macronutrient analysis 

Cells were collected on 25 mm glass fibre filters (Whatman GF/F) via filtration using a low 

vacuum (<100 mmHg). A known volume (1-2 L) of the culture was passed through each filter 

followed by rinsing with filtered Synthetic Ocean Water (SOW) in all. Samples were stored in 

15 mL centrifuge tubes at - 20 °C until analysis. Chl a was extracted by adding 10 mL of 90% 

(v/v) acetone solution and Chl a concentrations were determined by in vitro fluorometry 

(Wright et al., 2005) using a Turner Design model 10-AU fluorometer calibrated with 

spectrophotometrically measured spinach Chl a standard (Sigma-Aldrich) (Parsons et al., 

1984).  

Samples were collected and analysed for macronutrients; nitrate + nitrite (NOX), phosphate 

(PO4), silica (Si(OH)4), and, ammonium (NH4
+) during the voyage (Rees et al., 2019). 

3.2.5 POC and PON analysis 

Samples for particulate organic carbon (POC) and nitrogen (PON) were collected by filtering 

2 L of seawater samples through a pre-combusted 25 mm GFF filter (Merck-millipore) before 

rinsing with 50 mL of filtered seawater. Filters were placed in sterile plastic wells and stored 

at -80 °C before analysis. The wells were fumed with concentrated HCl (sealed container) to 

remove any organic matter which may interfere with the C and N content. The filters in the 

well were dried in the oven for at least 2 weeks at 50 °C. O-Acetyl-L-serine (OAS) Alanine 

and caffeine were used as standards. To determine the total organic C and organic N, a Sercon-

Callisto continuous flow isotope ratio mass spectrometer (CF-IRMS) was used for all analyses. 

3.2.6 Biogenic Silica analysis  

Particulate bSi samples were dissolved using the sodium carbonate (Na2CO3) digestion method 

of Paasche (1980). A 0.5% (w/w) sodium carbonate (18 mL) solution was added, vortexed, and 

heated in the water bath at 85 °C for 2 h. When cool, each tube was neutralized using 0.5 M 

HCl to the endpoint of methyl orange (pH 3 – 4), before being made up to 25 mL. The 

concentration of silica was determined using the molybdenum blue method (Strickland and 

Parsons, 1972) (Fig. 3.3). 
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Fig. 3.3: Flow chart for the measurement of silicic acid after bSi sample digestion. 

3.2.7 Preparation of samples for determination of δ30Si of bSi 

Samples for δ30SibSi determination were prepared by adding 2.5 mL of deionised water into a 

sample tube, vortexed, and then transferred into a 5 mL Teflon bomb. The rinsed samples are 

dried down overnight at 50 °C and then treated with 1 mL of 30% (v/v) H2O2 solution to oxidise 

organic material and refluxed for 24 h at 70 °C on a hotplate. The refluxed samples were dried 

on the hotplate before adding 2 mL of 0.5 M NaOH and refluxing for 24 h at 80 °C. The Si 

concentration for each sample was determined using the procedure detailed by Strickland and 

Parsons (1972). Fresh 20 mg L-1 Si solutions were prepared using deionised water (18.2 MΩ 

Milli-Q) on the day of analysis. Sodium was removed from the samples using cation exchange 

chromatography before δ30SibSi analysis (Wille et al., 2010). Polypropylene 2.5 mL Pasteur 
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pipettes loaded with 1 mL cation exchange resin (Dowex 50 W-X8, 200-400 mesh) were used 

to remove sodium from the samples. Columns were cleaned by passing 0.5 mL of 8% (v/v) 

hydrofluoric acid (HF) and left for 1 h, followed by 3×0.75 mL of deionised water over the 

resin. The resin was then protonated with 3×0.75 mL 4 M HCl followed by 3×0.75 mL 

deionised water rinses. This was repeated with 3×0.75 mL 4 M HCl and finally with 3×0.75 

mL of deionised water. After cleaning the resin, each column was loaded with 0.5 mL of a 

sample solution containing a total Si concentration of 20 mg L-1. Silicon was then eluted from 

column beds using 4 x 0.5 mL of deionised water and the eluant was acidified to 2% with 

concentrated nitric acid. The resulting Si concentration in the solution was ~4 mg L-1. 

3.2.8 Determination of δ30Si in particulate bSi  

Determination of the δ30 Si followed the procedure outlined by Wille et al. (2010) using a multi-

collector inductively coupled plasma mass spectrometer (MC-ICP-MS) (Thermo-Finnigan 

Neptune, Germany) operated in medium-resolution (M/ΔM -2000). The sample was introduced 

to the MC-ICP-MS via an Apex IR nebulizer with a Teflon inlet system and a demountable 

torch fitted with an aluminium-oxide injector to minimize any background contribution of Si 

during sample introduction into the instrument. Data acquisition and reduction were carried out 

using a standard-sample standard bracketing technique (Wille et al., 2010). Before each sample 

run, a total chemistry blank measurement was made to ensure that the combined blank and 

background contributed less than 1% of the total sample signal. δ30Si values (based on the 

relative abundance of 30Si to 28Si (30Si/28Si) were calculated using the following formula: 

 

𝛿30𝑆𝑖 =

[
 
 
 
 (

𝑆30 𝑖 

𝑆28 𝑖
)

𝑠𝑎𝑚𝑝𝑙𝑒

(
𝑆30 𝑖

𝑆28 𝑖
)

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

− 1 

]
 
 
 
 

∗ 1000‰ 

           (3.1) 

Measured δ30Si and the δ29Si values were reported relative to the NBS28 standard reference 

based on the daily offset measured between the in-house RC11 diatomaceous standard and 

NBS28. The δ30Si composition of the “Diatomite Standard” (again relative to NBS28) 

produced average values for δ29Si of 0.64 ± 0.05‰ and δ30Si of 1.24 ± 0.14‰ (2 SD, n=3). 

These were within the range of δ29Si = 0.66‰ and δ30Si = 1.27‰ obtained by (Reynolds et al., 

2007). The reproducibility of the δ30Si signal measured on the NBS28 standard prepared in full 
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on two separate occasions was ± 0.27‰ (2σ standard deviation (SD)), which agrees with the 

calculated δ30Si regression error of ± 0.25‰ (2 standard error (SE), n =2) from the plot of δ30Si 

vs. δ29Si (MDF, Fig. 3.4). The best-fit mass-dependent fractionation line (δ29/δ30Si=0.508) is 

consistent with the consensus slope of 0.511 obtained by inter-laboratory Si standard 

measurements and agrees with a theoretical kinetic Si isotope fractionation of 0.5092 

(Reynolds et al., 2007). As a further check, several other in-house and other check standards 

were analysed to determine procedure and measurement accuracy. There are no reference 

values available for kaolin and calcined kaolinite (provided by Mark Brezenski), but they had 

average values for -1.09 ± 0.09 and δ30Si of -2.16 ± 0.03‰ (n = 3) and δ29Si of -0.76 ± 0.15‰ 

and δ30Si of -1.49 ± 0.28‰ (n = 3), respectively relative to NBS28. An inhouse standard 

(diatomaceous silica - D63) was also used which returned average values for δ29Si of -0.55 ± 

0.10‰ and δ30Si of -1.06 ± 0.08‰ (n = 3). 

3.2.9. Calculation of the Apparent and Modeled Fractionation Factors 

These are as described in Chapter 2, section 2.2.8. 

 
Fig. 3.4: Mass dependent fractionation (MDF) of δ29Si vs δ30Si line for all diatom samples relative to NBS28. 

MDF line represented by δ30Si = 0.508 x δ29Si, R2 = 0.999, 2SE = 0.27‰ δ30Si. 

3.3 Results 

3.3.1 The effect of light on the Photosystem II ( P̀SII) photochemical efficiency (Fv/Fm, 

dimensionless) and effective absorption cross-section 

The incubation experiment was conducted using 4 bags with 4 different treatments (Low light, 

UV-Filtered, High light, and Dark) at PS 3 in the EAC. The seawater used for the incubation 
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experiment was collected from a towed “fish” and had an initial temperature of 14°C and a 

salinity of 35.48. Dissolved iron (DFe) and particulate iron (pFe) levels in the surface seawater 

collected at PS3 were 0.80 nmol kg-1 and 0.54 nmol L-1, macronutrients were 12.82 µmol L-1 

for NO3, 0.98 µmol L-1 for PO4, and 2.6 µmol L-1 for Si(OH)4 and the measured chlorophyll a 

concentration was 0.12 µg L-1 and bSi concentration was 0.38 µmol L-1. The 1% light level 

calculated for PS3 located at 40 °S was 47 m which was shallower than the mixed layer depth 

of 60 m.                          

The fluorescence (Fo)  was used as a proxy for Chl a measurements. Measured Fo values were 

very low for the Dark treatment, indicating the phytoplankton community was not growing 

(Fig. 3.5A). The Fo values were high for the other treatments by day 4 except for the UV-

filtered treatment, where Fo increased through today 8.  Photosystem II (PSII) effective 

absorption cross-sections had varied, but by day 8 it had increased for all the treatments, 

although the results for the Dark treatment are not meaningful with such low Fo values. On day 

4, Low light demonstrated the highest σPSII, indicating increased effective absorption cross-

section as shown in (Fig. 3.5B). 

The photochemical efficiency (Fv/Fm) increased by Day 2 and then started to decrease in all 4 

treatments (Fig. 3.5C). The data for the Dark treatment act as a negative control for the other 

mesocosms – and FvFm remained stable throughout. 
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Fig. 3.5: Fluorescence (Fo) (A), Sigma (B), and photochemical efficiency (PSII) - Fv/Fm (C) for the four different 

treatments versus days during the incubation experiment. There is a decrease in the photochemical efficiency at 

the end of the experiment for all the treatments (±1SD, instrument error). 
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Fig. 3.6: Fast repetition rate (FRR) measurements of the maximum Photosystem II (PSII) photochemical 

efficiency (Fv/Fm, dimensionless) and effective absorption cross-section (σPSII (470), nm2 quanta–1) for the 

different treatments; Low light, UV filtered and High light. Yellow represents the initial value applying to all the 

treatments. The other data points reflect measurements made on alternate days (2,4,6,8). The variable-to-

maximum PSII fluorescence has an inverse relationship with the PSII functional absorption cross-section. Note: 

Dark treatment data not shown. The black line denotes linear regression. 
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An inverse relationship was observed for Low light, UV-Filtered and High light. The links 

between Fv/Fm and σPSII variability have been extensively studied (Behrenfeld et al., 2006, 

Bibby et al., 2008, Rattan et al., 2012)and during nutrient starvation, phytoplankton cells often 

have increased σPSII and a corresponding decrease in Fv/Fm, owing to a loss of functional σPSII 

reaction centres compared to the fraction of antenna complexes. (Greene et al., 1992, Suggett 

et al., 2009).  

3.3.2 Effects of light on the macronutrient: Silicate, Nitrate, Phosphate, and Ammonia 
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Fig. 3.7: The 4 graphs represent the nutrient cycle for the 8-day incubation period. There was a general decrease 

in silicate (A), nitrate (B), and phosphate (C) concentrations. The concentration of ammonia (D) increased in all 

the treatments as the experiment dissipated. 

Nutrient concentrations were measured every second day for 8 days from all 4 bags (Fig. 3.7A, 

B, C & D). During the experiment, the Si(OH)4 decreased in all but the Dark treatment 

indicating active uptake in the treatments with light. For NO3 and PO4, there was a decrease in 

concentration with increasing incubation time for all treatments. The concentration for NH4
+ 
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was highest in the High light treatment (0.12 µmol L-1) followed by the Dark treatment (0.1 

µmol L-1), and UV-Filtered treatments (0.09 µmol L-1), and the lowest was for Low light 

treatment (0.06 µmol L-1).  

Low light had the greatest drawdown of Si(OH)4 (59%) followed by UV-Filtered (47%), High 

light (41%), and there was no drawdown for the Dark treatment was demonstrated (Fig. 3.8). 

Since diatoms require Si(OH)4 to produce their frustules, the concentration of Si(OH)4 

remained unchanged in the Dark treatment, indicating that there was no uptake or regeneration 

indicating no active diatom production. The Low light treatment had the highest drawdown of 

NO3 (85%), followed by UV-Filtered (78%), High light (58%), and Dark treatment (9%). The 

UV-Filtered treatment having the highest drawdown of PO4 (83%), followed by Low light 

(79%), High light (62%), and Dark treatment (33%). The drawdown of nutrients indicates 

active growth in the Low light, UV-Filtered, and High light treatments.  
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Fig. 3.8: Calculated drawdown of nutrients Si(OH)4, NO3, and PO4 in all treatments after 8 days of incubation (end 

of the experiment). Drawdown was calculated by Day 8 nutrients - Initial nutrients Note: nutrients – Si(OH)4, 

NO3 and PO4. 
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Fig. 3.9: Experiments showing the evolution of the inorganic N/P ratio over the course of the experiment.  

 

The N/P (NOx/PO4) ratio was calculated by dividing the total concentrations of nitrate, nitrite, 

and ammonium by the phosphate concentration (Fig. 3.9). Nitrate and phosphate have one of 

the strongest correlations in the sea, with a slope comparable to the average N to P content of 

plankton biomass (N/P = 16:1) (Weber and Deutsch, 2010). The Low light treatment showed 

a gradual decrease in the N/P ratio (7.89) through to the end of the experiment. The N/P ratio 

increased in UV-Filtered (13.4:1), Dark (14.2:1), and High light (11.4:1) treatments, and was 

maximum in the Dark treatment for most of the experiment since there was no phytoplankton 

growth. 
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Fig. 3.10: All the treatments with the inorganic Si:N ratios in the mesocosm bags. An increase in ratio was 

observed for all the light treatments. 

All treatments result in an overall increase in the Si:N ratio (Fig. 3.10). During the experiment, 

the Si:N ratio was lowest on Day 2 and gradually increased until the end of Day 8. Except for 

the Low light treatment (1.08), which had a slightly higher Si:N ratio at the end of Day 8, all 

treatments had Si:N ratios less than 1:1. The UV-Filtered treatment had a ratio of 0.96, High 

light treatment was 0.55, and Dark treatment was 0.43. To identify silicate or nitrate as the 

limiting nutrient in diatoms, ambient Si:N concentration ratios have been used in the aquatic 

environment (Howarth, 1988, Levasseur and Therriault, 1987), with a  Si:N:P ratio of 16:16:1 

(Brzezinski, 1985). The mesocosm experiment had an initial Si pool containing 1.7 µmol L-1 

of silicate, with a total utilisation of 60% for Low light, 70% for UV-Filtered, 54% for High 

light treatment, and no utilisation for Dark treatment at the end of Day 8 for Si.  
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Fig. 3.11: All the treatments with the ammonium concentration against silicate concentrations. There is a 

relationship between Low light, UV-Filtered, and High light treatment compared to the initial day.   

A trend was observed between the Si(OH)4 and NH4
+ concentration (Fig. 3.11) for the Low 

light, UV-Filtered, and High light treatments where a decrease in Si(OH)4 and an increase in 

NH4
+ production were observed. The high level of Si(OH)4 in all the treatments indicates that 

Si(OH)4 was still available for growth and regeneration. The uptake of Si(OH)4 and the 

production of NH4
+ are associated with phytoplankton growth and grazing.  

 

3.3.3 Effects of light on Chlorophyll a and Biogenic silica  
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Fig. 3.12: Results from the mesocosm experiment showing change; (A) in the concentration for chlorophyll a (µg 

L-1) (B) and bSi over the experimental period. The high bSi and chlorophyll a increased in values with time.  
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By day 2, the Dark treatment had reduced bSi by 81% and Chl a by 72% (Fig. 3.12A and B). 

There was also a corresponding increase in macronutrient concentrations. This indicates that 

phytoplankton had ceased growth, and cells were starting to die and being remineralised. The 

other treatments show a general increase of both bSi and Chl a concentrations. By the eighth 

day, bSi had increased by 49% in the Low light treatment, 47% in the UV-Filtered treatment, 

37% in the  High light treatment, and decreased in the Dark treatment by 48%. Chlorophyll a 

concentrations increased by 84% in the Low light treatment, 75% in the UV-Filtered treatment, 

62% in the High light treatment, and decreased by 3% in the Dark treatment. These increases 

in Chl a and bSi concentration in the Low light, UV-Filtered, and High light treatments indicate 

active growth of the phytoplankton community. 

 

3.3.4 Effects of light on the Particulate Organic Carbon and Nitrogen and nutrient 

stoichiometry 

0

1

2

3

4

5

6

7

864

C
:N

C

ND

0 2

Time (d)

0

1

2

3

4

5

6

7

ND

NDP
O

N
 (
m

m
o
l 

L
-1

) B

0

5

10

15

20

25

30

35

P
O

C
 (
m

m
o
l 

L
-1

)

 Low light

 UV-Filtered

 High light

 Dark

A

 

Fig. 3.13: Elemental stoichiometry particulate organic carbon (POC - µmol L-1) (A), particulate organic nitrogen 

(PON - µmol L-1) (B), and (C:N) (C) for the four treatments over the experimental period. 

POC increased by 82% in the Low light treatment, 83% for the UV-Filtered treatment, and 

42% for the High light treatment by day 8 (Fig. 3.13A), while POC in the Dark treatment 

decrease by 39%. The day 6 data point for the High light treatment is not available, but the 
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trend is very similar for the whole period of the experiment. The PON (Fig. 3.13B) 

concentration increased in all treatments as follows: 74% for the UV-Filtered treatment, 63% 

for the Low light treatment, 53% for the Dark treatment, and 26% for the High light treatment. 

A slight increase in the C:N (Fig. 3.13) ratio, for Low light, UV-Filtered, and High light 

treatments was found, while a slight decrease occurred in the Dark treatment (Fig. 3.13A).  
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Fig. 3.14: Organic elemental ratios: Si:C (A) and Si:N (B) for mesocosm (220 L) experiment harvested during the 

course of the experiment for 8 - Days of incubation. 

The Si:C (Fig. 3.14A) and Si:N (Fig. 3.14B) ratios for the High light and UV-Filtered 

treatments increased. An increase in Si:N and Si:C ratios was due to a more pronounced 

increase in bSi concentrations compared to increases in POC and PON concentrations. The 

Low light treatment had a slight decrease in both ratios. In the Dark treatment, the Si:C ratio 

decreased by 14%, whereas the Si:N ratio decreased by 66%.  

3.3.5 Effects of light on Si isotope fractionation 

All light treatments showed differences in the fractionation of silicon isotopes, but most 

difference are not statistically significantly (Fig. 3.15). There was an increase in the 

fractionation of Si in Low light and UV-Filtered treatments. The starting value of the δ30SibSi 

in the mesocosm experiment was 1.59 ± 0.12‰ and is consistent with an uncertainty of the sea-

surface δ30SibSi value of 1.76 ± 0.27‰ (2 s.d.) from process station 3 (Chapter 2). 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/microcosm
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Fig. 3.15: Mesocosm results for δ30SibSi (‰) for the four different treatments. Individual error bars indicate the 

reproducibility of analytical replicates (2 s.d.). The differences in the mean values of the different treatments are 

not great enough to exclude the possibility the differences are not statistically significant (p = 0.796). 

Silicon isotope fractionation within the experiment is not consistent with open-system 

Rayleigh fractionation kinetics (Table 3.1). The maximum utilisation of Si was in the Low 

light treatment (59%) followed by UV-Filtered (47%), and High light (41%) experiments. 

There was no change Si(OH)4 utilisation for the Dark treatment. The Low light and UV-Filtered 

treatments produced fractions of -0.33 ± 0.26‰ and -0.49 ± 0.38‰, respectively, which were 

the only ones to show some fractionation. 

 

 

 

 

 

 

 

 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/silicon-isotopes
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Table 3.1: Rayleigh's fractionation kinetics and Open System Model-Fractionation factor for the four treatments: 

Low light, UV Filtered, High light, and Dark treatment. 
 

Closed-System Model 
 

Open-System Model 

ε (±SD) r2 δ30Siinitial ε (±SD) r2 δ30Siinitial 

Low light  
 

(δ30SibSiO2) -0.33 ± 0.26 0.61 1.77 ± 0.10 -0.44 ± 0.45 0.49 2.05 ± 0.34 

UV 

Filtered 

  

(δ30SibSiO2) -0.49 ± 0.38 0.62 1.86 ± 0.10 -0.62 ± 0.58 0.53 2.22 ± 0.45 

High 

light 

  

(δ30SibSiO2) 0.11 ± 0.12 0.46 1.64 ± 0.04 0.14 ± 0.17 0.39 1.57 ± 0.14 

Dark   

(δ30SibSiO2) -0.09 ± 1 0.01 1.69 ± 0.58 -0.09 ± 1 0.01 1.73 ± 1 

3.4. Discussion 

3.4.1 Photochemical efficiency in the Mesocosm experiment 

Light attenuation within the water column is critical in marine ecosystems for pelagic primary 

producers. The light available for primary production is the light that reaches the depth of 

primary production at all wavelengths of the visible spectrum (photosynthetically active 

radiation [PAR]). Studies have shown light attenuation to limit photosynthesis and the growth 

of primary producers (Cloern, 1987; Duarte, 1991). Light is an essential resource for 

phytoplankton growth, and the mesocosm setup allowed us to control and explore its effect on 

the biogeochemical cycling of the Si isotope in an enclosed water body. The mesocosm setup 

is a closed system in which the transfer of organic and inorganic material between the dissolved 

and the particulate material pools can take place via various transport pathways, including 

active uptake by biota, absorption, adsorption, and desorption as recycling and remineralization 

processes (Mori et al., 2021).  

A previous study by Dickman et al. (2006) on the interactive effects of light and nutrients on 

phytoplankton stoichiometry demonstrated that phytoplankton stoichiometry responded to 

large pulses of nutrients and differed under equilibrium conditions. The findings of this study 

provide insight into the impact on the Si dynamics and photophysiology of the community 

(including of bacteria etc), including High and Low solar radiation levels, UV-Filterered solar 
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radiation, and Dark conditions. Photosynthesis is affected by light acclimation under both 

limiting and saturating light conditions (Falkowski and Raven, 2013). There was an inverse 

relationship found between Fv/Fm and σPSII functional absorption cross-section (Fig. 3.6). In 

the Southern Ocean in algal communities, similar inverse relationships between Fv/Fm and σPSII 

have been observed, but at varying iron (Fe) stress levels. (Suggett et al., 2009, Strzepek et al., 

2019, Ryan-Keogh et al., 2017). The trace metal Fe is well known to limit phytoplankton 

growth in the Southern Ocean (De Baar et al., 2005). Iron fertilisation enhances the maximal 

specific absorption rates of Si(OH)4 in the Southern Ocean diatoms, allowing them to meet 

their silica requirements even in waters with very low Si concentrations (Brzezinski et al., 2005, 

Christina et al., 2000, Franck et al., 2003, Franck et al., 2000). Based on the inverse correlation 

(R2=0.655) Fv/Fm vs σPSII photosynthetic efficiency, large light-harvesting antennae not only 

increase Chl a self-shading but also reduces the efficiency of transfer of light excitation energy 

to photosynthetic reaction centres (Lavergne and Joliot, 2000, Raven, 1990, Wientjes et al., 

2013). Although photosynthesis is less efficient at light intensities that limit growth, it appears 

to have evolved in favour of phytoplankton growth and survival in the Fe and light-stressed 

Southern Ocean algal communities (Strzepek et al., 2019). At least some of the low Fv/Fm 

values has in Fe-limited phytoplankton appear to be caused by pigment-protein complexes that 

are not connected to their σPSII reaction centres under light-saturating conditions (Behrenfeld 

and Milligan, 2013, Macey et al., 2014, Ryan-Keogh et al., 2017). However, such disconnected 

centres would be detrimental under the light-limiting conditions because they would increase 

Chl a self-shading (Strzepek et al., 2019). 

3.4.2 The effect of light on nutrient stoichiometry in a mesocosm experiment 

The Low light treatment produced the maximum drawdown of nutrients, a decrease in 

macronutrient ratios N/P, an increase in Si/N ratio, an increase in bSi and Chl a, and an increase 

in POC. The UV-Filtered treatment, with a cut-off wavelength of 350-422 nm, showed the 

second largest nutrient drawdown. When compared to the Low light treatment, it produced 

relatively high N/P ratios. High light treatment had lower NO3, Si(OH)4, and PO4 drawdown 

compared to the other actively growing treatments. Since the High light was exposed to solar 

and UVR (ultraviolet radiation), there was some influence on community growth. Increased 

UVR is known to damage phytoplankton DNA and protein structure (Häder et al., 2015, 

Williamson et al., 2019, Vass et al., 1999, Pescheck et al., 2021) and hence the reduction in bSi 

and Chl a production compared to exposure to Low light and UV-Filtered treatments.  
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Silicon is an essential macronutrient required by diatoms for the formation of cell walls, and 

the availability of Si(OH)4 is an important factor in the regulation of diatom growth. (Paasche, 

1980). Nitrate similarly influences phytoplankton community structure by favouring the 

growth of certain taxa over others (Bronk et al., 2007). At the conclusion of the experiment, 

there was no decrease in Si(OH)4 and NO3 in the Dark treatment relative to the growth rate. 

There was a 33% drawdown of PO4 at the end of the experiment in the Dark treatment due to 

absorption or loss by another process.  As there was no phytoplankton growth in the Dark 

treatment and there was a production of NH4
+, this shows that the cells were senescent. This is 

also supported by the elemental ratios of the initial, unfiltered seawater in Fig. 3.13C for the 

Dark treatment. Nitrogen remineralization rates have been reported in a few studies (Glibert, 

1982, Goeyens et al., 1991, Zakem and Levine, 2019, Mdutyana et al., 2022a, Mdutyana et al., 

2022b, Mdutyana et al., 2020, Smith et al., 2022) and some studies have estimated that 

significant amounts of NH4
+ are regenerated by the existing plankton, particularly microbial 

organisms (Koike et al., 1986, Bronk et al., 2007, Chen et al., 2004, Fourquez et al., 2022). The 

Dark treatment resulted in a 3% decrease in Chl a and a 48% decrease in bSi.  

Several studies have shown that irradiance fluctuations can affect major physiological 

processes such as photosynthesis and respiration (Marra, 1978, Queguiner and Legendre, 1986, 

Ferris and Christian, 1991, Kroon et al., 1992, Kromkamp and Limbeek, 1993, Ibelings et al., 

1994). Some phytoplankton can form resting spores in diatoms, cysts in dinoflagellates, and 

akinetes in cyanobacteria in the dark. Phytoflagellates <10µm do not demonstrate such survival 

because their small size prevents them from storing enough energy reserves to survive long 

periods of darkness without switching to a heterotrophic mode of nutrition or reducing their 

metabolic activity to a necessary minimum (Jochem, 1999). The Fv/Fm measured in the Dark 

treatment was ~0.6, indicating that the phytoplankton was very much alive.  Diatoms provide 

resting phases, which enable species to survive during times when vegetative development is 

not possible (Montresor et al., 2013). 

The results from this study indicate that the drawdown of Si(OH)4 and the formation of bSi are 

not the only factors controlling diatom productivity. Light is also important for bloom initiation 

(Behrenfeld and Boss, 2014, Rumyantseva et al., 2019). Rumyantseva et al. (2019) study 

demonstrated that light condition was important in the development of the bloom. It is known 

that low temperatures and a lack of light are factors that restrict primary productivity in the 

Southern Ocean (Holm-Hansen and Mitchell, 1991, Mitchell and Holm-Hansen, 1991). Our 

investigations demonstrated that phytoplankton development was restricted by light.  
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3.4.3 Fractionation of Si-isotopes  

Meyerink et al. (2019) did a mesocosm experiment to investigate the fractionation of Si 

isotopes in subtropical surface waters east of New Zealand during a spring bloom in 2012. 

Their findings show the influence of Fe on bloom initiation and in producing a 12-fold increase 

in bSi concentrations and also resulting in the fractionation of Si isotopes following a closed-

system Rayleigh fractionation kinetics. In this study, the bSi concentration only increased 2-

fold, which explains the reason for the lack of observable closed-system Si isotope 

fractionation. According to Meyerink et al. (2019), iron and light are important in 

phytoplankton bloom initiation. Boyd et al. (2012) demonstrated that both environmental and 

ecological factors determine bloom magnitude and longevity and the role Fe plays in initiating 

bloom.  

In this study, the Chl a and bSi values increased by the end of the experiment in all the 

treatments except for the Dark treatment. The σPSII had also increased by 35% in the three 

actively growing treatments. The hypothesis that light intensity would have an effect on Si 

isotope fractionation was not confirmed (p = 0.8), with Si isotope showing little or no 

significant fractionation or following expected closed-system Rayleigh fractionation kinetics. 

Nonetheless, the experiments show that light is a key determinant of phytoplankton growth and 

macronutrient drawdown (Dore et al., 2008). 

3.5. Conclusion 

This 8-day incubation experiment was performed using unfiltered seawater collected from the 

EAC to elucidate the interplay between light, phytoplankton growth, and Si isotope 

fractionation in the phytoplankton communities. This study employed measurements taken for 

8 days at intervals of 2 days for the Si isotope, which was filtered only on days 0, 4, and 8 from 

each bag in an attempt to better understand the biogeochemical cycling of Si concerning light 

intensity. 

There were clear interaction effects between light on growth, stoichiometric composition, and 

photosynthetic parameters for the different light treatments. Light (Low light, UV-Filtered, 

High light) influenced the significant increase in Chl a and bSi. Dark treatment supports this 

interpretation as there was no change in Chl a and bSi at the end of the experiment. There was 

a slight increase in the Si isotope composition of bSi (δ30SibSi) for Low light and UV-filtered 
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treatments from 1.59 ± 0.12‰ (initial) to 1.86 ± 0.17‰ and 1.88 ± 0.40‰ (end of the 

experiment). 

The fractionation of Si-isotopes in the mesocosm experiment did not follow the closed-system 

Rayleigh fractionation kinetics model. This was due to the low utilization of Si(OH)4 by the 

phytoplankton community in the different treatments. During these different light treatments, 

diatom growth was not limited by the availability of Si(OH)4, NO3, or PO4. The incorporation 

of trace metal Fe could be used in future studies with different light treatments. This will give 

a better understanding of the coupling of Fe and different light intensities on the fractionation 

of Si-isotopes in the mesocosm experiment.  

For future studies, the influence of remineralization/ dissolution can be done on this type of 

mesocosm experiment. Community composition of the diatoms is also very important, which 

was not done in the study. Diatom community composition plays an important role in setting 

the ε value for field communities (Meyerink et al., 2019).  
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Chapter 4: Changes in the silicon uptake kinetics and isotope fractionation in diatoms in 

response to predicted ocean warming 

Abstract 

Diatoms contribute significantly to global biogeochemistry, accounting for 30% of marine 

primary productivity and carbon (C) export due to their rapid growth in high-nutrient 

conditions and their capacity for silica ballasting. Due to the decoupling of upper-ocean silicon 

(Si) and C cycling caused by low iron (Fe) bioavailability, their contribution to the global net 

primary production are highly modified in High Nutrient-Low Chlorophyll (HNLC) regions. 

We investigated how Fe limitation and predicted ocean warming (from 3°C to 5°C) affect 

diatom physiology, nutrient stoichiometry, Si uptake kinetics, and Si isotope fractionation in 

model diatoms. Three Southern Ocean, Chaetoceros flexuosus, Thalassiosira antarctica, and 

Chaetoceros neogracilis were cultured at 3°C and 5°C under high Fe (+Fe) and low Fe (-Fe; 

for Chaetoceros sp. only) conditions. An increase in temperature resulted in an increase in 

growth rate for diatoms grown under Fe-replete conditions, while Fe limitation decreased 

growth. The bSi concentration and chlorophyll a concentration increased per cell volume for 

all the cultures when the temperature was increased from 3°C to 5°C in the +Fe treatment. 

Additionally, diatom Si:C and Si:N molar ratios increased while the C:N molar ratios 

decreased. When the temperature was increased from 3°C to 5°C for the C. flexuosus +Fe 

treatment, the maximum specific uptake rate of Si(OH)4 (VSi-max) and the half-saturation 

constant for Si(OH)4 uptake (KSi) decreased, while the opposite was observed for T. antarctica 

for the +Fe treatment. Under iron limiting conditions, VSi-max and KSi decreased for C. flexuosus 

grown at 3°C but increased slightly when grown at 5°C. An increase in temperature influenced 

Si isotope fractionation factor (ε) for C. flexuosus, T. antarctica, and C. neogracilis when 

grown under both Fe-replete conditions. Silicon isotope fractionation values for C. flexuosus 

and T. antarctica became more negative, decreasing from −1.00 ± 0.03‰ ( ±  1SD), −1.10 ± 

0.01‰ and −1.10 ± 0.24‰ (respectively) at 3°C to −1.10 ± 0.03‰ and −1.20 ± 0.02‰ and 

−1.60 ± 0.15‰ (respectively) at 5°C. Silicon isotope fractionation values became more 

negative when C. flexuosus and C. neogracilis were grown under Fe-limited conditions at 3°C 

(from -1.0 ± 0.03‰ to -1.5 ± 0.03‰ and -1.1 ± 0.24‰ to -1.2 ± 0.10‰ respectively) and ε 

became more negative for C. neogracilis when Fe was limited at 5°C (-1.6 ± 0.15‰ to -1.8 ± 

0.34‰) which was not the case for C. flexuosus. Our findings suggest that future warming will 

result in species-specific changes in Si(OH)4 uptake and Si isotope fractionation. The thermal 
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properties of diatoms, as well as their thickening frustules as a result of Fe limitation, will allow 

them to increase production and compete with other algal communities in the predicted 

warming and Fe limitation of the ocean. 

4.1 Introduction  

The composition and physiology of phytoplankton communities are influenced by a complex 

interplay of environmental variables. Temperature can regulate cellular metabolism in 

phytoplankton (Eppley, 1972), while nutrients affect biomass by supplying the components 

required to create cellular structures (Sterner and Elser, 2017) and enhancement of 

enzymatically catalysed pathways, such as photosynthesis (Morel and Price, 2003). These 

factors influence phytoplankton growth rates (Aranguren‐Gassis et al., 2019, Boyd, 2019, 

Andrew et al., 2019). This may exert selective pressures on community diversity, with 

temperature frequently driving species succession (Anderson and Rynearson, 2020) and 

nutrient concentrations influencing size distribution (Litchman et al., 2010). Phytoplankton are 

exposed to various thermal conditions (Doblin and Van Sebille, 2016) and nutrient 

concentrations through passive transport along ocean currents and seasonal cycles (Moore et 

al., 2013b). In the global C cycle, phytoplankton is responsible for at least 50% of 

photosynthetic activity (Behrenfeld and Falkowski, 1997, Field et al., 1998, Baumert and 

Petzoldt, 2008) and nearly 50% of C fixation (Field et al., 1998, De La Rocha and Passow, 

2006). The investigation of how temperature, Fe availability, and nutrients (in this case, Si) 

affect phytoplankton community structure in the future will provide a useful tool for testing Si 

uptake and isotope fractionation in the Southern Ocean diatoms.  

During growth, diatoms require Si for the construction of their cell wall (frustule). Orthosilicic 

acid, Si(OH)4, is the dominant inorganic form (> 95%) at seawater pH, and diatoms actively 

transport Si(OH)4 immediately before silica polymerization and cell division (Brzezinski et al., 

1990). The Michaelis–Menten equation can be used to describe the maximum nutrient uptake 

rate (ρmax) by phytoplankton (Macisaac and Dugdale, 1969). When Si(OH)4 concentrations 

increase, the specific rate of Si uptake (Vb) also increases and can be described by the 

Michaelis-Menten function (Nelson and Dortch, 1996, Nelson et al., 1976). The maximum 

specific uptake rate (hyperbola asymptote) is the Vmax, and the half-saturation concentration is 

the Ks (where the Si(OH)4 concentration is Vb =1/2 Vmax) and at the ambient Si(OH)4 

concentration.  
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Vb =
Vmax [Si(OH)4]

Ks+[Si(OH)4]
  (4.1) 

 

There are three stable isotopes of Si found in nature (28Si, 29Si 30Si), and one radioactive isotope 

(32Si) (Ding et al., 2005). The relative abundance of the three stable isotopes is 92.23%, 4.68%, 

and 3.09%, respectively (De Laeter et al., 2003). De La Rocha et al. (1997) conducted the initial 

comprehensive investigation into the uptake of Si isotopes by diatoms. They found that diatoms 

utilise isotopically lighter Si(OH)4 to form their opaline frustules, with a fractionation factor of 

0.9989 which corresponds to an isotopic effect of -1.1‰. During the subsequent Si(OH)4 

consumption, the remaining Si(OH)4 pool and diatom opal become progressively heavier (De 

La Rocha et al., 1997, De La Rocha et al., 1998). If the remaining Si(OH)4 pool and diatom 

opal become progressively heavier, the Si isotope composition of the diatom opal will record 

the relative degree of Si(OH)4 depletion/utilisation.  

The isotopic composition of the Si(OH)4  source and any taxon-specific variations in the 

fractionation factor (30ε) between seawater and surface waters can affect the range of 30SibSi in 

surface waters and diatoms (Grasse et al., 2021). Cardinal et al. (2007) proposed that diatoms 

in Antarctic waters might have variable fractionation factors or that they might fractionate Si 

isotopes under non-equilibrium conditions. They also proposed that factors causing changes in 

the apparent fractionation factor may be connected to particular Si(OH)4 dissolution rates or 

uptake rates. Variations in 30ε between diatom species have been found in culture studies 

(Sutton et al., 2013, Meyerink et al., 2017a). A closed-system model is used to determine the 

Si isotope fractionation by diatoms under laboratory-controlled conditions (De La Rocha et al., 

1997). In this model, a substrate is gradually removed from a reservoir of finite size according 

to the principles of Rayleigh fractionation (Criss, 1999). Hoefs and Hoefs (2009) expressed the 

isotopic fractionation defined by the isotopic fractionation factor (α). Thus for kinetic isotopic 

exchange (irreversible reaction), the equation is expressed as: 

        α =
k28Si

k30Si
                          (4.2) 

Where k represents the rate constant for the reaction of the heavy and the light isotopes. At 

equilibrium, the α can be calculated: 

                                                       α =

( 
S30 i

S28 i
)

A

(
S30 i

S28 i
 )

B

                                    (4.3) 
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A and B in equation 3 are two chemical substances, where A is the substrate and B is the 

product of the reaction.  Fractionation of Si isotopes is a useful way to think about Si isotopes, 

gives the value of ε by calculating the difference between the δ30Si values of dSi and bSiO2 

(Criss, 1999) as: 

  

                                                                 ε ≅ 1000 × (αbSiO2−dSi − 1)                      (4.4) 

 

where the isotopic fractionation factor between the product (bSiO2) and the substrate (dSi) is 

αbSiO2−dSi. Contrary to many other elements, the lack of redox speciation and organic 

complexation for Si limits isotope fractionation to predominately inorganic kinetic processes 

(Wiederhold, 2015).  

Temperature effects on the fractionation of Si isotopes have been investigated previously by 

De La Rocha et al. (1997) on Thalasiossira sp. at three different temperatures (12°C, 15°C, 

and 22°C). Their findings suggested that temperature does not lead to isotope fractionation 

during bSi formation. This finding that there is a lack of a measurable temperature effect 

simplifies the use of δ30Si as a productivity proxy. The De La Rocha et al. (1997) study only 

used a temperate diatom, which potentially overlooks the effect of temperature variability on 

diatoms growing in polar regions. To confirm the lack of a temperature effect in a wider range 

of surface ocean temperatures, Si isotope fractionation should also be measured across a broad 

range of temperatures and diatom species. 

Phytoplankton growth and composition are influenced by the availability of two major factors, 

temperature and nutrients, but these are frequently studied separately and on individual species 

in the laboratory (Anderson et al., 2022). A study by Andrew et al. (2019) focused on only 

thermal thresholds of Southern Ocean phytoplankton in response to predicted ocean warming 

and its consequences on the basic physiology of the phytoplankton. Their study revealed that 

the three Southern Ocean diatoms (Chaetoceros flexuosus, Proboscia inermis, and 

Thalassiosira antarctica), have diverse thermal response curves with the maximum growth 

rates at 5°C. Another study by Meyerink et al. (2017b), described how Fe-limitation affects the 

cell size, nutrient stoichiometry, and Si uptake kinetics of two Southern Ocean diatoms, 

Eucampia antarctica and Proboscia inermis. Their study revealed that Fe stress leads to a 

reduced growth rate and a decrease in cellular C and nitrogen content relative to cellular bSi. 

An increase in cell volume was also observed under Fe stress conditions resulting in a decrease 

in the Surface Area:Volume ratio (SA:V). Their results also showed that Fe stress leads to 

reduced Si(OH)4 uptake in the Southern Ocean phytoplankton studied. 
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This study aims to identify how Fe limitation and predicted ocean warming (of approximately 

+2°C) affect the physiology, nutrient stoichiometry, Si uptake kinetics, and Si isotope 

fractionation of three diatom species isolated from the Southern Ocean. 

4.2 Methods 

4.2.1 Stock culture management 

The Southern Ocean phytoplankton cultured were selected from the Research School of Earth 

Sciences, ANU, Antarctic Algae collection. The Southern Ocean diatoms grown for this 

research consisted of three centric diatoms Thalassiosira antarctica, Chaetoceros flexuosus, 

and Chaetoceros neogracilis (Table 4.1). These species were chosen because they are common 

within Southern Ocean waters. Stock cultures of these 3 diatoms were retained in 

polycarbonate (PC) tubes at 3°C ± 1°C at a continuous light intensity of 15 μmol quanta m-2 s-

1 and 2.57 nM Fe concentration (pFe 20.74). 

 

Table 4.1: Collection and morphological information for the three marine diatom species evaluated in this study. 

Species Name Strain 
Isolate 

Source 
Isolation 

location 
Year 

isolated Isolated by 
Chain 

forming 

Pennate (p) 

or Centric 

(c)  

Chaetoceros flexuosus Cf 

Southern 

Ocean 

57° 51.10'S 

139°50.70'E 17/11/2001 R.Strepek Yes c 

Thalasiossira antarctica Thal 

Japanese 

Cruise 

57° 51.10'S 

139°50.70'E 17/11/2001 R.Strepek Yes c 

Chaetoceros neogracilis W-126 D. Caron Ross Sea 12/01/1999 D. Hutchins No c 

 

4.2.2 Culturing methods and equipment  

All sampling and preparation of cultures were conducted in a HEPA-filtered laminar flow 

cabinet, which prevented both bacterial and trace metal contamination. Cultures were grown 

in acid-cleaned 28 mL polycarbonate centrifuge tubes (Nalgene). The cells were acclimated 

for a total of 8–10 generations, and the cell transfers took place over a period of 7–14 days for 

the different cells. To monitor growth rates, in vivo Chlorophyll a (Chl a) was measured daily. 

For experiments that required larger volumes, these 28 mL polycarbonate tubes were used for 
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inoculation into larger polycarbonate bottles. To maintain consistency in the experiments with 

the larger volume bottles, irradiance was measured for each culturing container and placed at 

an appropriate distance from the light source to standardise irradiance conditions. The standard 

protocol used by Strzepek et al. (2011) on trace metal clean handling and cleaning procedures 

was applied throughout this study. The trace metal cleaning for the tubes, bottles, and other 

equipment used before the incubation experiment was conducted as follows: bottles were 

initially soaked in detergent (L900, Nalgene) for 24 h, thoroughly washed in reversed osmosis 

(RO) water at least 5 times followed by 24 h soak in 10% (v/v) AR grade hydrochloric acid 

(HCl). Eventually, the PC bottles were washed 5 times with deionised water (18.2 MΩ Milli-

Q). The equipment was microwave sterilised and rinsed with the appropriate media before use. 

4.2.3 Medium preparation 

All the culture tubes and polycarbonate bottles were trace metal cleaned and sterilised, whereas 

the pipette tips were sterilised, followed by acid cleaning before use. Polycarbonate 

bottles/tubes were used throughout the experiment.  

Before the Synthetic Ocean Water (SOW) was used for making media, it was initially eluted 

through a column containing Toyopearl AF-chelate-650M ion-exchange resin (Tosoh 

Bioscience). This system removes the majority of the trace metals but results in Fe 

contamination of 0.56 ± 0.02 nmol L-1, which was adjusted for subsequent Fe treatments 

(Meyerink, 2016). The protocol described by Price et al. (1989) was used to remove trace metal 

contaminants from the SOW. The media was prepared in 1 L batches at a time by measuring 

the SOW and microwaving in acid-cleaned (previously mentioned) polycarbonate bottles until 

it boiled. The sterilised media was cooled and enriched with the filter sterilized (0.2 μm Gelman 

Acrodisc PF) nutrients, vitamins, and trace metal solutions, 10 µmol L-1 of 

ethylenediaminetetraacetic acid (EDTA) was used in preparation for Southern Ocean cultures 

and 100 µmol L-1 for the Ross Sea since the growth for the Ross Sea diatom was very fast.  

For the kinetic uptake and the trace metal deficiency experiments, SOW was used, and the 

media were prepared according to the technique of the different experiments. Class 100 HEPA-

filtered laminar flow hood was used for any preparation and culturing work. 90% (v/v) ethanol 

was always used for sterilising equipment before any culture work.  

4.2.4 Macronutrients and Micronutrient addition 

The microwave-sterilized SOW was supplemented with nutrients, vitamins, and trace metal 

solutions, resulting in a final concentration of nutrients and vitamins in the Aquil of 10 µmol 
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L-1 phosphate, 100 µmol L-1 silicate, 300 µmol L-1 nitrate, 0.55 µg L-1 vitamin B12, 0.5 µg L-1 

biotin, and 100 µg L-1 thiamine. To buffer Fe and other trace metals in solution during Fe-

replete treatments, 10 µmol L-1 and 100 µmol L-1 of the synthetic ligand EDTA was used 

depending on the conditions required. The Trace metals (TMs) prepared for 10 µmol L-1 EDTA 

with a final concentration of TMs in the media were: Cobalt 5 nmol L-1, Zinc 7.91 nmol L-1, 

Copper 1.98 nmol L-1, Manganese 22.8 nmol L-1, Selenium 9.96 nmol L-1, Molybdenum 100 

nmol L-1. Two separate media were prepared, one spiked with 58 nmol L-1 and another with 

4.4 nmol L-1 Fe concentrations. Inorganic Fe ([Fe′]) values were calculated using Visual 

MINTEQ (version 3.0; default thermodynamic database) and Sunda and Huntsman (2003) 

calculations as described in Strzepek et al. (2012). 

For Aquil containing 100 µmol L-1 EDTA concentration of the TMs was increased 10-fold to 

match treatments with 10 µmol L-1 EDTA. The free ion concentration for Aquil medium at 

20°C and pH 8.1 was calculated using Visual MINTEQ, yielding concentrations (expressed as 

-log free metal ion concentration = pMetal) of pCo 11.26, pZn 10.72, pCu 13.65, and pMn 

8.35. 

4.2.5 Iron Manipulation 

The background Fe concentration of the Aquil was measured to be 0.5 nmol L-1. When 

preparing the Fe replete and Fe limiting media, this was taken into account in the Fe speciation 

calculations. EDTA, a hexadentate ligand, was used as a chelating agent to regulate the 

concentration of inorganic Fe (Meyerink, 2016). A siderophore desferrioxamine B mesylate 

(DFB) was another chelator used to limit the inorganic Fe concentration since it can complex 

Fe more strongly than EDTA (Hudson et al., 1992, Lis et al., 2015). The FeDFB complex is 

not photosensitive as compared to the FeEDTA complex, and hence Fe speciation is not 

affected by light (Lis et al., 2015, Sunda and Huntsman, 2003). The concentration of dissolved 

Fe remained at 4.0 nmol L-1, and the concentration of DFB varied with a concentration of 40 

nmol L-1 in the final Aquil media with a ratio of 4:40. FeDFB was complexed in an acid-clean 

Teflon vial for 12 h before addition to a nutrient and trace metal free Aquil media. The media 

is left at room temperature for 24 h after which the nutrients and trace metal are added, placed 

in zip locked bags and kept at 3°C. Fe' concentrations were calculated using the method 

described by Strzepek et al. (2011). Before deciding on the high and low iron concentrations 

for the three species, preliminary research was carried out. The experiment was mostly carried 

out at irradiance of 70 – 90 μmol photons m-2 s-1 since phytoplankton are typically light-
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saturated at ~60 μmol photons m-2 s-1 (Strzepek et al., 2012). The incubator used for the 

Southern Ocean was Percival LT-36 VL set at at either 3°C or 5°C. 

4.2.6 Measurement of culture pH  

The pH of the culture medium was measured by observing the change in absorbance of m-

cresol purple at specific wavelengths of 434 nm, 578 nm, and 730 nm on a UV-visible 

spectrophotometer with an attached temperature controller (Clayton and Byrne, 1993, Yao et 

al., 2007) before the cultures were inoculated in the Aquil. Measurements were made at 25°C 

and corrected for dye-induced changes in the pH. 

4.2.7 Growth rate measurements 

The growth rates of cultures were determined using an in vivo Chl a fluorescence Turner 

Designs model 10-AU fluorometer. Before taking fluorescence measurements, the cultures 

were dark acclimated for 30 minutes at the same temperature at which they were growing. 

Sterilised SOW was used as a blank before analysing the cultures. Measurements were made 

every day. The slope of ln (fluorescence) vs cumulative time was determined during the 

exponential growth phase to calculate the specific growth rate per day (µ). 

4.2.8 Cell concentration and cell size 

The determination of cell size and cell density was conducted by microscopy for the Southern 

Ocean diatoms. A minimum of 1000 cells was enumerated, and 50–100 cells were sized using 

a 1 mL Sedwick Rafter chamber. The major axis of the cell (apical length) and the minor axis 

(transapical width) were measured using a microscope. 

Counting of the samples was done in triplicate. Microscopy counts were done at the time of 

harvest or within 1 week of preservation with 2% glutaraldehyde. T. antarctica and C. flexuosus 

cell volumes were calculated using the following geometric shapes: cylinder (Hillebrand et al., 

1999).  

C. neogracilis was < 5 µm in size and had a high cell density.  The cells were counted using a 

Coulter Counter MultisizerTM and sized using a microscope. Cell volumes were calculated 

using the one geometric shape: cylinder. 

4.2.9 Chlorophyll a extraction and analysis for the Culture experiments 

Chl a was collected when the cells were in the mid-exponential growth phase. Collection of 

the cells was done using 25 mm glass fibre filters (Whatman GF/F) under low vacuum (<100 
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mmHg). A known volume (30 mL) of the culture was passed through the filter, followed by a 

rinse with filtered SOW. Filters were stored in 15 mL centrifuge tubes at -20°C until analysis. 

Extraction of Chl a was carried out by adding 10 mL of 90% acetone solution into the tube and 

gently vortexing for 30 seconds. The tubes were allowed to sit in the dark at 3 ± 1°C for 18 – 

24 hrs, then re-vortexed to homogenise the solution mixture. Sample digests were allowed to 

warm to room temperature in the dark before they were measured. The concentration of Chl a 

was determined by in vitro fluorometry (Wright et al., 2005) using a Turner Designs model 10-

AU fluorometer calibrated with spectrophotometrically measured spinach Chl a standard 

(Sigma-Aldrich) (Parsons et al., 1984). 90% acetone was used as a blank before sample 

analysis. Measurements were made before and after the addition (3 drops/100 µL) of 0.5 mL 

of 10% HCl.  Chl a concentration was calculated by the following equation: 

 

[Chl a] (μg L-1) = 2.1168 x 1.0188(FO-FA) x (v/V)      (4.5) 

 

FO = fluorescence before acidification 

FA = fluorescence after acidification 

v = volume of acetone extract (mL)  

V = volume of sample filtered (mL)  

2.117 = acid ratio correction factor. 

 

Cell density (cells mL-1) and cell volume (fL cell-1) were determined from either the Coulter 

Counter measurements or determined by microscopy.  These measurements were used to 

normalise Chl a concentration per cell and cell volume for each species and treatment. 

4.2.10 Fast Repetition Rate Fluorometry (FRRF) 

LIFT-FRR Fluorometer (Soliense, United States) was used to determine the photochemical 

measurements of photosystem II (σPSII). For culture experiment measurements, the 

photosynthetic efficiency was conducted on cells collected during the early to mid-exponential 

phase of growth.  Samples were acclimated in the Low light for 30 min before exposing the 

samples to multiple flashes of 470 nm light to saturate PSII and the first stable electron 

acceptor, QA. A sequence of light pulses (2.5 µs flashlets) is applied at a rate of excitation 

energy. Fv/Fm was determined from the mean values of the fluorescence induction and 

relaxation protocol. Fv/Fm is used as an indicator to assess the health and stress levels of 

phytoplankton. 
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4.2.11 POC and PON analysis 

Samples for particulate C and nitrogen (N) were collected by filtering 100-200 mL of cultured 

seawater samples through a pre-combusted 25 mm GFF filter (Merck-millipore) before rinsing 

with 30 mL of filtered seawater. Filters were placed in sterile plastic wells and stored at – 80°C 

before analysis. The wells were diffused with concentrated HCl (sealed container) to remove 

any organic matter which may interfere with the C and N content. The filters were dried in an 

oven for at least 2 weeks at 50°C. O-Acetyl-L-serine (OAS) Alanine and caffeine were used as 

standards for POC and PON analysis. A Sercon-Callisto CF-IRMS stable isotope system was 

used for total organic C and organic N determination. 

4.2.12 Biogenic Silica analysis for the Culture experiments 

For particulate bSi determination, cultures were collected during the mid-exponential growth 

phase (50 mL) and filtered onto 2 µm, 47 mm PTCE filters. Filters were stored at – 20°C before 

analysis. Particulate bSi samples were dissolved using the sodium carbonate (Na2CO3) 

digestion method of Paasche (1980). Sodium carbonate (18 mL) of 0.5% (w/w) solution was 

added to the samples. Samples were disaggregated using a vortex mixer and heated in the water 

bath at 85°C for 2 h. When cool, each tube was neutralized using 0.5 M HCl to the turning 

point of methyl orange (pH 3 – 4), before being made up to 25 mL. The concentration of silica 

was determined using the molybdenum blue method (Strickland and Parsons, 1972). 

4.2.13 Silicate concentration measurements 

Silicate concentrations were determined using the method outlined by Strickland and Parsons 

(1965). Samples were filtered prior to freezing.  

4.2.14 The kinetic uptake of Si in diatoms 

The disappearance of Si(OH)4 in the Aquil media was determined by studying the kinetic 

uptake of Si in the diatoms studied (C. flexuosus and T. antarctica). As the cells were 

acclimated, they were transferred to a 1 L polycarbonate bottle and grown to mid-exponential 

phase before the kinetic uptake experiment. 2 μm 47 mm polycarbonate filters were used for 

filtration. The cells were washed with filtered seawater to remove any remaining Si(OH)4. The 

cells did not need to dry on the filter; thus, the cells were poured with the remaining filtered 

sea water in the funnel and re-suspended in Si(OH)4-free media, where they were left to 

“starve” for a minimum of 3 h to make certain that the background Si(OH)4 concentration as 
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low as possible (Sullivan, 1977). Fig. 4.1 depicts a schematic diagram of how the experiment 

was performed. 

 

 

Fig. 4.1: Flow chart of the measurement of kinetic uptake of Si using the diatoms.  The work flow is the same for 

each culture, regardless of temperature or Fe condition. 

A least-square method was used to determine the line of best fit for the removal of Si versus 

time. Residuals for the line were calculated for each data point. By fitting the Michaelis Menten 

function, kinetic constants and their associated errors could be calculated. Each dataset was 

examined for statistical outliers using a Hanes-Woolf transformation (Brzezinski, 2008).  

4.2.15 Temperature experiment  

The seawater temperature was set at 3 and 5°C for the Southern Ocean diatoms (C. flexuosus 

and T. antartica) and the Ross Sea species (C. neogracilis). The temperature was raised by 2°C 

to estimate future surface seawater temperatures in the Southern Ocean based on  Boyd et al. 

(2015), Ito et al. (2015), and lastly, a prediction made by the RCP8.5 climate change scenario 
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estimated in the Fifth Assessment Report of the Intergovernmental Panel on Climate Change 

(Stocker et al., 2013). This experiment is intended to simulate the warming that polar 

phytoplankton may experience over the next century. The phytoplankton were grown in an 

incubator under a continuous irradiance of 70-90 µmol photons m-2s-1. After acclimation to 

each temperature and growth  rate, the cultures were harvested for stoichiometry analysis. 

4.2.16 Preparation of samples for determination of δ30Si in diatom/particulate bSi 

4.2.16.1 Sample collection from diatom cultures 

While the cultures were in their exponential phase of growth, 500 – 1000 mL of cell cultures 

were filtered onto a 2 μm, 47 mm polycarbonate filters (Merck-Millipore) using a 

polycarbonate filter apparatus. Cultures were grown and collected in triplicate. Before analysis, 

filters were stored in clean 15 mL falcon tubes at -20°C. 

4.2.16.2 Preparation of samples for determination of δ30Si of bSi 

Samples for δ30SibSi determination were prepared by adding 2.5 mL of deionised water into the 

stored tube, vortexed, and transferring it into a 5 mL Teflon bomb. They were then dried 

overnight at 50°C. After drying, the samples were treated with 1 mL of 30% (v/v) H2O2 solution 

to oxidise organic material and refluxed for 24 h at 70°C on a hotplate. The samples were dried 

down on the hotplate, and 2 mL of 0.5 M NaOH was added. Samples were left to reflux for 24 

h at 80°C. The silica concentration for each sample was determined using the procedure 

detailed by Strickland and Parsons (1972). A portion of each sample solution was diluted to 20 

mg L-1 with deionized water in pre-cleaned Teflon vials for isotopic analysis. Sodium was 

removed from the samples using cation exchange chromatography before δ30SibSi analysis 

(Wille et al., 2010). The procedure utilised 2.5 mL Polypropylene Pasteur Pipettes loaded with 

1 mL of cation exchange resin (Dowex 50 W-X8, 200-400 mesh). Columns were cleaned by 

passing 0.5 mL of 8% (v/v) hydrofluoric acid (HF) and left for 1 h, followed by passing 3×0.75 

mL of deionised water over the resin. The resin was protonated with 3×0.75 mL 4 M HCl 

followed by 3×0.75 mL deionised water rinses. This was repeated with 3×0.75 mL 4 M HCl 

and 3×0.75 mL of deionised water. After cleaning and protonation steps, each column was 

loaded with 0.5 mL of a sample solution containing a total Si concentration of 20 mg L-1. 

Silicon was then eluted from column beds using 4×0.5 mL of deionised water, and the eluant 

was acidified to 2% with concentrated nitric acid (Fig. 4.2). The resulting Si concentration in 

the solution was ~4 mg L-1. 
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Fig. 4.2: The flow chart represents the extraction of δ30 Si isotope from the diatoms. 

4.2.16.3 Determination of δ30Si in particulate bSi  

Determination of the δ30 Si followed the procedure outlined by Wille et al. (2010) using a multi-

collector inductively coupled plasma mass spectrometer (MC-ICP-MS) (Thermo-Finnigan 

Neptune, Germany) operated in medium-resolution (M/ΔM = 2000). The sample was 

introduced to the MC-ICP-MS via an Apex IR nebulizer with a Teflon inlet system and a 

demountable torch fitted with an aluminium-oxide injector to minimize any background 

contribution during sample introduction into the instrument. Data acquisition and reduction 

were carried out using a standard-sample standard bracketing technique (Wille et al., 2010). 

Before each sample run, a total chemistry blank measurement was made to ensure that the 

combined blank and background contributed less than 1% of the total sample signal. The δ30Si 

signal based on the relative abundance of 30Si to 28Si (30Si/28Si) was calculated using the 

following formula: 
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δ30Si =

[
 
 
 
 (

S30 I 

S28 i
)

sample

(
S30 i

S28 i
)

standard

− 1 

]
 
 
 
 

∗ 1000‰ 

           (4.6) 

Measured δ30Si, and the δ29Si values were corrected to the NBS28 standard reference value 

based on the daily offset between the values of the in-house RC11 diatomaceous standard and 

NBS28. The δ30Si composition of the “Diatomite standard” (again relative to NBS28) produced 

average values for δ29Si of 0.63 ± 0.18‰ and δ30Si of 1.22 ± 0.28‰ (2 SD, n =14). These were 

within the range of δ29Si = 0.66‰ and δ30Si = 1.27‰ obtained by (Reynolds et al., 2007). The 

reproducibility of the δ30Si signal measured on the NBS28 standard prepared in full on three 

separate occasions was ± 0.25‰ (2σ standard deviation (SD)), which agrees with the calculated 

δ30Si regression error of ± 0.25‰ (2 standard error (SE), n = 80) from the plot of δ30Si vs. δ29Si 

(MDF, Fig. 4.3). The best-fit mass-dependent fractionation line (δ29/δ30Si=0.512) is consistent 

with the consensus slope of 0.511 obtained by inter-laboratory Si standard measurements and 

agrees with a theoretical kinetic Si isotope fractionation of 0.5092 (Reynolds et al., 2007). As 

a further check, several other in-house and other check standards were analysed to determine 

procedure and measurement accuracy. These include Kaolin and Calcined Kaolinite reference 

materials provided by Mark Brezenski, which returned average values for δ29Si of -1.14 ± 

0.11‰ and δ30Si of -2.23 ± 0.22‰ (n = 11) and δ29Si of -0.80 ± 0.16‰ and δ30Si of -1.57 ± 

0.34‰ (n = 12) relative to NBS28 (note agreed values are not yet available for these reference 

materials). Two sponges, Demospongiae Spirophorida Tetillidae (class, order, and family, 

respectively collected from 66.32°S and 144.31°E and a depth of 457 m, label = SP15) and 

Demospongiae Lithisitid collected from 30.47°S and 172.45°E, and a depth of 795 m, label = 

A1084b) was also analysed during each sample batch and had δ29Si of -1.83 ± 0.15‰ and δ30Si 

of -3.55 ± 0.35‰ (n = 7) and δ29Si of -0.40 ± 0.13‰ and δ30Si of -0.79 ± 0.22‰ (n = 7) 

respectively. These values agree with previous measurements (δ29Si = -1.65‰ and δ30Si = -

3.18‰ and δ29Si = -0.45‰ and δ30Si = -0.75‰) reported by Wille et al. (2010). Dissolved 

silica in the media had δ29Si of 0.31 ± 0.17‰ and δ30Si of 0.62 ± 0.30‰ (n = 2). 
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Fig. 4.3: Mass dependent fractionation (MDF) of δ29Si vs δ30Si line for all diatom samples relative to NBS28. 

MDF line represented by δ30Si = 0.512* δ29Si, R2 = 0.995, 2SE = 0.25‰ δ30Si. 

4.2.17 Statistical analysis 

For the culture, a one-way ANOVA (Analysis of Variance) with a post-hoc Tukey HSD 

(Honestly Significant Difference) test was used. Temperature had two levels (3°C and 5°C) 

while Fe had two levels (+Fe and -Fe). A pairwise comparison of variables was performed 

using the Tukey post-hoc test to gather specific information for each temperature and Fe 

condition. 

4.3 Results 

4.3.1 Effects of temperature and Fe-chemistry on Specific growth rate  

The results show that the diatoms were highly dependent on Fe bioavailability for increased 

growth rate (Fig. 4.4; Table 4. 2). It was also observed that all the diatom’s growth rates 

increased when the temperature increased from 3°C to 5°C. The photochemical efficiency 

(Fv/Fm) for C.flexuosus significantly increased (p < 0.01) for the high Fe (+Fe) treatments and 

was unchanged for the low Fe (-Fe) treatments when the temperature was increased from 3°C 

to 5°C (Fig. 4.4C; p < 0.01). The opposite was observed for effective absorption cross-section 

(σPSII) (Fig. 4.4D), where the σPSII was highest for the -Fe treatments and was significantly 

different ( p < 0.05 for +Fe from 3°C to 5°C and p < 0.01 for the other treatments) for all paired 

treatments except –Fe treatment at 3°C and 5°C had no significant change. This shows that the 
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changes in Fe bioavailability affected the PSII. When the temperature increased from 3°C to 

5°C in both the +Fe and -Fe treatments, an increase in growth rate was observed in C.flexuosus 

(Table 4. 2; Fig. 4.4A & B; p < 0.01). Growth rates were reduced for the -Fe treatments for 

this species. T. antarctica had a decrease in Fv/Fm (Fig. 4.4C; p <0.01) and an increase in σPSII 

(Fig. 4.4D) when the temperature was increased from 3°C to 5°C. The growth rate also 

increased for this species when the temperature increased from 3°C to 5°C (Table 4. 2; Fig. 

4.4A & B; p < 0.05 ). The Fv/Fm for C. neogracilis increased slightly for the +Fe and decreased 

for the -Fe when the temperature was increased from 3°C to 5°C (Fig. 4.4C; p < 0.05 for +Fe 

from 3°C to 5°C and p < 0.01 for the other treatments).  σPSII was highest in the -Fe treatments 

similar to C. flexuosus (Fig. 4.4D; p < 0.01). A decrease in σPSII was observed when the 

temperature was increased to 5°C for both +Fe and increased for -Fe treatments. C. neogracilis 

had no significant difference in growth rate as the temperature was increased for +Fe treatment 

from 3°C to 5°C and between +Fe treatment at 3°C paired with –Fe treatment at 5°C. A much 

higher growth rate was observed in -Fe treatment (Table 4. 2; Fig. 4.4A & B; p < 0.05 for +Fe 

5°C paired with –Fe 5°C and p < 0.01 for the other treatments)). Growth rates µ (day-1) were 

reduced for the -Fe treatments for this species. The ratio of the growth rate (µ) and the 

maximum specific growth rate (μmax) were observed to be the highest when the temperature 

increased from 3°C to 5°C with the +Fe treatment for all the species studied.  
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Table 4. 2: Growth rates (μ) of C. flexuosus, T. antarctica, and C. neogracilis grown in Fe-EDTA and Fe-DFB 

media. n values are the number of cultures for each iron concentration. Growth rates are reported as mean ± SD.  

Fe Treatment 

Temperatur

e (°C) 

Fe'  

(pmol L-1) 

PFD  

(µEm-2 s-1) 

Growth 

rate µ 

(day-1) n 

µ:µma

x 

 

Chaetoceros flexuosus            
 

58 nmol L−1 Fe;  

10 μmol L−1 EDTA 3 3450 70-90 0.43 ± 0.01 3 0.73 

 

58 nmol L−1 Fe;  

10 μmol L−1 EDTA 5 3450 70-90 0.59 ± 0.01 3 1.00 

 

4.4 nmol L−1 Fe;  

40 nmol L−1 DFB 3 0.17 70-90 0.25 ± 0.02 3 0.43 

 

4.4 nmol L−1 Fe;  

40 nmol L−1 DFB 5 0.17 70-90 0.38 ± 0.02 3 0.64 

 

Thalasiossira antarctica 
      

 

2.6 nmol L−1 Fe;  

10 μmol L−1 EDTA 3 140 70-90 0.32 ± 0.02 3 0.87 

 

2.6 nmol L−1 Fe;  

10 μmol L−1 EDTA 5 140 70-90 0.37 ± 0.03 3 1.00 

 

Chaetoceros neogracilis 
      

 

58 nmol L−1 Fe;  

100 μmol L−1 EDTA 3 49 70-90 0.56 ± 0.03 3 0.98 

 

58 nmol L−1 Fe;  

100 μmol L−1 EDTA 5 49 70-90 0.58 ± 0.01 3 1.00 

 

0.5 nmol L−1 Fe;  

100 μmol L−1 EDTA 3 4.2 70-90 0.30 ± 0.01 3 0.52 

 

0.5 nmol L−1 Fe;  

100 μmol L−1 EDTA 5 4.2 70-90 0.50 ± 0.02 3 0.87 
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Fig. 4.4: Specific growth rate (µ, d-1) (A and B) Photochemical efficiency (Fv/Fm) (C), Functional absorption 

cross-section of PSII (σPSII) (D) for C. flexuosus, T. antarctica, and C. neogracilis was grown under 3°C with solid 

box and 5°C with colour outlined. Fe limited and Fe replete conditions were only done for the Chaetoceros 

species. Growth saturating light was between 70-90 µEm-2 s-1mmol photons m-2 s-1. Errors are standard deviation, 

n = 3. 

4.3.2 Effects of temperature and Fe-chemistry on cell size  

The apical length (AL) slightly increased for C. flexuosus when the temperature increased for 

the +Fe treatments but decreased for the -Fe treatment (Table 4.3; p < 0.01). There was a 

decrease (p < 0.01) with the -Fe treatment when the temperature increased from 3°C to 5°C. 

The influence of temperature and low Fe had no significant change in transapical width (TW) 

for C. flexuosus at 3°C but had significant difference when paired with the other treatments (p 

< 0.01). There was no significant change in cell volume (CV) for C. flexuosus in the +Fe 

between 3°C to 5°C and as well as for the -Fe treatment between 3°C to 5°C  (Fig. 4.5). A 

minor increase in surface area (SA) was observed when the temperature was increased for the 

+Fe treatment. Despite a decrease in SA when the temperature for the -Fe treatment was raised, 

no significant change occurred. There was no significant difference in CV when C. flexuosus 

was Fe limited at 3°C compared to +Fe, but a 2-fold increase in SA was observed at 5°C in 

comparison with -Fe treatment at 3°C (Table 4.3; Fig. 4.5; p < 0.01). The SA: CV ratios 

differed significantly between the pairs +Fe at 3°C and -Fe at 5°C, including -Fe when the 

temperature was raised from 3°C to 5°C and when Fe was limited at 5°C.  
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A decrease in AL and TW was observed when the temperature was increased for T.antarctica 

(p < 0.01). For T. antarctica there was a decrease in CV and SA (p < 0.01)  when the 

temperature was increased for the +Fe treatment. There was also a significant change in the 

SA:CV ratio (p < 0.01).  

For C. neogracilis, there was no significant change with the AL. When the +Fe treatment at 

3°C was paired with the other treatments, the TW changed significantly (p < 0.01). When the 

other treatments were paired, there was no significant difference in TW. Similar results were 

obtained when the +Fe treatment, at 3°C was paired with the other treatments for CV, SA and 

SA:CV ratio (p < 0.01). 

Fe limitation was shown to have an increasing effect on CV at 3°C for C. flexuosus and C. 

neogracilis (p < 0.01). There was no significant change in the cell aspect ratio for C. flexuosus 

but a decrease in cell ratio was observed in C. neogracilis at 3°C when Fe was limited. At 5°C 

when C. flexuosus is Fe limited, its CV decreases (3-fold), and no significant change was 

observed in C. neogracilis at 5°C.  

4.3.3 Effects of temperature and Fe-chemistry on Chlorophyll a and Biogenic silica  

When the temperature was increased from 3°C to 5°C for C. flexuosus, Chl a concentration 

increased 1.4-fold for the +Fe treatments  (p < 0.05) and 6-fold for the -Fe treatment (Fig. 4.6A; 

p < 0.01). When C. flexuosus was Fe limited at 3°C Chl a concentration decreased per CV by 

3-fold (p < 0.01) compared to Fe replete at 3°C. At 5°C, when C. flexuosus was Fe limited, the 

Chl a concentration increased by 2-fold relative to Fe limited at 3°C (p < 0.01). T.antarctica 

had a 9-fold increase (p < 0.01)  in Chl a concentration when the temperature was increased 

between 3°C to 5°C for the +Fe treatment. The C. neogracilis +Fe treatment showed similar 

trends to C. flexuosus at 3°C, which was an increase in Chl a concentration. When the 

temperature was raised from 3°C to 5°C, there was a slight decrease (p < 0.01) in -Fe treatment 

for the Chl a concentration. No significant change was observed when Fe limited at 5°C. 

The bSi concentration (bSi) for C. flexuosus increased 1.5-fold on a per-cell basis when the 

temperature was increased for the +Fe treatments (Table 4.4; Fig. 4.6B; p < 0.01). In contrast, 

a 2-fold decrease in bSi concentration was observed when the temperature was increased for 

the -Fe treatment (Table 4.4; Fig. 4.6B; p < 0.01).  

A ~2.4-fold increase (p < 0.01) in bSi was observed for T. antarctica when the temperature 

was increased from 3°C to 5°C. For C. neogracilis a 4-fold increase in bSi concentration was 
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observed when the temperature was increased from 3°C to 5°C in +Fe treatment (p < 0.01), 

and a 2-fold increase in bSi concentration was observed in -Fe treatment per cell basis (p < 

0.05). Increasing the temperature decreased the CV for both +Fe and -Fe with the bSi per cell 

basis and increased CV when it was Fe limited at 3°C and 5°C for the C. neogracilis sp.
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Table 4.3: Summary of cell size variations in C. flexuosus, T. antarctica, and C. neogracilis in response to varying Fe-conditions. All values are means ± 1 SD, n ≥ 50. 
 

Fe Treatment 

Temperature 

(°C) 

Fe'  

(pmol L
-1

) 

Apical 

length 

(µm) 

Transapical 

width (µm) 

Cell Volume  

(µm
3

) 

Cell Surface area  

(µm
2

) Surface area to volume ratio 

Chaetoceros flexuosus        

58 nmol L
−1 

Fe; 10 μmol L
−1

 EDTA 3 3450 21 ± 4 14  ± 3 3129 ± 1376 281 ± 76 0.10 ± 0.02 

58 nmol L
−1 

Fe; 10 μmol L
−1 

EDTA 5 3450 24 ± 6 13  ± 3 3372 ± 1712 317 ± 112 0.10 ± 0.02 

4.4 nmol L
−1

 Fe; 40 nmol L
−1

 DFB 3 0.17 18 ± 4 15  ± 5 3444 ± 1793 278 ± 93 0.09 ± 0.02 

4.4 nmol L
−1

 Fe; 40 nmol L
−1

 DFB 5 0.17 13 ± 2 11 ± 2 1252± 583 144 ± 41 0.13 ± 0.04 

        

Thalasiossira antarctica 
       

2.6 nmol L
−1

 Fe; 10 μmol L
−1

 EDTA 3 140 31 ± 5 19  ± 1 8441 ± 1588 578 ± 95 0.07 ± 0.01 

2.6 nmol L
−1

 Fe; 10 μmol L
−1

 EDTA 5 140 26 ± 5 17 ± 1 6022 ± 1637 446 ± 105 0.08 ± 0.01 

        

Chaetoceros neogracilis 
       

58 nmol L
−1

 Fe; 100 μmol L
−1

 EDTA 3 49 5 ± 1 4 ± 1 73 ± 42 22± 8 0.33± 0.07 

58 nmol L
−1

 Fe; 100 μmol L
−1

 EDTA 5 49 6 ± 1 5 ± 1 114 ± 55 29± 9 0.30± 0.05 

0.5 nmol L
−1

 Fe; 100 μmol L
−1

 EDTA 3 4.2 6 ± 1 5 ± 1 118 ± 47 30 ± 7 0.26 ± 0.04 

0.5 nmol L
−1

 Fe; 100 μmol L
−1

 EDTA 5 4.2 6 ± 1 5 ± 1 113 ± 64 28 ± 9 0.30± 0.06 
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Table 4.4: Summary of mean cellular C, N, and bSi concentrations for C. flexuosus, T. antarctica, and C. neogracilis grew under varying temperatures and  Fe′ treatments 

(mean ± 1 SD, n ≥ 50). 

 

 

 

   C N Si 

Fe Treatment 

Temperature 

(°C) 

Fe' 

(pmol L
-1

) pmol cell-1 fmol µm
-3

 ρmol cell
-1

 fmol µm
-3

 ρmol cell-1 fmol µm
-3

 fmol µm
-2

 

Chaetoceros flexuosus          

58 nmol L
−1 

Fe; 10 μmol L
−1

 EDTA (+Fe) 3 3450 15 ± 1 4837 ± 311 1.89 ± 0.03 604 ± 11 2.4 ± 0.1 0.78  ± 0.05 8.6 ± 0.5 

58 nmol L
−1 

Fe; 10 μmol L
−1 

EDTA (+Fe) 5 3450 15 ± 1 4295 ± 168 1.86 ± 0.05 551 ± 13 5.8 ± 0.1 1.71 ± 0.02 18.2 ± 0.2 

4.4 nmol L
−1

 Fe; 40 nmol L
−1

 DFB (-Fe) 3 0.17 13 ± 1 3846 ± 288 2.4 ± 0.2 537 ± 78 3.97 ± 0.03 1.15 ± 0.01 14.3 ± 0.1 

4.4 nmol L
−1

 Fe; 40 nmol L
−1

 DFB (-Fe) 5 0.17 27.0 ± 0.2 21531 ± 176 5.84  ± 0.04 51403 ± 49  3.5 ± 0.2 2.76 ± 0.1 23.9 ± 1.2 

Thalasiossira antarctica 
         

2.6 nmol L
−1

 Fe; 10 μmol L
−1

 EDTA(+Fe) 3 140 106 ± 19 12517 ± 2258 21 ± 3 3566 ± 504 3.82 ± 0.02 0.450 ± 0.003 6.60 ± 0.04 

2.6 nmol L
−1

 Fe; 10 μmol L
−1

 EDTA(+Fe) 5 140 139 ± 7 23082 ± 1178 15 ± 3 1748 ± 321 9.0 ± 0.1 1.50 ± 0.02 20.20 ± 0.03 

Chaetoceros neogracilis 
         

58 nmol L
−1

 Fe; 100 μmol L
−1

 EDTA(+Fe) 3 49 0.7 ± 0.1 10156 ± 1546 0.12 ± 0.02 1684 ± 241 0.04 ± 0.004 0.54 ± 0.05 1.8 ± 0.2 

58 nmol L
−1

 Fe; 100 μmol L
−1

 EDTA(+Fe) 5 49 1.5 ± 0.1 12927 ± 828 0.26 ± 0.02 2318 ± 179  0.14 ± 0.1 0.05 ± 0.01 0.6 ± 0.1 

0.5 nmol L
−1

 Fe; 100 μmol L
−1

 EDTA(-Fe) 3 4.2 NA NA NA NA 0.04 ± 0.001 0.89 ± 0.02 1.43 ±0.03 

0.5 nmol L
−1

 Fe; 100 μmol L
−1

 EDTA(-Fe) 5 4.2 0.36 ± 0.02 3204 ± 209 0.05 ± 0.001 469 ± 12 0.08 ± 0.01 0.69 ± 0.04 2.8 ± 0.2 
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Table 4.5: Summary of elemental molar ratios for C. flexuosus, T. antarctica, and C. neogracilis grew under varying temperatures and Fe′ treatments (mean ± 1 SD, n ≥ 3). 

Fe Treatment 

Temperature 

(°C) 

Fe'  

(ρmol L
-1

) C:N Si:C Si:N 

Chaetoceros flexuosus      

58 nmol L
−1 

Fe; 10 μmol L
−1

 EDTA (+Fe) 3 3450 8.01 ± 0.37 0.16 ± 0.01 1.280 ± 0.001 

58 nmol L
−1 

Fe; 10 μmol L
−1 

EDTA (+Fe) 5 3450 7.80 ± 0.11 0.400 ± 0.004 3.10 ± 0.03 

4.4 nmol L
−1

 Fe; 40 nmol L
−1

 DFB (-Fe) 3 0.17 5.49 ± 0.01 0.300 ± 0.002 1.60 ± 0.01 

4.4 nmol L
−1

 Fe; 40 nmol L
−1

 DFB (-Fe) 5 0.17 4.61 ± 0.00 0.13 ± 0.01 0.60 ± 0.01 

      

Thalasiossira antarctica 
     

2.6 nmol L
−1

 Fe; 10 μmol L
−1

 EDTA (+Fe) 3 140 7.16 ± 0.02 0.04 ± 0.002 0.18 ± 0.01 

2.6 nmol L
−1

 Fe; 10 μmol L
−1

 EDTA (+Fe) 5 140 6.51 ± 0.59 0.06 ± 0.002 0.60 ± 0.07 

      

Chaetoceros neogracilis 
     

58 nmol L
−1

 Fe; 100 μmol L
−1

 EDTA (+Fe) 3 49 6.03 ± 0.05 0.050 ± 0.005 0.33 ± 0.02 

58 nmol L
−1

 Fe; 100 μmol L
−1

 EDTA (+Fe) 5 49 5.84 ± 0.18 0.09 ± 0.01 0.54 ± 0.05 

0.5 nmol L
−1

 Fe; 100 μmol L
−1

 EDTA (-Fe) 5 4.2 7.13 ± 0.35 0.22± 0.01 1.6 ± 0.1 
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4.3.4 Effects of temperature and Fe-chemistry on nutrient stoichiometry  

For C. flexuosus, +Fe caused no significant change in cellular C and N content in response to 

an increase in temperature from 3 to 5°C per cell basis (Table 4.4). However, for the -Fe 

treatments, there was a 2-fold increase in cellular C and N per cell basis when the temperature 

was increased (p < 0.01) from 3°C to 5°C. Similar trends were demonstrated on a per-cell 

volume basis (p < 0.01). No significant change in cellular C and cellular N per cell basis was 

observed by T. antarctica when the temperature was raised from 3°C to 5°C. When the 

temperature was increased from 3°C to 5°C in C. neogracilis, cellular C and N increased (p < 

0.01) in +Fe treatment. At 5°C, when Fe is limited, cellular C and N concentrations decrease 

(p < 0.01).  

The C:N ratio decreased in C. flexuosus from 3°C to 5°C (with no significant change) in both 

+Fe and -Fe (p < 0.05) when the temperature was increased from 3°C to 5°C (Table 4.5, Fig. 

4.7A). An increase in Si: C and Si: N ratio was observed when the temperature was increased 

for +Fe treatments (Fig. 4.7B & C; p < 0.01 ). This increase was due to an increase in bSi 

(Table 4.4). The opposite trend was observed in -Fe treatment when the temperature was 

increased in C. flexuosus (p < 0.01). When C. flexuosus was subjected to -Fe at 3°C, the Si:C 

and Si:N ratios increased (p < 0.01).  . This was due to an increase in bSi concentration with 

an increase in temperature. At 5°C there was a decrease in C:N, Si:C and Si:N ratios for the -

Fe treatment. The C:N ratio decreased for T. antarctica (no significant change) when the 

temperature was increased, but an increase in Si:C and Si:N ratio (p < 0.01) was observed when 

the temperature was increased from 3°C to 5°C. This was reflected in the drastic increase in 

bSi in T. antarctica when the temperature was increased. C. neogracilis had no significant 

change in C:N ratio and an increase in Si:C and Si:N when the temperature was increased for 

+Fe treatment. An increase in C:N (p < 0.01), Si:C (p < 0.05), and Si:N (p < 0.05) was observed 

when Fe was limited at 5°C. An increase in Si:C and Si:N ratio was observed when the bSi 

concentrations were high and high cellular C and N, reduced its Si:C and Si:N ratios. 
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Fig. 4.7: Influence of temperature and inorganic Fe′ concentration on C:N (A) ratios, Si:C (B) ratios, and Si:N 

(C) ratios for C. flexuosus, T. antarctica, and C. neogracilis. All the ratios are reported as mean ± SD. 
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Fig. 4.8: Influence of temperature and dissolved inorganic Fe′ concentrations on the specific silicic acid uptake 

rates for C. flexuosus (A) and T. antarctica (B). 
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Table 4. 6: Summary of kinetic parameters for Si uptake for Chaetoceros flexuosus and Thalasiossira antarctica. 

(mean ± 1 SD, n = 3). 

Fe Treatment Temperat

ure (°C) 

Fe'  

(pmol L-1) 

Vmax 

(Cell volume cell-1 h-1) 

KSi 

(µmol L-1) VSi-max/KSi 

 

Chaetoceros flexuosus 

     
58 nmol L−1 Fe; 10 μmol L−1 EDTA 3 3450 6895 ± 1106 4 ± 2 1834 

58 nmol L−1 Fe; 10 μmol L−1 EDTA 5 3450 1279 ± 217 2.0 ± 0.9 631 

4.4 nmol L−1 Fe; 40 nmol L−1 DFB 3 0.17 6253 ± 710 5 ± 1 1328 

4.4 nmol L−1 Fe; 40 nmol L−1 DFB 5 0.17 1532 ± 220 2.0 ± 0.5  1016 

      
Thalasiossira antarctica 

     
2.6 nmol L−1 Fe; 10 μmol L−1 EDTA 3 140 1115 ± 165 5 ± 2 230 

2.6 nmol L−1 Fe; 10 μmol L−1 EDTA 5 140 5757 ± 1223 24 ± 2  241 

      

 

4.3.5 Silicon uptake kinetics 

The specific Si(OH)4 uptake rates (VSi) were plotted as a function of Si(OH)4 concentration at 

different temperatures and Fe′ concentrations (Fig. 4.8). When the temperature was increased 

from 3°C to 5°C in C. flexuosus, the Vmax decreased 5-fold  for +Fe and 4-fold for -Fe 

treatments (Fig. 4.8;Table 4. 6).  It was difficult to measure Si uptake kinetics for the -Fe 

treatment for T. antarctica since it was difficult to maintain and grow in this study. A 5-fold 

increase in Vmax was observed in T. antarctica for +Fe when the temperature was increased to 

5°C (Fig. 4.5B; Table 4. 6).  

For C. flexuosus, KSi decreased between 3°C to 5°C for both the Fe replete and Fe limited 

treatment from 4 ± 2 μmol L−1 to 2 ± 0.9 μmol L−1 and from 5 ± 1 μmol L−1 to 2 ± 0.5 μmol L−1 

respectively. For T. antarctica, KSi increased by 5-fold when the temperature increased to 5°C 

(5 ± 2 μmol L−1 to 24 ± 2 μmol L−1).  

4.3.6 Silicon isotope Δ30SibSi-dSi (‰) in diatoms 

The Δ30SibSi-dSi (‰) ranged from as low as -1.19 ± 0.39‰ (mean ± 2 standard deviations) to a 

high of -0.51 ± 0.11‰ (Table 4.7). A decrease in Δ30SibSi-dSi was observed when the 

temperature was increased for the +Fe treatments, and an increase in Δ30SibSi-DSi was observed 

when the -Fe treatment was increased from 3°C to 5°C for C. flexuosus and C. neogracilis 
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species. A slight decrease in Δ30SibSi-dSi was observed in T. antarctica when the temperature 

was increased.  

4.3.7 Effects of temperature and Fe availability on silicon isotope fractionation in diatoms 

The three species studied: C. flexuosus, T. antarctica, and C. neogracilis exhibited a wide range 

in ε, with a range between -0.5 ± 0.01‰ to -1.5 ± 0.01‰ (average ± S.D.) for C. flexuosus and    

-1.1 ± 0.24‰ to -1.8 ± 0.34‰ for C. neogracilis and ranged from -1.1 ± 0.01‰ to -1.2  ±  

0.02‰ in T. antarctica (Table 4.7). When the temperature was increased from 3°C to 5°C for 

all species in the +Fe treatment, silicon isotope fractionation trended to more negative values. 

The fractionation factor became more positive in C. flexuosus when cells were Fe limited and 

the temperature was raised to 5°C.
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Table 4.7: Influence of temperature and Fe limitation on Si-isotope fractionation factors for biogenic silica. 

The δ30Si for dissolved silicon of the growth was 0.62 ± 0.30‰ (n = 2). δ
30

SidSi were correct for this offset. The fractionation factors for diatom silica were calculated as a 

function of f, where f is the fraction of the original Si(OH)4 that remained in the system after the diatoms were harvested. n denotes the number of measurements from cultures. 

Except for the Si isotope Δ
30

 Si
bSi-dSi 

(2 SD), all values are presented as means 1 SD. The value is the mean of all cultures plus one standard deviation because there were no 

differences between replicate cultures.

Fe Treatment 

Temperature 

(°C) 

Fe'  

(pmol L
-1

) 

Number of 

replicates 

PFD 

(µEm
-2 

s
-1

) 

Δ
30

 Si
bSi-dSi

 

(‰) f α 

Fractionation 

factor  

(ε) 

Chaetoceros flexuosus         

58 nmol L
−1 

Fe; 10 μmol L
−1

 EDTA 

3 3450 4 70-90 -0.77 ± 0.10 0.6 ± 0.03 0.9990 ± 0.00003 -1.0 ± 0.03 

58 nmol L
−1 

Fe; 10 μmol L
−1 

EDTA 5 3450 5 70-90 -0.87 ± 0.13 0.7 ± 0.003 0.9989 ± 0.000003 -1.1 ± 0.03 

4.4 nmol L
−1

 Fe; 40 nmol L
−1

 DFB 3 0.17 3 70-90 -1.05 ± 0.10 0.5 ± 0.003 0.9985 ± 0.000005 -1.5 ± 0.01 

4.4 nmol L
−1

 Fe; 40 nmol L
−1

 DFB 5 0.17 4 70-90 -0.51 ± 0.11 0.9 ± 0.01 0.9995 ± 0.000002 -0.5 ± 0.01 

      

   

Thalasiossira antarctica 
     

   

2.6 nmol L
−1

 Fe; 10 μmol L
−1

 EDTA 3 140 5 70-90 -1.02 ± 0.25 0.8 ± 0.001 0.9989 ± 0.000001 -1.1 ± 0.01 

2.6 nmol L
−1

 Fe; 10 μmol L
−1

 EDTA 5 140 8 70-90 -1.07 ± 0.21 0.8 ± 0.003 0.9988 ± 0.000002 -1.2 ± 0.02 

      

   

Chaetoceros neogracilis 
     

   

58 nmol L
−1

 Fe; 100 μmol L
−1

 EDTA 3 49 6 70-90  -0.89 ± 0.25 0.7 ± 0.03 0.9989 ± 0.00002 -1.1 ± 0.24 

58 nmol L
−1

 Fe; 100 μmol L
−1

 EDTA 5 49 6 70-90  -0.93 ± 0.15 0.4 ± 0.1 0.9984 ± 0.0002 -1.6 ± 0.15 

0.5 nmol L
−1

 Fe; 100 μmol L
−1

 EDTA 3 4.2 6 70-90  -1.19 ± 0.39 0.9 ± 0.01 0.9988 ± 0.00001 -1.2 ± 0.10 

0.5 nmol L
−1

 Fe; 100 μmol L
−1

 EDTA 5 4.2 5 70-90  -0.92 ± 0.14 0.3 ± 0.1  0.9982 ± 0.0003 -1.8 ± 0.34 
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4.4 Discussion 

4.4.1 Growth rate variations in the influence of temperature and iron stress 

In this study, three Southern Ocean diatoms were grown under irradiance of 70 - 90 mmol 

photons m-2 s-1, temperatures of 3°C and 5°C, and varying Fe availability (+Fe and -Fe). This 

study focused on the effect temperature (3°C to 5°C) and Fe-limitation would have on the 

physiology, nutrient stoichiometry, Si uptake kinetics (only for the Southern Ocean), and Si 

isotope fractionation on phytoplankton.  

The growth rates observed in this study were similar at 3°C for C. flexuosus compared to those 

published by Andrew et al. (2019), and the overall trends were very similar despite some 

growth rates being slightly higher in this study (Fig. 4.9). The growth rates were 3-fold higher 

at 3°C and 2-fold higher at 5°C in T. antarctica compared to Andrew et al. (2019). The Fe' 

concentration used in their study was double that used here (305 pmol L-1), which could explain 

the differences in growth rate. There is evidence that the Southern Ocean diatoms can grow at 

a lower cellular iron concentration, as Sunda and Huntsman (1995b) demonstrated for T. 

antarctica, which required less Fe and showed decreased growth rates under high Fe 

concentrations. In this study, T. antarctica did not grow at very low Fe' concentrations (0.17 

pmol L-1). There was a significant increase in chlorophyll/cell and bSi when the temperature 

was increased in T. antarctica from 3°C to 5°C. Similar trends were observed by Wang and 

Smith Jr (2021) when they increased the growth temperature for T. antarctica from -1°C to 

4°C. Diatom grown under increased temperature had an increase in growth rate despite being 

in a Fe-limited state. A reduction in growth rate was observed for C. flexuosus when Fe was 

limited at 3°C and 5°C. These findings are comparable to previous studies (Meyerink et al., 

2017a, Strzepek et al., 2011, Sunda and Huntsman, 1995b, Andrew et al., 2019). 
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Fig. 4.9: Comparison of thermal tolerance curves of Southern Ocean phytoplankton grown under different Fe 

concentrations and irradiance of 70 - 90 mmol photons m-2 s-1 in this study and 90 mmol photons m-2 s-1 from 

Andrew et al. (2019). Errors are standard errors, n = 5 from Andrew et al. (2019). 

4.4.2 Correlation between variable-to-maximum PSII fluorescence and the functional 

absorption cross-section of σPSII  

There is an inverse relationship observed between Fv/Fm and σPSII (Fig. 4.10) (Geider et al., 

1993, Kolber et al., 1988, Steglich et al., 2001, Strzepek et al., 2019). The correlation is very 

weak for the species studied in this study, as well as in the results of Andrew et al. (2019). 

Fv/Fm and σPSII have shown similar inverse relationship (Suggett et al., 2009), which has also 

been seen in Southern Ocean algal communities growing under various iron stress and light 

levels (Ryan-Keogh et al., 2017, Andrew et al., 2019). The trends for the high and low Fe 

treatments were similar to Andrew et al. (2019) for C.flexuosus, with the +Fe treatment having 

high Fv/Fm values and the -Fe treatment having low Fv/Fm and the opposite trends for the 

functional absorption cross-section of σPSII. For T.antarctica, Fv/Fm decreased when the 

temperature was increased from 3°C to 5°C with a minor increase in σPSII, whereas Andrew et 

al. (2019) found that σPSII was high at 3°C compared to 5°C.  Low Fv/Fm values for Fe-limited 

phytoplankton appear to be brought on by pigment-protein complexes that, when exposed to 

light-saturating conditions, are not connected to their σPSII reaction centres (Behrenfeld and 

Milligan, 2013, Macey et al., 2014, Ryan-Keogh et al., 2017).  
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Fig. 4.10: An inverse correlation between the variable to maximum PSII fluorescence and the functional 

absorption cross-section of σPSII was observed. Closed and open symbols are for 3°C and 5°C, respectively. The 

square in the legend represents this study, while the circle (dark pink for +Fe and light purple -Fe) represents 

T.antarctica and the diamond (dark green for +Fe and light green -Fe) represents C. flexuosus published by 

Andrew et al. (2019). Error bars represent the SD of replicate cultures, and are smaller than the symbols when not 

visible (n=3). The dashed line denotes linear regression (R2 = 0.16). 

4.4.3 Influence of temperature and iron stress on the nutrient stoichiometry of the 

diatoms 

Fluctuations in the Si: N and Si:C molar ratios are observed in most diatoms under Fe-limiting 

conditions (Marchetti and Harrison, 2007, Timmermans et al., 2004). Biogenic silica increased 

on a per-cell volume basis when the temperature was increased for both the +Fe and -Fe 

treatments for C. flexuosus. Temperature and Fe concentrations can affect the cellular Si and 

N composition diatoms. For some species, bSi content increases when Fe is limiting (Marchetti 

and Cassar (2009) whilst for other species Si:N molar ratios can increase when cells decrease 

their cellular N content. C.neogracilis had no change in bSi when it was Fe limited at 3°C. For 

5°C there was a decrease in bSi but an increase in Si:C and Si:N ratio. T. antarctica increased 

in Si:N ratio observed when the temperature was increased for +Fe.  

The decrease in cellular C in C. flexuosus when Fe was limited at 3°C and C. neogracilis when 

Fe was limited at 5°C was observed. For C. flexuosus when Fe was limited at 3°C the AL 

reduced and a slight increase in TW was observed but an increase in CV was quite apparent. 

When the temperature was increased to 5°C under Fe limiting conditions, the diatom reduced 

its AL, TW, CV, and SA and increased its SA:V ratio, thus resulting in increased cellular C, 
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N, and Si CV-1. Carbon fixation rates per cell can dramatically decrease in the Southern Ocean 

diatoms due to the limitation of Fe despite high-nutrient, low-chlorophyll (HNLC), which can 

down-regulate gene encoding Rubisco and carbonic anhydrase (Allen et al., 2008, Nunn et al., 

2013). When C. neogracilis was Fe limited at 3°C, it increased its Si fmol µm-3, which 

correlates with increased CV and SA cell-1. When Fe was limited at 5°C, C:N, Si:C, Si:N ratios 

increased, but a decrease in cellular C and N was observed due to an increase in Si CV-1. No 

significant difference in cell size was observed for C. neogracilis at 5°C.  Cellular components 

containing C and N can be recycled, which involves enzymes involved in protein trafficking 

and the re-distribution of C and N from protein backbones to compensate for the reduction in 

cellular C and N (Nunn et al., 2013). Iron which is used as a cofactor in the enzymes that control 

N assimilation, namely nitrate and nitrite reductase, thus, upon Fe limitation, decreases N 

utilisation (Allen et al., 2008, Milligan and Harrison, 2000). Nitrogen metabolism is also 

inherently linked to photosynthetic processes in the cell, while Si is dependent on respiration 

(Lewin, 1955, Sullivan, 1976a). In this study, increasing the temperature from 3°C to 5°C 

decreased the C:N ratio in all the treatments, including the Fe limited for C. flexuosus from 3°C 

to 5°C since more N is being taken up relative to C.  

In this study, there was an increase in Si:C and Si:N ratio when diatoms were Fe limited at 3°C 

and decreased when Fe was limiting at 5°C for C. flexuosus.  The C:N ratios decreased when 

the diatoms were Fe limited at both temperatures since more N was being taken up relative to 

the C. C. neogracilis increased in Si:C and Si:N ratios when Fe was limited at 5°C. Studies 

have also shown that when taking cell size into account, Si depletion in the growth media was 

more pronounced, while N depletion remained relatively constant in the diatom F. 

kerguelensis in acclimated cultures (Timmermans and Van Der Wagt, 2010). In this study, both 

Chaetoceros species increased in Si per unit cell SA basis when Fe was limited at 3°C and 5°C. 

Meyerink et al. (2017b) demonstrated the importance of taking cell size and morphology 

variations into account before concluding the factors driving Si:N variations in diatoms. The 

findings in this study also support Meyerink et al. (2017b)’s finding that when Fe is limited, 

diatoms become more silicified, and the uptake rate decreases while the bSi per unit cell mass 

increases. The cells became heavily silicified, resulting in an increase in ballasting property for 

the diatoms, which will further sequester carbon into the deep ocean during ocean warming. 
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4.4.4 The effects of temperature and Fe limitation on silicon uptake kinetic  

There have been no studies on the effects of temperature and Fe on Si uptake kinetics in 

diatoms. There have been studies looking at the multiplicative effects of Fe and Si(OH)4 

limitation in diatoms (Leynaert et al., 2004) and a series of kinetic-based Si uptake experiments 

over a range of Fe concentrations on Southern Ocean diatoms (Meyerink et al., 2017b). 

Findings from this study were similar to previous studies where there was a decrease in VSi-max 

when Fe was limited (Leynaert et al., 2004, Meyerink et al., 2017b). A small increase in VSi-

max was observed when C. flexuosus was grown under Fe limiting conditions at 5°C while no 

change was observed for KSi.  

There was a large decrease in VSi-max for C. flexuosus when the temperature was increased from 

3°C and 5oC, irrespective of Fe status (Fig. 4.8;Table 4. 6). Both C. flexuosus and T. antarctica 

were isolated from similar temperature regimes (Table 4.1) but responded differently when the 

temperature was increased from 3°C to 5°C. The KSi values for C. flexuosus were similar to 

the values reported by Mosseri et al. (2008) for the large fraction diatoms (>10 µm- similar-

sized diatoms in this study) of 4.5 ± 10.6 µmol L-1
. However, the standard deviation (SD) error 

in this study was much lower at 4 ± 2 µmol L-1. A decrease in KSi value was observed in this 

study when the temperature was increased from 3°C to 5°C for both the Fe treatments. Leynaert 

et al. (2004) found that under Fe limitation, KSi values decline to allow the diatom to maintain 

its affinity for Si(OH)4. There is a possibility that C.flexuosus would have reduced its KSi when 

the temperature was increased to 5°C. 

For T. antarctica when the temperature was increased, there was an increase in growth rate and 

a 2-fold increase in bSi per cell volume. Thus an increase in temperature resulted in increased 

Si uptake in T. antarctica and hence bSi content. We were unable to grow Fe limited for T. 

antarctica after many attempts; thus, no data is available for the effect of Fe on Si uptake. 

Diatoms use specific membrane-bound proteins known as Si transporters (SITs) for Si uptake 

(Hildebrand, 2008). Five SITs have been identified whereby expressions of SITs 1-3 have been 

observed to peak during the S-phase of the cell cycle, before maximal uptake of Si(OH)4 occurs 

(Thamatrakoln and Hildebrand, 2007). When the KSi is decreased in diatoms under Fe stress 

conditions, there is a possibility that the SIT is switched or there is a conformation change of 

the SITs active site (Thamatrakoln et al., 2006). Studies demonstrated by Shrestha and 

Hildebrand (2015) show that when extracellular Si(OH)4 concentrations exceed 30 μmol L−1, 

diatoms resort to diffusion-based uptake of Si(OH)4, which suggests that SITs play a more 

regulatory role in Si(OH)4 uptake under different extracellular Si concentrations. Fe limitation 
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can vary VSi-max, and this could be due to diffusion-based uptake and not active uptake of 

Si(OH)4 via SITs. This probably relates to T. antarctica with very high VSi-max and KSi when 

the temperature was increased. It is possible it relied on Sil(OH)4 obtained via diffusion and 

not active transport by SITs.  
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Fig. 4.11: Range of Si isotope fractionation factors (ε) for diatoms used in this study and from published work. 

Error bars represent the SD of replicate cultures, and are smaller than the symbols when not visible (n = 6, in this 

study).  

4.4.5 Influence of temperature and Fe availability on the Si isotope fractionation in 

diatoms 

Three diatoms were grown under two different temperatures (3°C and 5°C) and +Fe and -Fe 

conditions in this study. Irradiance was the same for all the diatoms cultured in the study, thus 

we can rule out irradiance as an influence on the observed variation in Si isotope fractionation 

among the diatom species. The light levels used here are the same as Andrew et al. (2019) used 

in their study, resulting in maximum growth rates for C. flexuosus and T. antarctica.  

Our results provide the first evidence of the influence of temperature and Fe limitation on the 

Si isotope fractionation factor for the C. flexuosus and C. neogracilis isolated from the Southern 

Ocean (Table 4.7; Fig. 4.11). When the temperature was increased from 3°C to 5°C ε became 

more negative. The one exception to this was for C. flexuosus when Fe was limiting – here e 

increased. Similar overall trends were observed by Meyerink et al. (2017b) when examining 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/silicon-isotopes
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the effects of Fe limitation on ε, in which values became more negative. A similar trend was 

observed for C. neogracilis at 5°C when it was Fe limited but an opposite trend was observed 

for C. flexuosus when Fe limited at 5°C. Sutton et al. (2013) investigated T. antarctica clone 

isolated from the North Atlantic (59.5°N; 10.6°E) and obtained an ε of  −0.74 ± 0.05‰. In this 

study, T. antarctica isolated from the Southern Ocean had an ε value of −1.1 ± 0.01‰. 

Under optimal growth conditions, the values of ε may vary between diatom species due to both 

inter-species effects related to environmental controls and variations in the value of ε within 

individual diatom strains (Sutton et al., 2013). For example, values of ε for the being a coastal 

diatom T. weissflogii range between −0.72 ± 0.04‰ and −1.5 ± 0.1‰ (De La Rocha et al., 

1997, Milligan et al., 2004, Sutton et al., 2013). This study, and a previous study, have shown 

the effect of Fe bioavailability on the Si processing and hence Si isotope fractionation in 

diatoms (Meyerink et al., 2017a, Meyerink et al., 2017b).  

It is still not known if Si isotope fractionation is influenced by marine diatom morphology 

and/or phylogeny (Sutton et al., 2013). During cell division, after the daughter cells separate, 

Chaetoceros sp. produces long setae which coincide with high Si uptake during the period in 

the diatom life cycle (Sullivan, 1977). According to Rogerson et al. (1986), 80% of the Si 

content (by mass) of an individual Chaetoceros accounts for the setae. Our temperature and 

Fe-limited experiment indicate some effect on the ε, however, further investigation needs to be 

done to see if the setae in the Chaetoceros sp. is also responsible for Si isotope fractionation in 

marine diatoms. 

4.4.6 Implications for Southern Ocean Phytoplankton and its Response to Climate 

Change 

The results of this study suggest that an increase in temperature will have an effect on diatom 

in the Southern Ocean in the future. This will result in ecological and biochemical changes in 

the diatoms (Andrew et al., 2019). As the ocean warms, the growth rate of diatoms may increase 

(Table 4. 2; Fig. 4.4). In this study, increasing temperature from 3°C to 5°C for Fe-limited cells 

results in different cellular C, N, and Si contents for the three species studied. In the Southern 

Ocean, the diatoms with high thermal tolerance will probably outcompete the species with 

lower thermal tolerance (Griffiths et al., 2017). The distribution and abundance of 

phytoplankton would change to favour species that retain the ability to photosynthesize 

optimally at elevated temperatures if it warms up to 8°C (Andrew et al., 2019). The 

Chaetoceros sp. studied here was able to increase its Si per cell volume when Fe was limiting 
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at both 3°C and 5°C. The Chaetoceros genus is abundant globally (Suto, 2006), and it can 

inhabit empty niches much faster than other species (Sriswasdi et al., 2017). These genera can 

tolerate changes in the environment and have a high speciation rate measured in generalist 

species (Birand et al., 2012, Vamosi et al., 2014).  Andrew et al. (2019) have suggested that 

the species C. flexuosus evolved from a temperate ancestor and has adapted to tolerate the Low 

light and Fe environment, and its heat-resistant cellular function will be an advantage over 

polar diatoms of the Southern Ocean as anthropogenic CO2 emissions and sea surface 

temperatures increase. C. neogracilis, which was isolated from polar waters, did show a slight 

increase in cellular C and N when the temperature was increased for +Fe but decreased at 5°C 

when Fe was growth-limiting. An increase in bSi was observed per cell when the temperature 

was increased from 3°C to 5°C. This suggests that this diatom may be able to tolerate and adapt 

to an increase in temperature and sequester CO2 as much as it can at low temperatures.  

The kinetic uptake experiment in this study and previous studies shows that Fe limitation 

decreases the Si(OH)4 uptake rate (Franck et al., 2000, Leynaert et al., 2004, Meyerink et al., 

2017b). This is the first study on kinetic uptake on the increase in temperature and Fe limitation 

on C. flexuosus and T. antarctica. An increase in temperature from 3°C to 5°C resulted in a 

different species responses, with a decrease in VSi-max for C. flexuosus and an increase for T. 

antarctica of the +Fe treatment. When C. flexuosus is exposed to Fe deficiency at 3°C or 5°C, 

the uptake rate of Si(OH)4 decreases dramatically. A linear relationship cannot be drawn for 

the kinetic uptake since different species behave differently in response to Si uptake when the 

temperature is increased. The difference could be due to how Si is metabolized by Southern 

Ocean diatoms under Fe stress conditions (Meyerink et al., 2017a), and in this study, it was Fe 

stress and increased temperature. A combination of parameters such as temperature, irradiance, 

and Fe availability should be used to investigate further the morphology, kinetic uptake, and ε 

on more diatoms in the Southern Ocean to understand the impact on productivity and C 

sequestration in the future.  

4.5 Conclusion 

This is the first study to investigate the effect of temperature and Fe limitation on the kinetic 

uptake and Si-isotope fractionation in diatoms in culture. Temperature and iron limitations on 

phytoplankton physiology were studied using a matrix of environmental conditions. When the 

temperature was increased from 3°C to 5°C for all species the diatoms were heavily silicified, 
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with thickened frustules and increased Chl a concentration. Similar trends were observed in 

Andrew et al. (2019) study for Chl a concentration in C.flexuosus and T.antarctica species.  

Increasing the temperature affected the kinetic uptake of Si(OH)4 for C. flexuosus, decreasing 

the Vmax for both the +Fe and -Fe at 5°C. The effect of temperature on T. antarctica had an 

opposite effect on the kinetic uptake of Si(OH)4  where the Vmax increased when the temperature 

was increased from 3°C to 5°C. Silicon isotope fractionation for all the species became more 

negative when the temperature was increased. Thermal traits and genetic variation in multiple 

strains of phytoplankton must be investigated to better understand phytoplankton's role in 

future changes in thermal conditions. To gain a better understanding of how diatoms fractionate 

Si-isotopes during Si-uptake and frustule formation, more Southern Ocean phytoplankton 

should be studied concerning Fe limitation and predicted ocean warming (from 3°C to 5°C). 
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Chapter 5: Fe, Zn, and Co co-limitation in two Chaetoceros diatom species and its effect 

on silicon isotope fractionation 

Abstract 

Trace metals such as iron (Fe), zinc (Zn), and cobalt (Co) are essential for the growth of 

phytoplankton. These essential trace elements are present in such low concentrations in 

seawater that their availability to the phytoplankton community is limited. In the Southern 

Ocean, iron concentrations are low thus, diatom growth is reduced. The effects of Fe and Zn 

limitation on cellular physiology, and to a lesser extent Co, have been studied. However, their 

influence on the fractionation of silicon (Si) isotopes has not been studied. This study 

investigated the effects of Fe, Zn, and Co limitation on two Southern Ocean diatoms, 

Chaetoceros flexuosus (C. flexuosus) and Chaetoceros neogracilis (C. neogracilis), along with 

silicon isotopes in biogenic silica (δ30SibSi), For C. flexuosus, the Fe and Zn limitation scenarios 

resulted in a low growth rate, however, for the Co limiting treatment (-Co) a slight increase in 

growth rate was observed. The Zn-limited treatment had the lowest growth rate. This treatment 

also had the lowest metal to C ratio (µmol:mol) for Fe, Zn, Copper (Cu), Manganese (Mn), and 

Co relative to the control. The -Co treatment for C. neogracilis had Zn, Cu, and Co quotas 

comparable to the control, as well as growth rates. Zn was able to substitute for Co only in C. 

neogracilis. Silicon isotope fractionation factor (ε) for C. flexuosus ranged between -2.96 ± 

0.32‰ to -1.87 ± 0.04‰ and for C. neogracilis values ranged between -2.91 ± 0.01‰ to -1.41 

± 0.05‰ with the lowest values for the control. These results demonstrate shows that changes 

in trace metal availability influence cellular physiology and ε. The diatoms were observed to 

become heavily silicified, increasing their ballasting properties with trace metal limitation; as 

a result, in future projections, these diatoms will strip the Si in the surface water and affecting 

the Si biogeochemical cycling, reducing C uptake and leading to further global warming. These 

findings show that for some Southern Ocean diatoms, this positive reaction, driven mostly by 

trace metal deficit, may eliminate the need for adaptive evolution. 

5.1 Introduction  

Diatoms are an important phytoplankton class that plays a key role in global carbon fixation in 

all global ocean regions (Sarthou et al., 2005). The Southern Ocean (SO), the largest oceanic 

carbon dioxide (CO2) sink, is distinct from most of the global ocean in that it absorbs over 40% 

of the CO2 produced by human activity (Sabine et al., 2004, Landschützer et al., 2015). Primary 

production is low in many areas of the SO despite high concentrations of macronutrients like 
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nitrate, phosphate, and silicate; this phenomenon is caused by the insufficient availability of 

trace metals, particularly iron (Fe) (Martin et al., 1990, De Baar et al., 1995, Smetacek et al., 

2012). Zinc (Zn), cobalt (Co), manganese (Mn), and copper (Cu) have also been demonstrated 

to promote phytoplankton growth in bottle incubation studies with natural ocean water, but 

their effects are typically less significant than those for Fe (Coale, 1991, Crawford et al., 2003, 

Franck et al., 2003, Saito et al., 2005). Due to large differences in cellular trace metal 

concentrations and growth requirements among species, these metals may play important roles 

in regulating the species composition of phytoplankton communities (Brand et al., 1983, Sunda 

and Huntsman, 1995a;b, Crawford et al., 2003, Ho et al., 2003).  

Under certain conditions, the supply of a closely related trace metal can compensate for the 

limitation of one trace metal (Timmermans et al., 2001b). According to previously published 

findings, some trace metals can metabolically substitute for one another. For instance, carbonic 

anhydrase can metabolically substitute Zn for Co and occasionally Cd (Price and Morel, 1990, 

Lane and Morel, 2000, Xu et al., 2008). The cellular Mn(II) transport system is used to take up 

the cadmium (Cd) into the cell (Sunda and Huntsman, 1996, 2000), and biological removal of 

Co occurs after Zn is depleted, as observed in the subarctic Pacific as a result of metal 

substitution (Sunda and Huntsman, 1995a).  

Iron is required for carbon and nitrogen fixation, nitrate and nitrite reduction, and chlorophyll 

synthesis, as well as for respiration and photosynthetic electron transport (Raven et al., 1999, 

Behrenfeld and Milligan, 2013, Twining and Baines, 2013). The multiple critical biochemical 

processes involving Fe show that low levels of this micronutrient could limit primary 

productivity in about 50% of the World’s oceans (Boyd and Ellwood, 2010, Moore et al., 2009, 

Moore et al., 2001). When Fe is limiting cellular growth rates for phytoplankton are reduced 

(Andrew et al., 2019, Meyerink et al., 2017b), cell volume increases in some species (Meyerink 

et al., 2017b) and decreases in others (Samanta, 2017) and a reduction in particulate organic 

carbon (POC) is generally observed (Meyerink et al., 2017b). Similar physiological changes 

for some phytoplankton have been observed with the limitation of Zn (Sunda and Huntsman, 

1992, Sinoir et al., 2017, Sinoir et al., 2012, Samanta, 2017), Co (Saito et al., 2008, Hawco and 

Saito, 2018) and Vitamin B12 (Tang et al., 2010, Bertrand et al., 2012, Koch et al., 2013, Cohen 

et al., 2017) when limited.  

Zinc is found in nearly 300 enzymes that are involved in virtually all aspects of metabolism 

(Vallee and Auld, 1990). It serves as a cofactor for enzymes such as carbonic anhydrase (CA), 
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which is involved in C acquisition (Badger and Price, 1994) and involved in the interconversion 

of CO2 and bicarbonate for photosynthesis (Lionetto et al., 2016). In times of phosphorus 

limitation, it is involved in the cleavage of phosphate from larger organic molecules using the 

enzyme alkaline phosphatase (Dyhrman and Ruttenberg, 2006). It is also involved in the 

synthesis of DNA/RNA as part of DNA and RNA polymerases, reverse transcriptases, and 

finger proteins (Da Silva and Williams, 2001). Studies have shown that oceanic phytoplankton 

have adapted to low levels of Zn requirements, and there is the possibility of using other 

chemically similar metals to replace Zn in certain proteins (Varela et al., 2011, Morel et al., 

1994, Yee and Morel, 1996, Morel et al., 2020). For the coastal diatom Thalassiosira 

weissflogii it has been demonstrated that Co and Cd can partially replace Zn metabolically 

(Price and Morel, 1990).  

Dissolved Co can influence the synthesis of Vitamin B12, as Co is the central coordinating ion 

within the B12 molecule (Panzeca et al., 2009). Vitamin B12 is synthesised by prokaryotes and 

assimilated by phytoplankton (Croft et al., 2005). Just like Zn and Cd, Co is also present in the 

active site of the carbonic anhydrase enzyme and is thus involved in the carbon uptake (Morel 

et al., 1994, Price and Morel, 1990, Yee and Morel, 1996). Studies have demonstrated that Co 

can substitute for Zn in some phytoplankton species in regards to its function in the enzyme 

carbonic anhydrase (Price and Morel, 1990, Sunda and Huntsman, 1995a, Yee and Morel, 

1996) partially restoring cellular growth. Morel et al. (1994) studied the temperate diatom T. 

weissflogii and demonstrated a link between Zn availability and carbon acquisition via the 

activity of the carbonic anhydrase. 

Koch et al. (2019) studied the growth, elemental composition, and photophysiology response 

of Chaetoceros simplex under different metal and nutrient conditions (Fe, Zn, Co, and Vitamin 

B12). They showed that metal limitation as a result of Fe, Zn, Co, and Vitamin B12 deficiency 

resulted in similar physiological responses within the diatom. There was ultimately a decrease 

in growth rate and POC production and a general reduction in the trace element to C ratios of 

all trace metals measured. 

These diatoms require silicic acid (Si(OH)4) for biomineralization of their opaline shells, called 

frustules, containing hydrated amorphous silica with the general formula [Sin O2 n−(nx/2) (OH)nx], 

with x≤ 4 (Martin‐Jézéquel et al., 2000). Because amorphous silica is an essential component 

of the diatom cell wall, Si availability plays an important role in regulating diatom growth in 

nature (Paasche, 1980). Dissolved silicon (dSi) isotopes (d30SidSi) are a powerful tool for 
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understanding biogeochemical processes in today's ocean, such as the utilisation of dSi and 

intermediate and deep-water mass mixing (De Souza et al., 2012a, Grasse et al., 2013). During 

utilization of dSi in the euphotic zone, diatoms preferentially incorporate the lighter isotope of 

Si to form their opaline frustules (De La Rocha et al., 1997, Milligan et al., 2004). The δ30SidSi 

values in seawater can be used to constrain the processes that cycle silicon in the sea by a 

specific element by tracing the biogeochemical processes that affect Si. Research has revealed 

that diatoms grown in iron-limiting conditions require roughly four times more silicon than 

diatoms grown in iron-replete conditions relative to nitrate (Brzezinksi et al., 2002, Hutchins 

and Bruland, 1998, Takeda, 1998). Diatom culture work has demonstrated the coupling 

between Zn and Si. Because Zn in the surface waters is coupled with Si in the Southern Ocean, 

which is Fe limited, Si is stripped before nitrate and phosphate in the Subantarctic zone (SAZ) 

(Ellwood, 2008). 

Several studies have been conducted on the fractionation of Si isotopes during cell wall 

formation in diatoms (De La Rocha et al., 1997, Sutton et al., 2013, Meyerink et al., 2017a). 

Since the substrate dSi is in the form of Si(OH)4 and is precipitated into the product, bSi, it has 

been determined that fractionation resembles Rayleigh-style fractionation kinetics (Criss, 

1999). Equation 1 calculates the isotope fractionation factor (α), which is the difference 

between the δ30Si(OH)4 and the δ30SibSi product (De La Rocha et al., 1997).  

𝛼(𝑏𝑆𝑖−𝑑𝑆𝑖) =

𝑙𝑛

(

 
 

1−(
(1+

𝛿30𝑆𝑖𝑎𝑐𝑐
1000

)(1−𝑓)

1+
𝛿30𝑆𝑖𝑜
1000

)

)

 
 

𝑙𝑛 𝑓
                      (5.1)             

 

αbSi-dSi - isotope fractionation factor between the δ30Si(OH)4 and the δ30Si-bSi product, 

 f - fractional depletion of Si(OH)4 in the media  

δ30Siacc - δ30Si values of the accumulated bSi in the media at f = 1.0  

δ30Sio  - δ30Si values of the of Si(OH)4 in the media at f = 1.0  

 

According to De La Rocha et al. (1997), the fractionation factor of 0.9989, or an isotopic effect 

of -1.1‰, indicates that diatoms use isotopically lighter silicic acid to form their opaline 

frustules. In general, for a diatom population, either in vitro or in the field, ranges between -

0.53‰ and -1.9‰ (Cardinal et al., 2007, De La Rocha et al., 1997, Fripiat et al., 2011a, 

Meyerink et al., 2017a, Sutton et al., 2013, Varela et al., 2004). The upper 50 m of the world’s 
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ocean has a wide range of δ30SibSi values ranging from -0.2‰ and +3.42‰, but surface water 

δ30SidSi are even more positive (Cao et al., 2012, Cardinal et al., 2007, Cavagna et al., 2011, 

Closset et al., 2016, Fripiat et al., 2012, Fripiat et al., 2011a, Varela et al., 2016, Varela et al., 

2004). As a result, the isotopic composition of δ30SibSi in diatom frustules will serve as a proxy 

for studying the cycling of Si in the surface waters (De La Rocha et al., 1997, Fripiat et al., 

2012, Milligan et al., 2004).   

Studies focusing simultaneously on several trace elements and vitamins are still lacking, 

despite studies on the effects of Fe limitation and, to a lesser degree, Zn and Co, on the cellular 

physiology of Antarctic phytoplankton being investigated. This current study measures the 

effects of Fe, Zn, and Co deficiency on two Antarctica diatoms, C. flexuosus, and C.neogracilis 

and also investigates whether these elements influence Si isotope fractionation (ε) during 

diatom frustule formation. C. flexuosus and C. neogracilis are chain-forming and solitary 

diatoms, respectively, that can be used to study potential size-dependent reactions due to their 

different sizes and their response to TM deficiency. Because these metals are required for 

phytoplankton growth, reduced Zn or Co quotas due to Fe limitation must also be considered 

when developing global biogeochemical models. 

5.2 Methods 

5.2.1 Stock culture management 

The phytoplankton cultured were selected from the Research School of Earth Sciences, ANU, 

Antarctic Algae collection. The Southern Ocean diatoms grown for this research consisted of 

the centric diatoms C. flexuosus (cell diameter 10 µm), and C. neogracilis (cell diameter 5 µm) 

(Table 5.1). Stock cultures of these 2 diatoms were retained in polycarbonate tubes at 3°C ± 

1°C at a continuous light intensity of 15 μmol quanta m-2 s-1 and 2.57 nM Fe concentration 

(pFe 20.74). 

Table 5.1: Collection and morphological information for the two marine diatom species evaluated in this study. 

Species Name Strain Isolation location Year isolated Isolated by Chain forming 

Chaetoceros flexuosus Cf 
57° 51.10'S 

139°50.70'E 17/11/2001 R.Strepek Yes 

Chaetoceros neogracilis W-126 Ross Sea 12/01/1999 D. Hutchins No 
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These two species were chosen because Chaetoceros sp. is an important diatom in the Southern 

Ocean ecosystem and plays a role in regulating the macronutrient cycle (Si, C, and N) and 

micronutrient cycle of Fe in the ocean (Boyd and Ellwood, 2010).  

5.2.2 Culturing methods and equipment 

All sampling and preparation of cultures were conducted in a HEPA-filtered laminar flow 

cabinet, to prevent both bacterial and trace metal contamination of the cultures. Cultures were 

grown in acid-cleaned 28 mL polycarbonate centrifuge tubes (Nalgene). The cells were 

acclimated for a total of 8–10 generations, and the cell transfers took place over a period of 7–

14 days for the different cells. To monitor cellular growth rates, in vivo fluorescence was 

measured daily. For experiments that required larger volumes, these 28 mL polycarbonate 

tubes were used for inoculation into larger polycarbonate bottles. To maintain consistency 

across experiments involving larger culture volumes (~300 mL), irradiance was measured for 

each culturing container and placed at an appropriate distance from the light source to 

standardise irradiance conditions. The standard protocol used by Strzepek et al. (2011) for trace 

metal clean handling and cleaning procedures was applied throughout this study. The trace 

metal cleaning for the tubes, bottles, and other equipment used before the incubation 

experiment was conducted as follows: bottles were initially soaked in detergent (L900, 

Nalgene) for 24 h, thoroughly washed in reversed osmosis water at least five times followed 

by 24 h soak in 10% (v/v) AR grade hydrochloric acid (HCl). Eventually, the polycarbonate 

bottles were washed five times with deionised water (18.2 MΩ Milli-Q). The equipment was 

microwave sterilised and rinsed with the appropriate media before use. 

5.2.3 Medium preparation 

All the culture tubes and polycarbonate bottles were trace metal cleaned and sterilised, whereas 

the pipette tips were sterilised, followed by acid cleaning before use. Polycarbonate 

bottles/tubes were used throughout the experiment.  

Before the Synthetic Ocean Water (SOW) was used for making media, it was initially eluted 

through a column containing Toyopearl AF-chelate-650M ion-exchange resin (Tosoh 

Bioscience). This system removes most trace metals but results in a background Fe 

concentration of 0.45 nmol L-1, which was adjusted for subsequent Fe treatments (Meyerink, 

2016). The media was prepared in 1 L batches at a time by measuring the SOW and acid-

cleaned bottles, which were then microwave sterilised.  
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5.2.4 Macronutrients and Micronutrient addition 

The microwave-sterilized SOW was supplemented with nutrients, vitamins, and trace metal 

solutions, resulting in a final concentration of nutrients and vitamins in the Aquil of 10 µmol 

L-1 phosphate, 100 µmol L-1 silicate, 300 µmol L-1 nitrate, 0.55 µg L-1 vitamin B12, 0.5 µg L-1 

biotin, and 100 µg L-1 thiamine. To buffer Fe and other trace metals in solution during Fe-

replete treatments, 100 µmol L-1 synthetic ligands Ethylenediaminetetraacetic acid (EDTA) 

was used. The background concentrations for Fe, Zn, Co, Cu, and Mn in the SOW were 

determined to be 0.45 nmol L-1, 0.52 nmol L-1, 10 pmol L-1, 0.19 nmol L-1, and 3.12 nmol L-1, 

respectively. The final metal concentrations in the media were : Cobalt 50 nmol L-1, Zinc 80 

nmol L-1, Copper 20 nmol L-1, Manganese 228 nmol L-1, Selenium 100 nmol L-1, Molybdenum 

1000 nmol L-1. The control, -Zn, and -Co media were spiked with Fe concentrations of 5.6 

nmol L-1. The background Fe concentration was used for the -Fe treatment, with no additional 

Zn, added to -Zn, and no additional Co added to -Co media. Trace metals speciation were 

calculated using Visual MINTEQ (version 3.0; default thermodynamic database) as described 

in Strzepek et al. (2012). Free metal concentrations are expressed as -log free metal ion 

concentration which that pCo = 10.96, pZn = 10.51, pCu = 12.99, and pMn = 7.79. 

5.2.5 Iron speciation 

 Inorganic Fe (Fe′) concentrations were calculated using the method described by Strzepek et 

al. (2011) which accounted for light induced Fe′ production. Experiments were carried out at 

irradiance of 70 – 90 μmol photons m-2s-1 since phytoplankton are typically light-saturated at 

~60 μmol photons m-2s-1 (Strzepek et al., 2012). The incubator used for the experiment was 

Percival LT-36 VL set at (3°C). 

5.2.6 Measurement of culture pH  

pH measurements were taken before inoculating the cultures in the growth medium, and 

cultures were kept at the exponential phase before being transferred to a new medium. The pH 

of the culture medium was measured by observing the change in absorbance of m-cresol purple 

at specific wavelengths of 434 nm, 578 nm, and 730 nm on a UV-visible spectrophotometer 

with an attached temperature controller (Clayton and Byrne, 1993, Yao et al., 2007). 

Measurements were made at 25°C and corrected for dye-induced changes in the pH. 
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5.2.7 Growth rate measurements 

Using a Turner Designs model 10-AU fluorometer, in vivo fluorescence was used to determine 

the growth rates of cultures. Before taking fluorescence measurements, the cultures were dark 

acclimated for 30 minutes at the same temperature at which they were growing. Sterilised SOW 

was used as a blank before analysing the cultures. Every day, measurements were taken. The 

slope of ln (fluorescence) vs. cumulative time was determined during the exponential growth 

phase to calculate the specific growth rate per day (µ) for the cultures studied. 

5.2.8 Cell concentration and cell size 

The determination of cell size and cell density was conducted by microscopy for the Southern 

Ocean diatoms. A minimum of 1000 cells was enumerated, and 50–100 cells were sized using 

a 1 mL Sedwick Rafter chamber. Counting of the samples was done in triplicates. Microscopy 

counts were done at the time of harvest or within one week of preservation with 2% 

glutaraldehyde. C. flexuosus cell volumes were calculated using the following geometric 

shapes: cylinder (Hillebrand et al., 1999). 

C. neogracilis was < 5 µm in size and had a high cell density.  The cells were counted using a 

Coulter Counter MultisizerTM and sized using a microscope. Its cell volumes were calculated 

using the following geometric shapes: cylinder. 

5.2.9 Chlorophyll a extraction and analysis for the culture experiments 

Chl a was collected when the cells were in the mid-exponential growth phase. Collection of 

the cells was done using 25 mm glass fibre filters (Whatman GF/F) under low vacuum (<100 

mmHg). A known volume (30 mL) of the culture was passed through the filter followed by a 

rinse with filtered SOW. Filters were stored in 15 mL centrifuge tubes at -20°C until analysis. 

Extraction of Chl a was carried out by adding 10 mL of 90% acetone solution into the tube and 

gently vortexing for 30 seconds. The tubes were allowed to sit in the dark at 3 ± 1°C for 18 – 

24 hrs, then re-vortexed to homogenise the solution mixture. Sample digests were allowed to 

warm to room temperature in the dark before they were measured. The concentration of Chl a 

was determined by in vitro fluorometry (Wright et al., 2005) using a Turner Designs model 10-

AU fluorometer calibrated with spectrophotometrically measured spinach Chl a standard 

(Sigma-Aldrich) (Parsons et al., 1984). 90% acetone was used as a blank before sample 

analysis. Measurements were made before and after the addition (3 drops/100 µL) of 0.5 mL 

of 10% HCl.  Chl a concentration was calculated by the following equation: 
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[Chl a] (μg L-1) = 2.1168 x 1.0188(FO-FA) x (v/V)          (5.2) 

 

FO = fluorescence before acidification 

FA = fluorescence after acidification 

v = volume of acetone extract (mL)  

V = volume of sample filtered (mL)  

2.117 = acid ratio correction factor. 

 

Cell density (cells mL-1) and cell volume (fL cell-1) were determined from either the Coulter 

Counter measurements or determined by microscopy.  These measurements were used to 

normalise Chl a concentration per cell and cell volume for each species and treatment. 

5.2.10 Fast Repetition Rate Fluorometry (FRRF) 

LIFT-FRR Fluorometer (Soliense, United States) was used to determine the photochemical 

measurements of photosystem II (PSII). For culture experiment measurements, the 

photosynthetic efficiency was conducted on cells collected during the early to mid-exponential 

phase of growth.  Samples were acclimated in the Low light for 30 min before exposing the 

samples to multiple flashes of 470 nm light to saturate PSII and the first stable electron 

acceptor, QA. A sequence of light pulses (2.5 µs flashlets) is applied at a rate of excitation 

energy. Fv/Fm was determined from the mean values of the fluorescence induction and 

relaxation protocol. Fv/Fm is used as an indicator to assess the health and stress levels of 

phytoplankton. 

5.2.11 POC and PON analysis 

Samples for particulate C (carbon) and nitrogen (N) were collected by filtering 2 L of seawater 

samples through a pre-combusted 25 mm GFF filter (Merck-millipore) before rinsing with 50 

mL of filtered seawater. Filters were placed in sterile plastic wells and stored at – 80°C before 

analysis. The wells were diffused with concentrated HCl (sealed container) to remove any 

organic matter which may interfere with the C and N content. The filters were dried in an oven 

for at least two weeks at 50°C. O-Acetyl-L-serine (OAS) Alanine and caffeine were used as 

standards for POC and PON analysis. A Sercon-Callisto CF-IRMS stable isotope analysis 

system was used for total organic C and organic N determination. 

5.2.12 Biogenic Silica analysis for the Culture experiments 

For particulate bSi determination, cultures were collected during the mid-exponential growth 

phase (50 mL) and filtered onto 2 µm, 47 mm polycarbonate filters. Filters were stored at – 
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20°C before analysis. Particulate bSi samples were dissolved using the sodium carbonate 

(Na2CO3) digestion method by Paasche (1980). Sodium carbonate (18 mL) of 0.5% (w/w) 

solution was added to the samples. Samples were disaggregated using a vortex mixer and 

heated in the water bath at 85°C for 2 h. When cool, each tube was neutralized using 0.5 M 

HCl to the turning point of methyl orange (pH 3 – 4), before being made up to 25 mL. The 

concentration of silica was determined using the molybdenum blue method (Strickland and 

Parsons, 1972). 

5.2.13 Silicate concentration measurements 

Silicate concentrations were determined using the Strickland and Parsons (1965) method. 

Before the samples were analysed, it was thawed at least half an hour before extraction and 

analysis.  

5.2.14 Trace metal digestion and analysis 

Strict trace-metal clean protocols were used to measure cellular Fe, Zn, Co, Cu, Mn, and P 

content. All acids used were distilled from AR Grade acid by sub-boiling distillation in a Teflon 

still (Savillex, USA). Under a low vacuum, 50 mL of mid-exponential growth experimental 

culture was passed through trace metal clean 2 µm pore size hydrophilic polycarbonate 

membrane filters (Whatman Nuclepore). The cells were then transferred into a 5mL Teflon 

beaker that was trace metal-free after being rinsed twice for 5 min each time with SOW. The 

cells from the filter paper were carefully removed using an acid clean tweezers (BRANDTM 

polymethyl pentene -PMP), and 0.5 mL of concentrated nitric acid (HNO3), 0.5 mL of 8 mol 

L-1 HCl, and 1 mL of Milli-Q water were added to the Teflon beaker. The solution was then 

refluxed for 24 h at 80-100 °C. The standard addition method was used for the determination 

of Trace metals. In the RSES facility, single quadrupole (SQ) ICP-MS was used for 

instrumentation. As a check on the digestion procedure, the certified reference Plankton 

material CRM (BCR-414) was processed with the samples. Recoveries were within acceptable 

limits (Table 5.2).  
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Table 5.2: Plankton material CRM (BCR-414) provided recoveries >90 % except for manganese (n = 3; vertical 

error bars in the graphics). 

 

  Fe Zn Cu Mn Co 

CERTIFIED VALUES (µg/g) 1850 111.6 29.5 299 1.43 

Experimental BCR – 414 (µg/g) 1758 109.4 30.1 266.1 1.47 

%  recovery BCR-414 95 98 102 89 103 

%RSD BCR414 5 6 4 7 4 

 

5.2.15 Preparation of samples for determination of δ30Si in diatom/particulate bSi 

5.2.15.1 Sample collection from diatoms 

While the cultures were in their exponential phase of growth, 500 – 1000 mL of cell cultures 

were filtered onto a 2 μm, 47 mm polycarbonate filter (Merck-Millipore) using a polycarbonate 

filter apparatus. Cultures were grown and collected in triplicate. Before analysis, filters were 

stored in clean 15 mL falcon tubes at -20°C. 

5.2.15.2 Preparation of samples for determination of δ30Si of bSi 

Samples for δ30SibSi determination were prepared by adding 2.5 mL of deionised water into the 

stored tube, vortexed, and transferring it into a 5 mL Teflon bomb. They were then dried 

overnight at 50°C. After drying, the samples were treated with 1 mL of 30% (v/v) H2O2 solution 

to oxidise organic material and refluxed for 24 h at 70°C on a hotplate. The samples were dried 

down on the hotplate, and 2 mL of 0.5 M NaOH was added. Samples were left to reflux for 24 

h at 80°C. The silica concentration for each sample was determined using the procedure 

detailed by Strickland and Parsons (1972). A portion of each sample solution was diluted to 20 

mg L-1 with deionized water in pre-cleaned Teflon vials for isotopic analysis. Sodium was 

removed from the samples using cation exchange chromatography before δ30SibSi analysis 

(Wille et al., 2010). The procedure utilised 2.5 mL Polypropylene Pasteur Pipettes loaded with 

1 mL of cation exchange resin (Dowex 50 W-X8, 200-400 mesh). Columns were cleaned by 

passing 0.5 mL of 8% (v/v) hydrofluoric acid (HF) and left for an hour, followed by passing 

3×0.75 mL of deionised water over the resin. The resin was protonated with 3×0.75 mL 4 M 

HCl followed by 3×0.75 mL deionised water rinses. This was repeated with 3×0.75 mL 4 M 

HCl and finally with 3×0.75 mL of deionised water. After cleaning and protonation steps, each 

column was loaded with 0.5 mL of a sample solution containing a total Si concentration of 20 

mg L-1. Silicon was then eluted from column beds using 4 x 0.5 mL of deionised water, and 
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the eluant was acidified to 2% with concentrated nitric acid (Fig. 5.1). The resulting Si 

concentration in the solution was ~4 mg L-1. 

 

Fig. 5.1: The flow chart represents the extraction of δ30 Si isotope from the diatoms. 

5.2.15.3 Determination of δ30Si in particulate bSi  

Determination of the δ30 Si followed the procedure outlined by Wille et al. (2010) using a multi-

collector inductively coupled plasma mass spectrometer (MC-ICP-MS) (Thermo-Finnigan 

Neptune, Germany) operated in medium-resolution (M/ΔM = 2000). The sample was 

introduced to the MC-ICP-MS via an Apex IR nebulizer with a Teflon inlet system and a 
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demountable torch fitted with an aluminium-oxide injector to minimize any background 

contribution during sample introduction into the instrument. Data acquisition and reduction 

were carried out using a standard-sample standard bracketing technique (Wille et al., 2010). 

Before each sample run, a total chemistry blank measurement was made to ensure that the 

combined blank and background contributed less than 1% of the total sample signal. The δ30Si 

signal (based on the relative abundance of 30Si to 28Si (30Si/28Si) was calculated using the 

following formula: 

 

δ30Si =

[
 
 
 
 (

S30 I 

S28 i
)

sample

(
S30 i

S28 i
)

standard

− 1 

]
 
 
 
 

∗ 1000‰ 

           (5.3) 

Measured δ30Si and the δ29Si values were corrected to the NBS28 standard reference value 

based on the daily offset between the values of the in-house RC11 diatomaceous standard and 

NBS28. The δ30Si composition of the “Diatomite standard” (again relative to NBS28) produced 

average values for δ29Si of 0.63 ± 0.11‰ and δ30Si of 1.22 ± 0.19‰ (2 SD, n=3). These were 

within the range of δ29Si = 0.66‰ and δ30Si = 1.27‰ obtained by (Reynolds et al., 2007). The 

reproducibility of the δ30Si signal measured on the NBS28 standard prepared in full on three 

separate occasions was ± 0.25‰ (2σ standard deviation (SD)), which agrees with the calculated 

δ30Si regression error of ± 0.25‰ (2 standard error (SE), n = 108) from the plot of δ30Si vs. 

δ29Si (MDF, Fig. 5.2). The best-fit mass-dependent fractionation line (δ29/δ30Si=0.516) is 

consistent with the consensus slope of 0.511 obtained by inter-laboratory Si standard 

measurements and agrees with a theoretical kinetic Si isotope fractionation of 0.5092 

(Reynolds et al., 2007). As a further check, several other in-house and other check standards 

were analysed to determine procedure and measurement accuracy. These include Kaolin and 

Calcined Kaolinite reference materials provided by Mark Brezenski, which returned average 

values for δ29Si of -1.14 ± 0.12‰ and δ30Si of -2.23 ± 0.24‰ (n = 12) and δ29Si of -0.78 ± 

0.13‰ and δ30Si of -1.52 ± 0.25‰ (n = 12) relative to NBS28 (note agreed values are not yet 

available for these reference materials). Two sponges, Demospongiae Spirophorida Tetillidae 

(class, order, and family, respectively, collected from 66.32°S and 144.31°E and a depth of 457 

m, label = SP15) and Demospongiae Lithisitid collected from 30.47°S and 172.45°E and a 

depth of 795 m, label = A1084b) was also analysed during each sample batch and had δ29Si of 
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-1.84 ± 0.04‰ and δ30Si of -3.55 ± 0.11‰ (n = 8) and δ29Si of –0.47 ± 0.17‰ and δ30Si of -

0.91 ± 0.33‰ (n = 8) respectively. These values agree with previous measurements (δ29Si = -

1.65‰ and δ30Si = -3.18‰ and δ29Si = -0.45‰ and δ30Si = -0.75‰ ) reported by Wille et al. 

(2010). An in-house standard of diatomaceous silica was also analysed, yielding δ29Si values 

of –0.54 ± 0.09‰ and δ30Si values of -1.07 ± 0.15‰ (n = 8). 

 

Fig. 5.2: Mass dependent fractionation (MDF) of δ29Si vs δ30Si line for all diatom samples relative to NBS28. 

MDF line represented by δ30Si = 0.516* δ29Si, R2 = 0.9986, 2SE = 0.25‰ δ30Si. 

5.2.16 Statistical analysis 

For the culture, a one-way ANOVA (Analysis of Variance) with a post-hoc Tukey HSD 

(Honestly Significant Difference) test was used. Temperature had two levels (3°C and 5°C) 

while Fe had two levels (+Fe and -Fe). A pairwise comparison of variables was performed 

using the Tukey post-hoc test to gather specific information for each temperature and Fe 

condition. 

5.3 Results 

5.3.1 Fe, Zn, and Co effects on specific growth rate 

When Fe, Zn, and Co were growth limiting, the photochemical efficiency (Fv/Fm) for C. 

flexuosus decreased (Table 5.3; Fig. 5.3A; p < 0.01). The inverse was observed for effective 

absorption cross-section (σPSII (470), Å2 quanta–1) (p < 0.01) with the greatest increase in σPSII 

for the -Zn treatment and the lowest Fv/Fm value (Table 5.3; Fig. 5.3B). This demonstrates that 
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Fe, Zn, and Co bioavailability changes affected σPSII. C. flexuosus growth rates decreased for 

all treatments when Fe, Zn, and Co bioavailability were reduced, with the lowest values 

observed in the -Zn treatment. (Table 5.3; Fig. 5.3C, D; p < 0.01). 

C. neogracilis, on the other hand, produced slightly different outcomes. The Fv/Fm was slightly 

higher for the -Co treatment compared to the control (no significant difference), while the other 

two treatments, -Fe and -Zn had low Fv/Fm values (p < 0.01). The inverse was observed for 

effective absorption cross-section (σPSII (470), Å2 quanta–1) with the greatest increase in –Zn 

(p < 0.05). The growth rate was slightly high for the -Co treatment compared to the control, 

while the other treatments -Fe and -Zn had reduced growth rates (p < 0.01). The µ:µmax was 

highest in the -Co treatment.  

 

Table 5.3: Photochemical efficiency (Fv/Fm), functional absorption cross-section of PSII (σPSII), and growth rates 

(μ) of C. flexuosus and C. neogracilis in Fe-EDTA media. n values are the number of cultures for each treatment 

(mean ± SD). 

Treatment n Fv/Fm σPSII  

Growth rate  

(d-1) µ:µmax 

   (nm2 quanta -1)   

Chaetoceros flexuosus      

Control 3 0.54 ± 0.01 5.85 ± 0.42 0.53 ± 0.02 1 

-Fe 3 0.49 ± 0.01 8.21 ± 0.46 0.45 ± 0.02 0.85 

-Zn 3 0.48 ± 0.01 9.15 ± 0.84 0.15 ± 0.04 0.28 

-Co 3 0.51 ± 0.02 7.11 ± 0.46 0.36 ± 0.03 0.68 

      

Chaetoceros neogracilis      

Control 3 0.51 ± 0.02 5.47 ± 0.08 0.56 ± 0.03 0.98 

-Fe  3 0.34 ± 0.02 5.77 ± 0.12 0.30 ± 0.01 0.53 

-Zn 3 0.36 ± 0.01 7.18 ± 0.49 0.14 ± 0.01 0.25 

-Co 3 0.54 ± 0.01 5.63 ± 0.21 0.57 ± 0.01 1 
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Fig. 5.3: Photochemical efficiency (Fv/Fm) (A), Functional absorption cross-section of PSII (σPSII) (B), and 

Specific growth rate (µ, d
-1

) (C & D) for C. flexuosus and C. neogracilis grew under 3°C. Growth saturating light 

was between 70-90 µEm
-2

 s
-1

mmol photons m
-2

 s
-1

. Errors are standard deviation, n = 50. 

 

5.3.2 Trace metals, Fe, Zn, and Co effects on cell size  

The apical length (AL) for C. flexuosus was larger in the -Co treatment relative to the other 

treatments, which translated into cell volume (CV) and cell surface area (SA) (Table 5.4, Fig. 

5.4A & B) (p < 0.01). The surface area:volume ratio (SA:V) was statistically similar across all 

treatments in C. flexuosus. A decrease in CV and SA (p < 0.05)  was observed in -Fe tretatment 

while no significant change in CV and SA was observed in -Zn treatment. For C. neogracilis 

the AL and TW was significantly not different between all the treatments. The CV and SA 

were significantly different for -Fe and -Zn treatment (p <0.01). The CV is comparable to -Co 

treatment for C. simplex reported by Koch and Trimborn (2019). 
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Table 5.4: Summary of cell size variations in C. flexuosus and C. neogracilis in response to varying Fe, Zn, and 

Co treatments. All values are means ± 1 SD, n ≥ 50. 

Treatment 

Apical 

length 

(µm) 

Transapical 

width 

(µm) 

Cell 

Volume (µm3) 

Cell 

Surface 

area (µm2) 

Surface area 

to volume 

ratio 

Chaetoceros flexuosus      

Control 22 ± 6 11  ± 2 2033 ± 885 232 ± 74 0.13 ± 0.06 

-Fe 17 ± 4 11  ± 2 1657 ± 679 185 ± 54 0.12 ± 0.03 

-Zn 22 ± 7 10  ± 2 1654 ± 907 211 ± 73 0.14 ± 0.02 

-Co 27 ± 9 11 ± 2 2886 ± 1590 308 ± 131 0.11 ± 0.02 

      

Chaetoceros neogracilis      

Control 6 ± 1 4 ± 1 74 ± 41 22± 8 0.33± 0.07 

-Fe  6 ± 1 5 ± 1 118 ± 47 30 ± 7 0.26 ± 0.04 

-Zn 6 ± 2 4 ± 1 69 ± 35 23 ± 7 0.36± 0.08 

-Co 6 ± 1 5 ± 1 119 ± 57 30 ± 9 0.27± 0.06 
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Fig. 5.4: Influence of Fe, Zn & Co on surface area (A) and cell volume (B) for C. flexuosus (blue) and C. 

neogracilis (green). Errors are standard deviation, n = 50. 

5.3.3 Trace metals, Fe, Zn, and Co effects on Chlorophyll a  

A decrease in CV normalised Chl a concentration was observed in  C. flexuosus for the -Fe 

treatment (Fig. 5.5A). Higher CV normalised Chl a concentration was observed for -Zn 

treatments, followed by -Co treatments (p < 0.05) relative to the control for C. flexuosus (Fig. 

5.5A). In the case of C. neogracilis, CV normalised Chl a concentrations decreased for all 

treatments, with the -Fe treatment having the lowest Chl a concentration (p < 0.01). 

C.neogracilis has a small CV thus low Chl a concentrations were observable compared to C. 

flexuosus. 



169 | P a g e  
 

Cf control Cf -Fe Cf -Zn Cf -Co Cn controlCn -Fe Cn -Zn Cn -Co

0

20

40

60

80

100

120

140

160

-Co

-Co

-Zn

-Zn
-Fe

Control

[C
h

l 
a

] 
(m

m
o

l-1
C

V
)

 Cf control

 Cf -Fe

 Cf -Zn

 Cf -Co

 Cn control

 Cn -Zn

 Cn -Co

A

Control -Fe

0

7

14

21

28

Cn -CoCn -ZnCn -FeCn control

 

Cf control Cf -Fe Cf -Zn Cf -Co Cn controlCn -Fe Cn -Zn Cn -Co

0

1

2

3

4

5

6

7
-Fe

Control

Control

-Fe

-Zn

-Zn

-Co

-Co

S
i 

p
m

o
l 
c

e
ll
-1

 Cf control

 Cf -Fe

 Cf -Zn

 Cf -Co

 Cn control

 Cn -Zn

 Cn -Co

0.000

0.006

0.012

0.018

0.024

0.030

0.036

0.042

Cn -Fe Cn -Zn Cn -CoCn control

B

 

Fig. 5.5: Influence of Fe, Zn & Co on Chl a (A) and biogenic silica (B) for C. flexuosus and C. neogracilis. Errors 

are standard deviation, n = 3. 

5.3.4 Effects of trace metals, Fe, Zn, and Co on cellular C, N, and bSi concentrations 

The cellular carbon and nitrogen increased for the -Zn and -Co treatments for C. flexuosus 

(Table 5.5; p < 0.01) with a 10-fold increase for the -Co treatment. Cellular N increased 9-fold 

compared to the control for -Co treatments for C. flexuosus (p < 0.01). C. neogracilis showed 

a decrease in cellular C and N per cell and CV (p < 0.01) (note: no data is available for -Fe 

treatment). 

The cell volume normalised bSi concentration for  C. flexuosus increased for all three 

treatments, with the -Co treatment having the highest bSi concentration (Fig. 5.5B; p < 0.01). 

The bSi concentration for C. neogracilis increased in the -Fe treatment (p < 0.01), whereas it 

decreased in the –Zn (p < 0.05) and -Co treatments (no significant change).  
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Table 5.5: Summary of mean cellular C, N, and bSi concentrations for C. flexuosus and C. neogracilis for the Fe, Zn & Co treatments (mean ± 1 SD, n ≥ 3). 

 
                           C N Si 

Treatment pmol cell-1 fmol µm-3 pmol cell-1 fmol µm-3 pmol cell-1 fmol µm-3 fmol µm-2 

Chaetoceros flexuosus 
       

Control 18.9 ± 0.1 9.28 ± 0.05 3.3 ± 0.1 2 ± 0.03 1.37 ± 0.04 0.7 ± 0.02 5.9 ± 0.2 

-Fe 19 ± 1 11 ± 0.3 3.3 ± 0.2 2 ± 0.1 1.75 ± 0.09 1.1 ± 0.1 9.5 ± 0.5 

-Zn 28 ± 1 17 ± 0.3 4.8 ± 0.2 3 ± 0.1 2.57 ± 0.59 1.6 ± 0.4 12 ± 3 

-Co 193 ± 8 67 ± 3 31 ± 1 11 ± 0.3 5.56 ± 0.74 1.9 ± 0.3 18 ± 2         

Chaetoceros neogracilis 
       

Control 0.85 ± 0.03 12 ± 0.4 0.141 ± 0.004 2 ± 0.05 0.029 ± 0.003 0.39 ± 0.04 1.33 ± 0.12 

-Fe  NA NA NA NA 0.040 ± 0.001 0.89 ± 0.02 1.40 ± 0.03 

-Zn 0.35 ± 0.03 5 ± 0.4 0.06 ± 0.01 1 ± 0.1 0.015 ± 0.003 0.22 ± 0.04 0.7 ± 0.1 

-Co 0.6 ± 0.1 5 ± 0.8 0.106 ± 0.004 1 ± 0.1 0.034 ± 0.001 0.29 ± 0.01 1.14 ± 0.02 
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Table 5.6: Summary of elemental molar ratios for C. flexuosus and C. neogracilis for the Fe, Zn & Co treatments 

(mean ± 1 SD, n ≥ 3). 

 

Treatment  

C:N  

(mol: mol)  Si: C  Si: N 

Chaetoceros flexuosus       

Control  5.8 ± 0.1  0.073 ± 0.002  0.42 ±0.01 

-Fe  5.7 ± 0.2  0.093 ± 0.005  0.54 ±0.03 

-Zn  6.0 ± 0.1  0.09 ± 0.02  0.5 ±0.1 

-Co  6.3 ± 0.4  0.029 ± 0.004  0.18 ±0.02 

       

Chaetoceros neogracilis       

Control  6.05 ± 0.1  0.046 ± 0.001  0.28 ± 0.01 

-Zn  5.79 ± 0.03  0.042 ± 0.008  0.25 ± 0.05 

-Co  6.03 ± 0.05  0.039 ± 0.004  0.24 ± 0.02 

       

 

5.3.5 Effects of trace metals, Fe, Zn, and Co on elemental molar ratios 

The molar carbon to nitrogen (C:N) ratios of cells grown under -Zn and -Co had a slightly 

higher C:N ratio (Table 5.6; Fig. 5.6A) for the C. flexuosus with no significant change . The 

molar silicon to carbon (Si:C) ratios and molar silicon to nitrogen (Si:N) ratios had no 

significant change for the -Fe and -Zn treatment and decreased 2-fold for the -Co treatment 

relative to the control (p < 0.05) (Table 5.6; Fig. 5.6B & C). The C:N ratios of C. neogracilis 

sp. decreased in the -Zn (p < 0.05) and -Co treatments with no significant change. There was 

no significant change in Si:C and Si:N ratios in C. neogracilis .  
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Fig. 5.6: Influence of varying Fe, Zn & Co on C: N (A) ratios, Si: C (B) ratios, and Si: N (C) ratios for C. flexuosus 

and C. neogracilis. All the ratios are reported as mean ± SD. 
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5.3.6 Silicon isotope Δ30SibSi-dSi (‰) in diatoms 

The Δ30SibSi-dSi (‰) values ranged from -1.27 ± 0.04‰ to -1.54 ± 0.08‰ in C. flexuosus and -

1.05 ± 0.27‰ to -1.96 ± 0.05‰ in C. neogracilis (Table 5.7; Fig. 5.7). All values for Δ30SibSi-

dSi are presented as means, ± 2 standard deviations (S.D.). For C. flexuosus, a significant shift 

in Δ30SibSi-dSi for the -Zn and -Co treatments was seen relative to the control (p < 0.05). 

Comparing the C. neogracilis to the control, a sharp decline was seen in the -Zn treatment. 

Contrary to the findings of Meyerink et al. (2017a), a small decrease in Fe limitation was 

observed for both C. flexuosus and C. neogracilis virtually; however, no statistical difference 

was found in Δ30SibSi-dSi for the -Fe treatment (p > 0.05). Their results show that when the 

Proboscia inermis and Eucampia antarctica were subjected to Fe deficiency, δ30SibSi trended 

to more negative values.  
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Fig. 5.7: Box and whisker plot displaying the influence of Fe, Zn & Co on Δ30SibSi-dSi for C. flexuosus and C. 

neogracilis. Lines are median values, Boxes represent 1st and 3rd quartiles (n ≥ 3). Note: these values are corrected 

for the dSi composition. 

5.3.7 Silicon isotope fractionation in diatoms 

The two species studied C. flexuosus and C. neogracilis exhibited a wide range in ε, with a 

range between -1.87 ± 0.04‰ to -2.96 ± 0.32‰ (average ± S.D.) for C. flexuosus and -1.41 ± 

0.05‰ to -2.9 ± 0.01‰ for C. neogracilis (Table 5.7). The fractionation factor became more 

negative when the diatoms were metal limited. In C. flexuosus, -Fe treatment became more 

negative, followed by -Zn and -Co, whereas in C. neogracilis, the -Zn treatment was the most 

negative, followed by -Fe and -Co relative to the control.
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Table 5.7: Influence of varying Fe, Zn & Co on Si-isotope fractionation factors (ε, ‰). 

Treatment Number of replicates Δ30SibSi-dSi (‰)  f α Fractionation factor (ε, ‰)  

Chaetoceros flexuosus           

Control 6 -1.27 ± 0.04 0.48 ± 0.02 0.9983 ± 0.00003 -1.87  ± 0.04 

Fe - 6 -1.37 ± 0.34 0.22 ± 0.04 0.9973 ± 0.0003 -2.96  ± 0.32 

Zn - 6 -1.41 ± 0.17 0.4 ± 0.1 0.9977 ± 0.0005 -2.51 ± 0.56 

Co - 6 -1.54 ± 0.08 0.5 ± 0.1 0.9981 ± 0.0001 -2.17 ± 0.19 

Chaetoceros neogracilis           

Control 6  -1.05 ± 0.27 0.57 ± 0.04 0.9987 ± 0.00005 -1.41  ± 0.05 

Fe - 6 -1.26 ± 0.39 0.89 ± 0.01 0.9988 ± 0.0003 -1.78  ± 0.06 

Zn - 6  -1.96 ± 0.05 0.448 ± 0.003 0.9972 ± 0.00001 -2.91  ± 0.01 

Co - 6  -1.1 ± 0.23 0.41 ± 0.01  0.9984 ± 0.00002 -1.77  ± 0.03 

 

The δ30Si for dissolved silicon of the growth was 0.62 ± 0.30‰ (n = 2). δ30SidSi were correct for this offset. The fractionation factors for diatom silica were calculated as a 

function of f, where f is the fraction of the original Si(OH)4 that remained in the system after the diatoms were harvested. n denotes the number of measurements from cultures. 

Except for the Si isotope Δ30SibSi-dSi 
 
(2 SD), all values are presented as means 1 SD. The value is the mean of all cultures plus one standard deviation because there were no 

differences between replicate cultures. 



175 | P a g e  
 

Control -Fe -Zn -Co -- Control -Zn -Co
0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

11000

C
e
ll
u

la
r 

tr
a
c
e
 m

e
ta

l 
q

u
o

ta
s
 (
m

m
o

l 
T

M
:m

o
l 
C

)  Fe

A

Control -Fe -Zn -Co -- Control -Zn -Co
0

15

30

45

60

75

90

C
e
ll
u

la
r 

tr
a
c
e
 m

e
ta

l 
q

u
o

ta
s
 (
m

m
o

l 
T

M
:m

o
l 
C

)  Mn

D

Control -Fe -Zn -Co -- Control -Zn -Co
0

25

50

75

100

125

150

175

C
e
ll
u

la
r 

tr
a
c
e
 m

e
ta

l 
q

u
o

ta
s
 (
m

m
o

l 
T

M
:m

o
l 
C

)

 Cu

C

Control -Fe -Zn -Co -- Control -Zn -Co
0

1

2

3

4

5

6

7

C
e
ll
u

la
r 

tr
a
c
e
 m

e
ta

l 
q

u
o

ta
s
 (
m

m
o

l 
T

M
:m

o
l 
C

)  Co

E

Control -Fe -Zn -Co -- Control -Zn -Co
0

90

180

270

360

450

540

C.neogracilisC.neogracilis

C.neogracilisC.neogracilisC.neogracilis

C.flexuosusC.flexuosus

C.flexuosusC.flexuosus

C
e
ll
u

la
r 

tr
a
c
e
 m

e
ta

l 
q

u
o

ta
s
 (
m

m
o

l 
T

M
:m

o
l 
C

)

 Zn

B

C.flexuosus

 

Fig. 5.8: Carbon normalized cellular quotas of the Fe, Zn, Cu, Mn, and Co for C. flexuosus and C. neogracilis grown under trace metal replete and -Fe, -Zn, -Co, conditions. 

Values represent mean standard deviation (n = 3).
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5.3.8 Cellular Trace Metal Stoichiometry 

All metal limitation scenarios significantly altered the carbon-normalized metal quotas of both 

Chaetoceros species (expressed as M:C, with the unit of µmol:mol). When compared to the 

control, the removal of Fe, Zn, and Co from the culture medium had a significant effect on C. 

flexuosus metal quotas. The -Fe treatment reduced Fe, Zn, Cu, Mn, and Co quotas (4546 ± 134, 

216 ± 6, 72 ± 2, 34 ± 1, and 2.6 ± 0.1 µmol:mol respectively), a trend mirrored for the -Zn 

(2079 ± 85, 100 ± 4, 33 ± 1, 15 ± 1 and 1.2 ± 0.05 µmol:mol for Fe, Zn, Cu, Mn and Cu contents 

respectively) and -Co treatments (5345 ± 98, 255 ± 5, 84 ± 2, 40 ± 1 and 3.1 ± 0.1 µmol:mol 

for Fe, Zn, Cu, Mn and Cu contents respectively) when compared to the control (10732 ± 55, 

514 ± 3, 167 ± 1, 80 ± 0.4 and 6.2 ± 0.03 µmol:mol for Fe, Zn, Cu, Mn and Co contents 

respectively) (Fig. 5.8A, B, C, D, E), however, the Cu and Zn quotas were significantly 

different from the control (p > 0.05). 

In contrast, for C. neogracilis only the -Zn treatment reduced its cellular metal quotas, in 

comparison to the control treatment, for Zn, Cu, and Co (120 ± 4, 40 ± 1.5 and 1.5 ± 0.05 

µmol:mol, respectively). For the -Co treatment, a decrease in Fe and Mn ( 2529 ± 94 and 19 ± 

1 µmol:mol respectively ) quotas occurred compared to the control (149 ± 23, 50 ± 8, 1.8 ± 

0.3, 3161 ± 481, and 23 ± 4 µmol:mol for Zn, Cu, Co, Fe, and Mn contents respectively). None 

of the TM:C ratios were significantly different from the control (p > 0.05). Co limitation had 

comparable Co quotas to the control. C. neogracilis could have extracted the Co using 

cyanocobalamin (B12) though we are not able to explain the processes behind this phenomenon. 

5.4 Discussion 

5.4.1 Growth rate variations in the influence of trace metal deficiency 

This study investigated how trace metal deficiency affected phytoplankton physiology, nutrient 

stoichiometry, and Si isotope fractionation. These metals have previously been shown to limit 

biomass and influence plankton species composition (Koch and Trimborn, 2019). There have 

been numerous studies detailing the influence Fe has on diatom growth, while few studies have 

focused influence Zn and Co have on diatom growth. Trace metal cellular concentrations have 

been shown to vary significantly not only between phytoplankton groups (Twining and Baines, 

2013) but also within a species (Ho et al., 2003, Sunda, 2012). Some of these variations are the 

result of methodological difficulties associated with creating low TM media, working in TM-

clean conditions, and getting phytoplankton acclimated to those conditions (Koch and 

Trimborn, 2019). 
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In this study, the growth rate (Fig. 5.9) of C. neogracilis was intriguing because it had very 

similar growth rates for the -Co treatment compared to the control. This was not observed for 

C. flexuosus (in this study) and C. simplex (Koch and Trimborn, 2019). When diatoms were 

deficient in Fe and Zn, there was a general decrease in growth rate, with Zn having the lowest 

growth rate. A deficiency of Co resulted in a reduced growth rate of C. flexuosus (in this study) 

and C. simplex (Koch and Trimborn, 2019). These findings indicate that TMs restriction slowed 

the growth of C.flexuosus and C.simplex. Growth reductions in diatoms have previously been 

reported for -Fe (Andrew et al., 2019, Koch and Trimborn, 2019, Meyerink et al., 2017b, 

Strzepek et al., 2012), -Zn (Koch and Trimborn, 2019, Saito and Goepfert, 2008, Sunda and 

Huntsman, 1992) and -Co (Hawco and Saito, 2018, Koch and Trimborn, 2019, Saito and 

Moffett, 2002). As documented, a lack of Fe can cause a general decrease in pigments (Koch 

et al., 2019, Koch and Trimborn, 2019, Van Leeuwe and Stefels, 2007, Van Leeuwe and 

Stefels, 1998). Other researchers found that when Fe was limited, the growth rate of  C. simplex, 

C. debilis, C. brevis, C. dichaeta, and C. calcitrans sp. decreased (Timmermans et al., 2001a, 

Petrou et al., 2014, Pausch et al., 2019, Bozzato et al., 2021). The results from this study for C. 

flexuosus and C. neogracilis are consistent with these observations.  

The results also demonstrated that the two Chaetoceros sp. studied require Fe and Zn to grow, 

and Co was only needed by C. flexuosus, while C. neogracilis did not require Co to grow. 

Although Zn may have alleviated Co limitation, as evidenced by higher growth rates in the -

Co compared to the -Zn, there are few reported cellular functions for Co other than as a 

substitute for Zn or the production of B12 (Saito et al., 2002, Twining and Baines, 2013). The 

results are consistent with the -Zn treatment for the Chaetoceros sp. studied previously (Koch 

and Trimborn, 2019, Timmermans et al., 2001b).  Timmermans et al. (2001b) found that C. 

calcitrans could not replace Zn for Co while Koch and Trimborn (2019) demonstrated that the 

growth rate for C. simplex was reduced when Zn was removed from the media. This inability 

to substitute Co for Zn in C. flexuosus and C. neogracilis was distinct from that of other diatoms 

but was consistent with previous observations for C. calcitrans and C. simplex implying a 

genus-wide attribute (Koch and Trimborn, 2019). 

The deficiency of Zn and Co in C. flexuosus had a reverse effect on the diatoms, increasing the 

Chl a concentration per CV compared to the control, whereas C. neogracilis decreased in Chl 

a in all TM deficiency treatments (Fig. 5.5A). Chl a content was increased in the Zn and Co in 

C. flexuosus to potentially maximise light absorption while the reduction in Chl a C. 

neogracilis increased disconnection of antennae from photosystem II reaction centers and 



178 | P a g e  
 

strongly lowered absolute electron transport rates (ETR) (Trimborn et al., 2017). The SA:V 

ratio trends were similar to both species, where it decreased when deficient with Fe and Co and 

increased with Zn. For these two species, it probably reduces its growth rate and increases its 

SA:V to facilitate access to lower levels of TMs, similar adaptations to Fe-limited cells 

(Strzepek et al., 2012, Sunda, 2012). Previous investigations have reported having variable 

responses in CV, with some reporting an increase with -Fe (Meyerink et al., 2017b), -Zn 

(Varela et al., 2011), and -Co (Koch and Trimborn, 2019), while others report a decrease with 

-Fe (Andrew et al., 2019, Koch et al., 2019, Koch and Trimborn, 2019, Strzepek et al., 2012) 

and -Zn (Koch and Trimborn, 2019). Sunda and Huntsman (1995a) demonstrated that there 

was no change in the cell size when the diatom Thalasiossira oceanica was grown under Zn 

deficient conditions Phytoplankton taxa in HNLC locations are chosen not just for their ability 

to adapt to Fe stress, but also for their ability to cope with low cellular concentrations of other 

TMs. 

Control -Fe -Zn -Co -- Control -Fe -Zn -Co -- Control -Fe -Zn -Co
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Fig. 5.9: Comparison of Chaetoceros sp. grown under trace metal replete (Control), iron- (-Fe), zinc- (-Zn), and 

Co-(-Co). In this study, light levels were set at 90 µmol photons m-2 s-1, whereas in Koch and Trimborn (2019) 

study, light levels were set at 100 µmol photons m-2 s-1 on a 16:8 h light:dark cycle. 

5.4.2 Correlation between variable-to-maximum PSII fluorescence and the functional 

absorption cross-section of σPSII 

There was no significant relationship observed between Fv/Fm and σPSII (Fig. 5.10) in this study 

when looking at all the species and their treatments. Normally an inverse relationship is 

observed (Geider et al., 1993, Kolber et al., 1988, Steglich et al., 2001, Strzepek et al., 2019, 

Andrew et al., 2022). The correlation is very weak for the diatom species studied in this study.  
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The Fe and Zn limitation reduced Fv/Fm for both species and increased the σPSII.  A low Fv/Fm 

yield, in turn, indicates poor electron transfer from PSII to PSI, as seen in this study and other 

studies in cells with Fe limitation (Koch and Trimborn, 2019, Petrou et al., 2014, Strzepek et 

al., 2012). 

Low Fv/Fm values in Fe-limited phytoplankton appear to be brought on by pigment-protein 

complexes that, when exposed to light-saturating conditions, are not connected to their σPSII 

reaction centres. (Behrenfeld and Milligan, 2013, Macey et al., 2014, Ryan-Keogh et al., 2017).  

Pigment analysis using reverse-phase high-performance liquid chromatography (HPLC) on C. 

simplex diatom was conducted by Koch and Trimborn (2019). These findings demonstrated 

that when the diatom was Zn limited, it caused more drastic photophysiological changes than 

the -Fe and control treatments. When Zn was limited, cellular electron transport rates (cETR) 

were reported to be reduced by 25% due to significantly smaller σPSII and much less functional 

PSII. In this study, neither species had lower σPSII for the -Zn treatment, which is consistent 

with what is expected with Fe-limited phytoplankton, where a decrease in Fv/Fm is often 

associated with an increase in σPSII (Strzepek et al., 2012, Andrew et al., 2019, Andrew et al., 

2022). For C. flexuosus, Fe, Zn, and Co limitation increased PSII functional absorption cross-

section of PSII (σPSII) and decreased the PSII photochemical efficiency (Fv/Fm) (Fig. 10; p < 

0.05).  
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Fig. 5.10: An inverse correlation between the variable to maximum PSII fluorescence and the functional 

absorption cross-section of PSII was not observed in this study for both the species but was significant in C. 

flexuosus. The green represents C. neogracilis (solid green-Control, top half green -Co, bottom half green -Fe and 

hollow green, -Zn treatment), the blue represents C. flexuosus (solid blue-Control, top half blue -Co, the bottom 

half blue -Fe and hollow blue, -Zn treatment), the pink represents C.simplex (solid pink-Control, the bottom half 

pink -Fe and hollow pink, -Zn treatment) in Koch and Trimborn (2019) study and the square boxes represent C. 

flexuosus from Andrew et al. (2022) (solid orange – Low light (LL) High Fe (HFe), Cyan LL (low Fe), yellow – 

High light (HL) HFe and red – HLLFe treatments). The results for C. flexuosus by itself are significant with (R2 

= 0.98) represented by the red dashed lines. Error bars represent the SD of replicate cultures and are smaller than 

the symbols when not visible (n=3). The dashed line denotes linear regression (R2 = 0.001) for all the samples. 

5.4.3 The Elemental Stoichiometry  

The trace metal quotas of the two Chaetoceros species measured in this study are dissimilar 

(Fig. 5.8). In this study, the Zn limitation had a significant effect on the growth rate and reduced 

significantly for both diatoms studied (p < 0.01). The -Zn treatment reduced metal quotas for 

all the TM in C. flexuosus. The influence of Zn on phytoplankton growth in laboratory studies 

has revealed that the coastal species could be limited by Zn (Anderson et al., 1978, Brand et 

al., 1983, Sunda and Huntsman, 1992) and that Zn may play an important role in diatom silicate 

uptake (Rueter Jr and Morel, 1981). These findings prompted Morel and collaborators to 

propose the 'Zn hypothesis' (Morel et al., 1994), which is similar to (Martin and Fitzwater, 

1988) iron hypothesis, in which low Zn concentrations could limit CO2 uptake and, ultimately, 

the growth rate in some cells due to the absence of the enzyme CA. Limiting one trace metal 

resulted in reduced metal quotas for others, similar to observations for P. antarctica, where all 

metal quotas, not just Fe, decreased under -Fe (Koch et al., 2019). For C. flexuosus, Zn 
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limitation highlighted that it could not be replaced with another trace metal (Fe, Cu, Mn, and 

Co). A similar observation was made for the -Fe and -Co treatments.  

In C. neogracilis, the TM quotas for Zn, Cu, and Co increased in the -Co treatment, which is 

also reflected in an increased growth rate similar to the control. C. neogracilis was able to 

substitute -Co treatment with increased Zn, Cu, and Co. Higher growth rates in the -Co were 

observed compared to the -Zn treatment for C. flexuosus (not significantly different from the 

control). Kellogg et al. (2022) also investigated  C. neogracilis, and their study also 

demonstrated that it had a Zn requirement that cannot be met by Co. Cobalt is incorporated 

into vitamin B12 and used as a substitute for Zn in prokaryotes (Saito and Moffett, 2002, 

Twining and Baines, 2013). Some studies have shown that some phytoplankton species cannot 

substitute one TM for another, and C. simplex and C. calcitrans are unable to alleviate Zn 

limitation by substituting Co. (Timmermans et al., 2001b, Koch and Trimborn, 2019). In this 

study, substituting Zn appeared to alleviate Co limitation in C. neogracilis. It is also important 

to note that the Co limitation had the lowest Si:C and Si:N ratios and the largest CV compared 

to other treatments involving C. neogracilis and C. flexuosus. Maintaining a similar C:N ratio 

to the control it must have resulted in a decrease in the TMs:C ratios in Co limitation, which 

would have caused the decrease in Si:C and Si:N ratios (Koch and Trimborn, 2019).  
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Fig. 5.11: Range of Si isotope fractionation factors (ε) for diatoms used in this study and from published work. 

Error bars represent the SD of replicate cultures, and are smaller than the symbols when not visible.  

5.4.4 Trace metal deficiency effect on the Si isotope fractionation in diatoms 

The diatoms were grown under different TMs (-Fe, -Zn, and -Co) conditions in this study. 

Irradiance was the same for all the diatoms cultured in the study, thus, we can rule out the 

influence of irradiance on the observed variation in ε (Fig. 5.11) among the diatom strains. The 

light levels used here are the same as in the Andrew et al. (2019) study, which resulted in 

maximum growth rates for C. flexuosus.  

Our results provide the first evidence of the influence of trace metal (Fe, Zn, and Co) deficiency 

on the Si-isotope fractionation factor on the Chaetoceros sp from the Southern Ocean (Table 

5.7). For both species, the fractionation factor (ε) became more negative when the 

phytoplankton was TMs deficient. The ε for C. flexuosus was most negative when it was Fe 

limited and for C. neogracilis when it was Zn limited. Similar trends were observed by 

Meyerink et al. (2017b) when examining Fe limitation on ε, which became more negative in 

their studies. The values of ε can vary under ideal growth conditions between diatom species, 

which could be due to the inter-species effect when it comes to environmental controls on Si-

isotope fractionation in diatoms and variations in the value for ε between individual diatom 

strains (Sutton et al., 2013).  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/silicon-isotopes
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Fig. 5.12: Chaetoceros flexuosus grown in various TMs conditions. The 4 setae are seen to be much larger in the 

TMs limited conditions compared to the control. For C. neogracilis the setae were not visible on the microscope.  

Previous study has shown the effect of Fe bioavailability on the silicon isotope processing in 

diatoms (Meyerink et al., 2017a, Meyerink et al., 2017b). It can become more negative in some 

species and more positive in others, but in this study, both Chaetoceros sp. became more 

negative when Fe was limited. There is no data available on the fractionation factor of Zn and 

Co deficiency, but the diatom became more negative in this study. These results indicate the 

importance of TMs in the fractionation of silicon isotopes for the two Chaetoceros species 

studied. 

Chaetoceros spp. produce long setae after daughter cells separate during cell division, which 

coincides with high Si uptake during the diatom life cycle (Sullivan, 1977). According to 

Rogerson et al. (1986), 80% of the Si content (by mass) of an individual Chaetoceros accounts 

for the setae. In this study, the C. flexuosus had very long setae (Fig. 5.12) with the TMs limited 

treatment. The TMs deficiency had some effect on the ε; however, further investigation is 

needed to determine if the setae in the Chaetoceros sp. is also responsible for Si isotope 

fractionation in marine diatoms. 
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The present study demonstrates that when diatom species are trace metal deficient it may 

benefit physiologically by 2100 and that the potential of ballasting properties will advantage in 

the sequestration of carbon (Table 5.5) for Chaetoceros flexuosus sp. (Bopp et al., 2013, 

Dutkiewicz et al., 2013). This positive response, driven primarily by trace metal deficiency 

may remove the need for adaptive evolution for some of the Southern Ocean diatoms (Collins 

et al., 2014). Some of the benefits of increased cellular silica include: Because iron-stressed 

diatoms produce less ATP (adenine triphosphate), their sinking rates increase. (Sakshaug and 

Holm-Hansen, 1977) and since surface circumstances have become unfavourable for diatom 

growth, the rapid sinking of diatoms may be a method for the preservation of a "seed 

population" of cells in cold, dark, subterranean waters (Smetacek, 1985). This study's insights 

will lead to new targets for modelling the Si and C pump in climate change models (Bopp et 

al., 2013, Dutkiewicz et al., 2013, Moore et al., 2013c). 

5.5 Conclusion 

For the two Chaetoceros species studied, C. neogracilis was able to replace Co with Zn, 

resulting in increased Fv/Fm, growth rate, and CV. The growth rate was reduced for most of the 

treatment (excluding -Co for C. neogracilis) compared to the control. TM limitation increased 

the Si mol cell-1 in C. flexuosus, which can result in increased phytoplankton ballasting 

properties. The Southern Ocean's HNLC and low Fe concentrations will cause more 

phytoplankton to be sequestered into deeper oceans, which will benefit C sequestration while 

decreasing Si concentrations in the ocean's surface waters. This study found that the 

physiological responses to TM limitations on the same genera varied greatly.  

This is the first culture study to investigate the effects of TMs deficiency on Si-isotope 

fractionation in diatoms. The ε became more negative for all the diatoms when it was TMs 

limited. These findings demonstrate the deficiency of TMs in the Southern Ocean and Ross 

Sea can lead to lower values of ε due to the changes in the physicochemical environment. 

Further research should be undertaken into the biochemical pathways that diatoms use to 

fractionate Si-isotopes during Si-uptake and frustule formation. 
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Chapter 6 Conclusions and Recommendations 

6.1 Summary 

The primary aim of this thesis was to look into the effects of light, warm temperatures, and TM 

limitation on the physiology, nutrient stoichiometry, Si uptake kinetics, and Si isotope 

fractionation of diatoms isolated from the Southern Ocean and the Ross Sea. The four chapters 

that comprise the core of this thesis are linked by the common goal of attempting to understand 

Si cycling in the modern ocean in diatoms in the Southern Ocean. To supplement the 

interpretation of these samples, the determination of Si isotope was investigated under various 

light intensities, simulated possible future conditions predicted by future climate scenarios, and 

the limitation of trace metals (Fe, Zn and Co). The variables will help us to understand their 

influence on Si fractionation in diatoms. 

6.1.1 Chapter 2 

In Chapter 2, a field study on the RV Investigator (IN2018 V04) was conducted to investigate 

the biological fractionation of Si-isotopes by diatoms in the EAC to low productivity in the 

subantarctic region during the annual phytoplankton bloom in the austral spring of 2018. The 

estimated fractionation factor (ε) of -1.8 ± 0.5‰ was observed when applying the steady-state 

model in the EAC with high productivity. This value is similar to observations made at 

Marguerite Bay, the Western Antarctic Peninsula, and the coastal waters of the Peruvian. 

(Cassarino et al., 2017, Grasse et al., 2021). Results from PS 3 indicate that surface values for 

δ30SibSi would rarely exceed ~2 ‰, assuming open system kinetics are applied during bloom 

conditions. A continual supply of Si(OH)4 to surface waters is anticipated to play a larger role 

in determining the δ30Si composition in surface waters. These findings support the use of bSi 

isotopic composition to characterise and improve our understanding of the Si biogeochemical 

cycle during a spring bloom. 

6.1.2 Chapter 3 

In chapter 3, an 8-day shipboard incubation experiment was undertaken in the EAC in 

September 2018 to investigate the cycling of Si under a range of light conditions (Low light, 

UV-filtered, High light, and Dark). The significant increase in Chl a and bSi in the different 

treatments were influenced by Low light, UV-filtered light, and High light. Because of the low 

utilisation of Si(OH)4 by the phytoplankton community in the various treatments, Si-isotope 

fractionation did not exhibit classical-style Rayleigh closed system kinetics in any of the light 

conditions. Light had no discernible effect on the fractionation of Si isotope composition. Other 
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parameters (Fe and temperature) were missing to commence the drawdown of Si(OH)4 and 

more Si fractionation. Iron availability and temperature have been found to be critical 

constraints on photosynthetic pathways, implying that Fe/temperature co-limitation is common 

in phytoplankton (Sunda and Huntsman, 1997). In the future, these two will be coupled with 

light to acquire a greater understanding of the Si cycle. 

6.1.3 Chapter 4 

In Chapter 4, I looked at how Fe limitation and predicted ocean warming (from 3°C to 5°C) 

affected phytoplankton physiology, nutrient stoichiometry, and Si isotope fractionation in 

Chaetoceros flexuosus, Thalasiossira antarctica, and Chaetoceros neogracilis. Si uptake 

kinetics were only performed on C. flexuosus and T. antarctica. When the temperature was 

increased from 3°C to 5°C for all species, it was interesting to observe that the diatoms were 

heavily silicified, with thickened frustules and increased [Chl a]. Thickened frustules in 

diatoms cause poor grazing by copepods which eventually increases the diatoms ballasting 

properties. Temperature had the opposite effect on T. antarctica kinetic uptake of Si(OH)4, 

with the Vmax increasing as the temperature increased from 3°C to 5°C. These results 

demonstrate that for kinetic uptake it is species dependent. It would have been interesting to 

see how the T. antarctica would have responded with Fe-limited media.  

Silicon isotope fractionation for all the species became more negative when the temperature 

was increased. As mentioned in the context, multiple pathways have been identified for Si 

isotope fractionation; however, thermal traits and genetic variation in multiple strains of 

phytoplankton must be investigated to better understand phytoplankton's role in future changes 

in thermal conditions. 

6.1.4 Chapter 5 

In Chapter 5, the effects of trace metal deficiency (-Fe, -Zn, and -Co) on two Antarctic diatoms, 

C. flexuosus, and C. neogracilis, were investigated, as well as any influence on silicon isotope 

fractionation. Silicon isotope fractionation became more negative for all the diatoms when trace 

metals were limiting. These findings demonstrate that trace metal deficiency in the Southern 

Ocean can lead to lower values of fractionation factor due to the changes in the 

physicochemical environment. In addition to this, phytoplankton species in HNLC regions are 

selected for their ability to adapt to Fe stress and to also cope with low cellular concentrations 

of other TMs. 
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6.2 General Conclusion 

The findings of this thesis contribute significantly to the understanding of Si biogeochemical 

cycling in the Southern Ocean diatoms. The primary goal of this study was to determine 

whether light intensities, temperature, and trace metal co-limitation affect Southern Ocean 

diatom Si uptake and whether this limitation manifests through Si isotope fractionation. The 

identification of Si isotope variability in the depth profile in the ocean provided a useful tool 

for understanding the biogeochemical cycling of Si in the ocean and its further response to light 

in the mesocosm experiment since the phytoplankton community plays an important role in the 

Si biogeochemical cycle. Low light and UV-Filtered showed greater fractionation of lighter 

isotopes as they became heavier. The thermal and kinetic uptake experiment (Chapter 4) had a 

mixed response toward the phytoplankton growth. Chapter 4 contributes most in this thesis, 

where the response of Fe (low/high) and temperature, predicted ocean warming (from 3°C to 

5°C)  enhanced the thickening frustules as a result of Fe limitation. This ability will allow the 

diatoms to compete with other algal communities in the predicted warming and Fe limitation 

of the ocean. 

In the trace metal deficiency experiment, both the Chaetoceros sp. responded similarly to Zn 

limitation with reduced growth rates and it could not metabolically substitute Co in place of 

Zn. Chapters 2 and 3 were field studies that put the findings in chapters 4 and 5 into context, 

and the results of this study suggest that physicochemical factors; light, temperature, and trace 

metal deficiency are insufficient to explain the biogeochemistry of Si in the ocean. Nonetheless, 

these new findings provide evidence that phytoplankton will become more Si-rich with 

enhanced ballasting properties when limited by TM and will continue CO2 sequestration in 

deep oceans.  

6.3 Future research directions 

In this thesis, the main focus was the fractionation of δ30SibSi when influenced by light, 

temperature, and limitation of TM. In Chapter 2, a field study focused on the δ30SibSi during 

phytoplankton bloom formation was performed. There was no data on dSi isotopes, diatom 

assemblages, and Si in core top sediments. When using δ30SibSi data as a paleo proxy for the 

reconstruction of dSi utilization, a detailed analysis of the diatom assemblages highlights 

apparent variability in fractionation among taxa and should be taken into account. Other 

organisms such as radiolaria, silicoflagellates, choanoflagellates, or sponge spicules when 

digested with the sodium hydroxide can seep potentially affecting the 30SibSi signatures, which 
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are either unknown or much larger than those of diatoms. (Grasse et al., 2021). Seasonal 

variations in δ30SibSi needs to be studied which will provide valuable data on the ML depth and 

how the Si biogeochemical cycle evolves around the EAC and the SAF, this will be valuable 

data. Silicon fluxes in surface and subsurface ocean, can also be tool for future studies by 

quantifying the silicon isotopic composition of settling diatoms, to reconstruct both past and 

modern Si-utilization by diatoms. 

In chapter 3, the results reveal the importance of light for phytoplankton growth. It was also 

observed that despite the presence of Si(OH)4 in the mesocosm experiment, the utilisation of 

Si(OH)4 was relatively low (<40%). In future studies with different light treatments, Fe should 

be incorporated in the mesocosm experiments. This will provide a better understanding of the 

coupling of Fe and different light intensities on Si-isotope fractionation. In future 

investigations, an experimental design with an open system model can be constructed to see if 

there is any effect on the initial variables and at the end of the experiment, particularly bSi and 

Si isotopes. 

Southern Ocean phytoplankton studies focus mainly on the effects of Fe deficiency and an 

increase in temperature on the kinetic uptake of Si(OH)4, however, other trace metals are also 

of importance to the Si cycle, and future studies need to focus on this. The chemical and 

biological responses of the phytoplankton studied yielded mixed results in Chapters 4 and 5. 

More research should be done on Southern Ocean phytoplankton in terms of not only Fe 

limitation but also other trace metals and how predicted ocean warming (from 3°C to 5°C) will 

affect the Si biogeochemical cycle. To further make the results more comparable, diatoms from 

other regions with different Si environment (high/low concentrations) should be explored for 

Si kinetic uptake and how predicted ocean warming will affect the Si biogeochemical cycle. 
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Appendix: 

The following are the data for each chapters.  

Chapter 2: 

Fig. 2.1:  

 

 

Deployments Latitude Longitude Stations Caste 

1 39 08.387S 149 04.606E Transit -5 Shallow  

2 37 23.018S 150 53.984E Transit -6 Shallow  

3 37 22.908S 150 53.852E Transit -6 Deep 

4 35 57.088S 152 52.760E Transit -7 Shallow  

5 35 57.135S 152 52.001E Transit -7 Deep 

6 34 40.013S 154 33.111E Transit -8 Shallow  

7 34 39.918S 154 33.229E Transit -8 Deep 

8 34 22.088S 152 28.945E Transit -9 Shallow  

9 34 18.448S 152 27.643E Transit -9 Deep 

10 39 46.377S 150 58.855E Transit -4 Shallow  

11 39 46.925S 150 59.072E Transit -4 Deep 

12 40 24.229S 153 22.562E Process Station - 3 Shallow  

13 40 07.445S 153 26.538E Process Station - 3 Deep 

14 40 07.698S 153 26.531E Process Station - 3 Shallow  

15 42 03.059S 152 59.716E Transit -3 Shallow  

16 42 03.414S 153 00.089E Transit -3 Deep 

17 43 50.938S 153 33.675E Transit -2 Shallow  

18 43 51.400S 153 34.562E Transit -2 Deep 

19 45 43.934S 153 31.119E Process Station - 2 Shallow  

20 45 44.319S 153 31.763E Process Station - 2 Deep 

21 45 56.314S 153 37.776E Process Station - 2 Shallow  

22 46 20.028S 148 05.690E Transit -1 Shallow  

23 47 02.314S 141 51.468E Process Station - 1 Shallow  

24 47 03.281S 141 52.267E Process Station - 1 Deep 

25 47 01.875S 141 44.797E Process Station - 1 Shallow  

 

Barrett et al., 2021 This study

Station 1 TS5

Station 2 TS6

Station 3 TS7

Station 4 TS8

Station 5 TS9

Station 6 TS4

Station 7 PS3

Station 8 TS3

Station 9 TS2

Station 10 PS2

Station 11 TS1

Station 12 PS1
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Fig 2.2: 

 Diatomite     Kaolin   

 29/28Si 
error 
(2s) 30/28Si 

 
error (2s)  29/28Si 

error 
(2s) 30/28Si error (2s) 

 0.49 0.10 1.00  0.15  -1.06 0.11 -2.06 0.16 

 0.43 0.10 0.91  0.15  -1.00 0.11 -1.98 0.15 

 0.63 0.20 1.27  0.23  -1.15 0.19 -2.34 0.24 

 0.64 0.27 1.21  0.29  -1.02 0.19 -2.01 0.20 

         -1.04 0.26 -2.16 0.30 
Average 0.55 0.17 1.10  0.21        

2SD 0.21   0.34    Average -1.05 0.17 -2.11 0.21 

      2SD 0.12   0.29   

 

In 
house-

D63    

 

      

 29/28Si 
error 
(2s) 30/28Si 

 
error (2s)      

 -0.42 0.13 -0.80 
 

0.18  

Calcined 
Kaolinite   

 -0.57 0.13 -1.09 
 

0.18  29/28Si 
error 
(2s) 30/28Si error (2s) 

 -0.53 0.14 -1.06  0.20  -0.85 0.11 -1.69 0.16 

         -0.85 0.11 -1.62 0.15 
Average -0.51 0.13 -0.98  0.19  -0.72 0.14 -1.45 0.21 

2SD 0.15   0.31     -0.74 0.19 -1.42 0.21 

       -0.73 0.20 -1.44 0.19 

 Sponge=SP15           

 29/28Si 
error 
(2s) 30/28Si 

 
error (2s) Average -0.78 0.15 -1.52 0.19 

 -1.73 0.11 -3.35  0.14 2SD 0.14   0.25   

 -1.66 0.12 -3.20  0.16      

 -1.76 0.35 -3.35  0.37      

 -1.70 0.24 -3.29  0.22      

 -1.79 0.28 -3.44  0.31      

             
Average -1.73 0.22 -3.33  0.24      

2SD 0.10   0.18         
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 Fig. 2.4: 

 

 

 

Chlorophyll a                        

Transit Station 1 Transit Station 2 Transit Station 3 Transit Station 4 Transit Station 5 Transit Station 6 Transit Station 7 Transit Station 8 Transit Station 9 Process Station 1 
Process Station 

2 Process Station 3 

Depth 
(m) µg L-1 

Depth 
(m) µg L-1 

Depth 
(m) µg L-1 

Depth 
(m) µg L-1 

Depth 
(m) µg L-1 

Depth 
(m) µg L-1 

Depth 
(m) µg L-1 

Depth 
(m) µg L-1 

Depth 
(m) µg L-1 

Depth 
(m) µg L-1 

Depth 
(m) 

µg L-
1 

Depth 
(m) µg L-1 

5.00 0.04 5.00 0.78 5.00 1.11 5.00 2.22 5.00 7.07 5.00 1.64 5.00 0.64 5.00 1.20 5.00 0.55 15.20 0.04 5.50 0.05 5.00 2.72 

15.00 0.05 30.00 0.64 15.00 1.28 15.00 3.00 30.00 7.61 30.00 1.46 30.00 0.51 15.00 1.21 20.00 0.49 31.00 0.05 31.10 0.01 15.00 3.85 

40.00 0.05 60.00 0.65 40.00 1.04 30.00 2.46 40.00 7.89 50.00 1.37 50.00 0.50 20.00 1.04 30.00 0.47 52.50 0.06 51.30 0.05 40.00 2.65 

60.00 0.05 80.00 0.72 50.00 1.40 60.00 2.56 50.00 6.73 60.00 0.62 60.00 0.43 30.00 0.80 50.00 0.51 126.10 0.04 80.60 0.04 50.00 2.25 

100.00 0.03 125.00 0.57 60.00 1.01 70.00 2.39 70.00 1.49 70.00 0.06 70.00 0.48 40.00 0.72 70.00 0.49 150.80 0.04 124.20 0.04 60.00 2.07 

175.00 0.02 175.00 0.64 100.00 1.21 100.00 1.91 100.00 0.14 100.00 0.03 100.00 0.47 50.00 0.65 125.00 0.15 202.00 0.03 151.10 0.09 100.00 3.27 

200.00 0.02 200.00 0.11 175.00 0.19 150.00 0.18 150.00 0.09 150.00 0.02 150.00 0.29 60.00 0.94 200.00 0.15 301.70 0.02 202.00 0.05 175.00 0.68 

300.00 0.02 300.00 0.04 300.00 0.02 200.00 0.05 200.00 0.16 200.00 0.02 220.00 0.02 100.00 0.07 300.00 0.01     301.20 0.06 300.00 0.18 

                        

Biogenic Silica                       

Transit Station 1 Transit Station 2 Transit Station 3 Transit Station 4 Transit Station 6 Transit Station 7 Transit Station 8 Transit Station 9 
Process Station 

1 Process Station 2 
Process Station 

3   
Depth 
(m) µg L-1 

Depth 
(m) µg L-1 

Depth 
(m) µg L-1 

Depth 
(m) µg L-1 

Depth 
(m) µg L-1 

Depth 
(m) µg L-1 

Depth 
(m) µg L-1 

Depth 
(m) µg L-1 

Depth 
(m) µg L-1 

Depth 
(m) µg L-1 

Depth 
(m) 

µg L-
1   

5.00 0.07 5.00 0.29 5.00 0.23 5.00 0.31 5.00 0.22 5.00 0.03 5.00 0.13 5.00 0.03 5.00 0.05 5.50 0.06 5.00 0.38   

15.00 0.15 30.00 0.23 15.00 0.25 15.00 0.34 30.00 0.17 30.00 0.03 15.00 0.11 20.00 0.02 15.20 0.05 31.10 0.06 15.00 0.58   

40.00 0.07 60.00 0.26 40.00 0.22 30.00 0.39 40.00 0.18 50.00 0.03 20.00 0.08 30.00 0.02 31.00 0.05 51.30 0.06 40.00 0.47   

60.00 0.10 80.00 0.23 50.00 0.25 60.00 0.24 50.00 0.11 60.00 0.03 30.00 0.08 50.00 0.02 52.50 0.05 80.60 0.06 50.00 0.48   

100.00 0.05 125.00 0.17 60.00 0.22 70.00 0.28 70.00 0.04 70.00 0.03 40.00 0.09 70.00 0.03 126.10 0.04 124.20 0.05 60.00 0.32   

175.00 0.08 175.00 0.25 100.00 0.20 100.00 0.20 100.00 0.03 100.00 0.03 50.00 0.16 125.00 0.02 150.80 0.04 151.10 0.06 100.00 0.47   

200.00 0.04 200.00 0.07 175.00 0.16 150.00 0.07 150.00 0.05 150.00 0.02 60.00 0.19 200.00 0.01 202.00 0.04 202.00 0.08 175.00 0.21   

300.00 0.04 300.00 0.05 300.00 0.05 200.00 0.12 200.00 0.03 220.00 0.02 100.00 0.05 300.00 0.01 301.70 0.02 301.20 0.05 300.00 0.07   
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Sample sites_INVO4_2018 

Fig. 2.5: 

Flourescence     

Process Station 1 Process Station 2 Process Station 3 

Depth (m) Fo 
Depth 

(m) Fo Depth (m) Fo 

7.00 1.31 5.00 0.81 5.00 32.65 

15.00 1.33 30.00 0.72 15.00 4.49 

30.00 0.13 50.00 0.74 40.00 6.55 

50.00 1.39 80.00 0.78 50.00 6.01 

125.00 0.92 125.00 0.78 60.00 15.05 

150.00 0.70 150.00 0.62 100.00 17.82 

200.00 0.61 200.00 0.48 175.00 15.87 

300.00 0.24 300.00 0.91 300.00 8.68 

      

Chlorophyll a      

Process Station 1 Process Station 2 Process Station 3 

Depth (m) µg L-1 
Depth 

(m) µg L-1 Depth (m) µg L-1 

5.00 2.72 5.50 0.05 5.00 0.12 

15.00 3.85 31.10 0.01 15.20 0.04 

40.00 2.65 51.30 0.05 31.00 0.05 

50.00 2.25 80.60 0.04 52.50 0.06 

60.00 2.07 124.20 0.04 126.10 0.04 

100.00 3.27 151.10 0.09 150.80 0.04 

175.00 0.68 202.00 0.05 202.00 0.03 

300.00 0.18 301.20 0.06 301.70 0.02 
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Fig. 2.6: 

 

 

 

Depth (m) Temperature (°C)NOx (µM) Phosphate (µM) Silicate (µM) Ammonia (µM)

6.9 9.439 12.81 0.98 2.6 0

15.2 9.437 12.82 0.98 2.6 0

31 9.44 12.8 0.98 2.5 0

41.3 9.436 12.82 0.98 2.5 0

52.5 9.435 12.81 0.98 2.5 0

58.3 9.436 12.8 0.98 2.6 0

68.8 9.433 12.82 0.98 2.5 0

80.4 9.432 12.81 0.98 2.6 0

90.2 9.436 12.82 0.98 2.6 0

99 9.452 12.78 0.98 2.5 0

126.1 9.432 12.81 0.98 2.6 0

150.8 9.441 12.79 0.98 2.6 0

175.6 9.439 12.84 0.98 2.6 0

202 9.436 12.84 0.98 2.6 0

301.7 9.272 15.77 1.14 4.2 -0.01

400.9 8.989 15.92 1.16 4.2 -0.01

499.9 8.749 16.61 1.21 4.6 -0.01

601.8 8.063 19.62 1.39 6.7 -0.01

801.5 6.806 25.93 1.8 16.5 -0.01

899.9 5.852 28.73 2 24.6 -0.01

1000.4 4.864 30.7 2.14 31.4 -0.01

1100.3 4.414 32.08 2.25 41.3 -0.01

1200.8 3.964 33.18 2.33 49.5 -0.01

1300.9 3.501 34.24 2.42 57.5 -0.01

1399.6 3.197 34.84 2.46 63.6 -0.01

1500.8 2.999 35.04 2.47 69.3 -0.01

Process Station 1

Depth (m) Temperature (°C) NOx (µM) Phosphate (µM)Silicate (µM)Ammonia (µM)

6.8 10.612 10.9 0.83 2.8 0.00

14.7 10.614 10.89 0.83 2.8 0.00

30.5 10.624 10.87 0.83 2.8 0.00

39.4 10.607 10.9 0.83 2.7 0.00

50 10.595 10.93 0.83 2.8 0.00

59.9 10.596 10.95 0.84 2.8 0.00

70.8 10.602 10.92 0.83 2.8 0.00

81 10.618 10.9 0.84 2.8 0.00

90.3 10.626 10.9 0.83 2.7 0.00

100.5 10.628 10.88 0.83 2.8 0.00

125.8 10.626 10.9 0.84 2.8 0.00

150.2 10.63 10.88 0.83 2.8 0.00

176.4 10.635 10.89 0.84 2.8 0.00

201.6 10.101 12.09 0.91 2.9 0.00

302 9.409 14.24 1.04 3.4 0.00

401.5 8.793 18.31 1.29 5.8 0.00

501.6 8.14 20.76 1.44 8 0.00

601.4 7.717 23.4 1.61 11.7 0.00

799.5 6.008 28.11 1.92 21.3 0.00

901.5 5.393 29.75 2.05 27.8 0.00

1000.9 4.692 31.11 2.15 32 0.00

1100.1 4.38 32.29 2.24 41.9 0.00

1200.6 3.822 33.44 2.32 47.9 0.00

1302.1 3.425 34.33 2.39 55.5 0.00

1400.6 3.202 34.84 2.43 63.7 0.00

1500.1 2.96 35.1 2.45 68.7 0.00

Process Station 2
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Fig. 2.9: 

 

 

Depth (m) Temperature (°C)NOx (µM) Phosphate (µM) Silicate (µM) Ammonia (µM)

5 14.001 4.95 0.46 1.9 0.05

15.2 14.005 4.93 0.45 1.8 0.03

30.9 14.002 5.02 0.45 1.9 0.02

39.9 13.994 5.02 0.45 1.8 0.02

49.5 13.981 5.38 0.47 1.9 0.02

58.6 13.901 5.73 0.5 2 0.02

68.2 13.846 5.56 0.49 1.9 0.04

79 13.691 6.76 0.55 2.3 0.01

89.6 13.635 6.64 0.56 2.3 0.03

99.1 13.619 6.5 0.54 2.2 0.03

124.9 13.205 7.9 0.63 2.6 0.02

149.3 13.117 6.89 0.58 2.3 0.15

175.6 12.954 6.74 0.57 2.3 0.2

200.8 12.902 6.81 0.58 2.3 0.14

301.5 12.399 7.94 0.64 2.3 0

400.2 10.423 15.64 1.1 5 0

500 9.222 18.67 1.29 6.5 0

598.5 8.412 21.9 1.51 10.2 0

800.2 6.789 26.89 1.84 20.6 0

900.2 6.048 28.8 1.98 27 0

1099.2 4.742 31.9 2.22 45.4 0

1300.1 3.728 34.17 2.39 66 0

1500.4 3.186 35.07 2.48 82.2 0

Process Station 3

Al/Si (Mm/M) bSi(µM) δ30SibSi (‰) SD Al/Si (Mm/M)

7.79 0.05 0.07 0.00 7.50

7.50 0.05 0.26 0.00 7.41

7.41 0.05 0.09 0.17 9.61

8.73 0.05 0.01 0.03 8.42

9.61 0.04 0.15 0.04 19.06

8.98 0.04

8.42 0.04

Al/Si (Mm/M) bSi(µM) δ30SibSi (‰) SD Al/Si (Mm/M)

6.58 0.06 0.26 0.01 6.58

18.85 0.06 0.36 0.00 18.85

41.04 0.05 0.30 0.07 41.04

32.87 0.06 0.43 0.05 32.87

23.75 0.08 0.44 0.03 23.75

50.27 0.05 0.52 0.03 50.27

Al/Si (Mm/M) bSi(µM) δ30SibSi (‰) SD Al/Si (Mm/M)

11.7362 0.4746 1.38 0.033 11.74

10.6292 0.4826 1.34 0.0784 10.63

14.1876 0.3202 1.18 0.0357 14.19

4.4752 0.4692 1.03 0.0761 4.48

11.2242 0.2116 0.76 0.192 11.22

Process Station 3

Process Station 2

Process Station 1 Process Station 1

Process Station 2

Process Station 3
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Fig. 2.10: 

 

Fig. 2.11: 

 

Depth (m) ʵ30SibSi ό҉ύ 2SD ʵ30SibSi ό҉ύ 2SD ʵ30SibSi ό҉ύ 2SD

5 -0.04 0.07 0.24 0.03 1.76 0.27

15 0.07 0.00 0.25 0.07 1.69 0.19

30 0.26 0.00 0.26 0.01 1.38 0.03

50 -0.03 0.02 0.36 0.00 1.34 0.08

125 0.09 0.17 0.30 0.07 1.18 0.04

150 -0.02 0.15 0.43 0.05 1.03 0.08

200 0.01 0.03 0.44 0.03 0.76 0.19

300 0.15 0.04 0.52 0.03 0.70 0.04

Process Station 2 Process Station 3Process Station 1

Depth (m) bSi (µM) Depth (m) POC (µmol L-1) PON (µmol L-1) Depth (m)NO3 (µM) Si(OH)4 (µM) Depth (m) ʵ30SibSi ό҉ύ 2SD

5.00 0.05 40.00 3.20 0.56 6.90 12.81 2.60 5.00 -0.04 0.07

15.20 0.05 70.00 6.33 1.22 15.20 12.82 2.60 15.00 0.07 0.00

31.00 0.05 100.00 6.06 1.17 31.00 12.80 2.50 30.00 0.26 0.00

52.50 0.05 150.00 1.28 0.30 41.30 12.82 2.50 50.00 -0.03 0.02

126.10 0.04 200.00 6.05 1.14 52.50 12.81 2.50 125.00 0.09 0.17

150.80 0.04 300.00 5.98 1.13 58.30 12.80 2.60 150.00 -0.02 0.15

202.00 0.04 68.80 12.82 2.50 200.00 0.01 0.03

301.70 0.02 80.40 12.81 2.60 300.00 0.15 0.04

90.20 12.82 2.60

99.00 12.78 2.50

126.10 12.81 2.60

150.80 12.79 2.60

175.60 12.84 2.60

202.00 12.84 2.60

301.70 15.77 4.20

Depth (m) bSi (µM) Depth (m) POC (µmol L-1) PON (µmol L-1) Depth (m)NO3 (µM) Si(OH)4 (µM) Depth (m) ʵ30SibSi ό҉ύ 2SD

5.00 0.05 40.00 7.61 2.02 5.50 10.95 2.80 5.00 0.24 0.03

15.20 0.05 70.00 6.81 1.82 15.00 10.96 2.80 15.00 0.25 0.07

31.00 0.05 100.00 6.52 1.80 31.10 10.97 2.80 30.00 0.26 0.01

52.50 0.05 125.00 4.11 1.40 41.10 10.98 2.80 50.00 0.36 0.00

126.10 0.04 150.00 7.17 1.95 51.30 10.95 2.80 125.00 0.30 0.07

150.80 0.04 200.00 7.75 2.11 60.00 11.02 2.80 150.00 0.43 0.05

202.00 0.04 300.00 5.56 2.11 71.10 11.02 2.80 200.00 0.44 0.03

301.70 0.02 80.60 11.03 2.80 300.00 0.52 0.03

90.20 11.03 2.80

100.60 11.01 2.90

124.20 11.00 2.80

151.10 10.97 2.80

175.60 10.92 2.80

202.00 10.89 2.90

301.20 11.18 3.00

Depth (m) bSi (µM) Depth (m) POC (µmol L-1) PON (µmol L-1) Depth (m)NO3 (µM) Si(OH)4 (µM) Depth (m) ʵ30SibSi ό҉ύ 2SD

5.00 0.38 40.00 37.53 7.50 5.00 4.95 1.90 5.00 1.76 0.27

15.00 0.58 70.00 9.63 1.96 15.20 4.93 1.80 15.00 1.69 0.19

40.00 0.47 100.00 11.03 2.97 30.90 5.02 1.90 40.00 1.38 0.03

50.00 0.48 150.00 5.06 1.04 39.90 5.02 1.80 50.00 1.34 0.08

60.00 0.32 200.00 6.05 1.76 49.50 5.38 1.90 60.00 1.18 0.04

100.00 0.47 58.60 5.73 2.00 100.00 1.03 0.08

175.00 0.21 68.20 5.56 1.90 175.00 0.76 0.19

300.00 0.07 79.00 6.76 2.30 300.00 0.70 0.04

89.60 6.64 2.30

99.10 6.50 2.20

124.90 7.90 2.60

149.30 6.89 2.30

175.60 6.74 2.30

200.80 6.81 2.30

301.50 7.94 2.30

Process Station 1

Process Station 2

Process Station 3
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Fig. 2.12: 

 

 

 

bSi Closed System Rayleighs Model Process Station 1

f Si (OH)4 - model bSi instantaneous -  modelbSi accumulative -  model

0.0 -0.45 -0.13 1.02 ʵ30SibSi ό҉ύ 2SD f

0.1 0.28 0.59 1.09 0.07 0.00 0.62

0.2 0.50 0.81 1.13 0.26 0.00 0.60

0.3 0.63 0.94 1.17 0.09 0.17 0.62

0.4 0.72 1.03 1.20 0.01 0.03 0.62

0.5 0.79 1.10 1.23 0.15 0.04 1.00

0.6 0.84 1.16 1.25

0.7 0.89 1.21 1.27

0.8 0.94 1.25 1.29

0.9 0.97 1.29 1.31

1.0 1.01 1.32

Measured bSi

Process Station 1

f Si (OH)4 - model bSi - model

ʵ30SibSi ό҉ύ 2SD f 0.0 -0.03 0.06

0.07 0.00 0.62 0.1 -0.02 0.07

0.26 0.00 0.60 0.2 -0.01 0.08

0.09 0.17 0.62 0.3 0.00 0.08

0.01 0.03 0.62 0.4 0.01 0.09

0.15 0.04 1.00 0.5 0.02 0.10

0.6 0.03 0.11

0.7 0.03 0.12

0.8 0.04 0.13

0.9 0.05 0.13

1.0 0.06 0.14

bSi open System  Model 

Measured bSi

bSi Closed System Rayleighs Model Process Station 2

f Si (OH)4 - model bSi instantaneous -  modelbSi accumulative -  model ʵ30SibSi ό҉ύ 2SD f

0.0 -24.94 -20.45 -4.05 0.26 0.01 0.97

0.1 -16.20 -11.71 -3.36 0.36 0.00 0.97

0.1 -15.07 -10.58 -3.19 0.30 0.07 0.97

0.1 -14.64 -10.16 -3.12 0.43 0.05 0.97

0.1 -14.60 -10.11 -3.11 0.44 0.03 0.97

0.2 -11.49 -7.00 -2.46 0.52 0.03 1.00

0.3 -9.67 -5.18 -1.95

0.4 -8.38 -3.89 -1.52

0.5 -7.37 -2.89 -1.15

0.6 -6.56 -2.07 -0.82

0.7 -5.86 -1.38 -0.53

0.8 -5.27 -0.78 -0.26

0.9 -4.74 -0.25 -0.01

1.0 -4.26 0.23

Measured bSi
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Process Station 2

f Si (OH)4 - model bSi - model

0 -8.62 -4.05

ʵ30SibSi ό҉ύ 2SD f 0.1 -8.16 -3.60

0.26 0.01 0.97 0.2 -7.71 -3.14

0.36 0.00 0.97 0.3 -7.25 -2.68

0.30 0.07 0.97 0.4 -6.79 -2.22

0.43 0.05 0.97 0.5 -6.34 -1.77

0.44 0.03 0.97 0.6 -5.88 -1.31

0.52 0.03 1.00 0.7 -5.42 -0.85

0.8 -4.97 -0.40

0.9 -4.51 0.06

1 -4.05 0.52

bSi open System Model 

Measured bSi

bSi Closed System Rayleighs Model Process Station 3

f Si (OH)4 - model bSi instantaneous -  modelbSi accumulative -  model ʵ30SibSi ό҉ύ 2SD f

0.0 8.84 7.38 2.06 1.76 0.27 0.6

0.1 6.00 4.55 1.84 1.69 0.19 0.6

0.1 5.64 4.18 1.78 1.38 0.03 0.64

0.1 5.50 4.04 1.76 1.34 0.08 0.64

0.1 5.48 4.03 1.76 1.18 0.04 0.64

0.2 4.48 3.02 1.55 1.03 0.08 0.92

0.3 3.88 2.43 1.38 0.76 0.19 1

0.4 3.47 2.01 1.24

0.5 3.14 1.68 1.12

0.6 2.88 1.42 1.02

0.7 2.65 1.19 0.92

0.8 2.46 1.00 0.83

0.9 2.29 0.83 0.75

1.0 2.13 0.68

Measured bSi

Process Station 3

f Si (OH)4 - model bSi - model

0.0 4.48 2.63

ʵ30SibSi ό҉ύ 2SD f 0.1 4.30 2.45

1.76 0.27 0.6 0.2 4.11 2.27

1.69 0.19 0.6 0.3 3.93 2.08

1.38 0.03 0.64 0.4 3.74 1.90

1.34 0.08 0.64 0.5 3.56 1.71

1.18 0.04 0.64 0.6 3.37 1.53

1.03 0.08 0.92 0.7 3.19 1.34

0.76 0.19 1 0.8 3.00 1.16

0.9 2.82 0.97

1.0 2.63 0.79

bSi open System Model 

Measured bSi
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Fig. 2.13: 

 

 

 

 
 

 

 

 

 

 

 

 

This study

Depth (m) ʵ30SibSi ό҉ύ SD bSi (µmol L
-1

)

5 1.76 0.27 0.38

15 1.69 0.19 0.58

40 1.38 0.03 0.47

50 1.34 0.08 0.48

60 1.18 0.04 0.32

100 1.03 0.08 0.47

175 0.76 0.19 0.21

300 0.70 0.04 0.07

Depth (m) ʵ30SibSi ό҉ύ SD bSi (µmol L
-1

)

10 1.8 0.11 3.94

36 1.66 0.02 1.96

53 1.63 0.08 1.19

77 1.66 0.3 0.3

253 1.81 0.02 0.39

Grasse et al., 2021

Depth (m) ʵ
30SibSi ό҉ύ SD bSi (µmol L

-1
)

52 1.24 0.14 1.6

76 1.12 0.16 2

101 1.08 0.02 2.9

201 1.17 0.11 1.3

Fripiat et al., 2011a

Depth (m) ʵ30SibSi ό҉ύ SD bSi (µmol L
-1

)

5.3 1.63 0.22 0.04

50 1.14 0.19 0.07

97.9 -0.17 0.25 0.12

148.9 0.14 0.13 0.14

Cao et al., 2012

Depth (m) ʵ30SibSi ό҉ύ SD bSi (µmol L
-1

)

11 1.38 0.31

41 1.28 0.39

60 1.37 0.1 0.3

79 1.18 0.29

170 1.41 0.06 0.37

260 1.36 0.06 0.28

Fripiat et al., 2012
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Chapter 3: 

Initial condition of the mesocosm experiment: 

 

Fig. 3.4: 

 Diatomite    Kaolin   

 29/28Si error (2s) 30/28Si 
error 
(2s)  29/28Si error (2s) 30/28Si 

error 
(2s) 

 0.64 0.27 1.21 0.29  -1.04 0.26 -2.16 0.30 

 0.65 0.08 1.33 0.12  -1.11 0.09 -2.14 0.12 

 0.61 0.09 1.20 0.14  -1.13 0.10 -2.17 0.15 

Average 0.64 0.11 1.24 0.18  -1.09 0.15 -2.16 0.19 

2SD 0.05   0.14    0.09   0.03   

          

 D63 Inhouse    Calcined Kaolinite   

 29/28Si error (2s) 30/28Si 
error 
(2s)  29/28Si error (2s) 30/28Si 

error 
(2s) 

 -0.60 0.09 -1.11 0.12  -0.73 0.20 -1.44 0.19 

 -0.53 0.14 -1.06 0.20  -0.85 0.09 -1.65 0.12 

 -0.51 0.10 -1.03 0.16  -0.71 0.09 -1.38 0.14 

Average -0.55 0.11 -1.06 0.16  -0.76 0.12 -1.49 0.15 

2SD 0.10   0.08    0.15   0.28   

 

Fig. 3.5: 

Florescence (Fo)        

  Low light UV-Filtered High light Dark 

0 10.67 0.6 10.67 0.6 10.67 0.6 10.67 0.6 

2 2.54 0.07 15.8 3.84 5.65 0.16 1.08 0.09 

4 59.49 2.02 16.64 0.17 70.76 12.38 1.23 0.15 

6 30.84 1.8 33.84 0.86 30.98 0.89 2.43 0.14 

8 48.94 0.31 38.32 0.96 43.33 0.13 8.84 0.3 

         

σPSII (470) nm2 quanta -1       

  Low light UV-Filtered High light Dark 

0 5.01107 0.04034 5.01107 0.04034 5.01107 0.04034 5.01107 0.04034 

2 4.0876 0.23165 5.79725 0.4305 4.99073 0.27977 3.0712 0.28462 

4 8.22 0.18786 6.3061 0.11238 5.4562 0.29268 2.3741 0.56142 

6 6.29175 0.09403 7.0153 0.12305 7.05355 0.20694 4.6735 0.1726 

8 7.40538 0.26955 7.7495 0.03844 7.62825 0.06392 5.99088 0.09675 

 
 
 
         

Location Salinity Temperature (°C) ML depth (m) Chl a (µg/L) bSi (µmol/L) Silicate (µmol/L) Nitrate (µmol/L) Phosphate (µmol/L) Ammonia (µmol/L)

Latitude 40 24.229S 35.48 14 60 1.6325 0.632 1.7 4.35 0.42 0.04

Longitude 153 22.562E

Mesocosm Experiment: Initial physico-environmental conditions of the water
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Fv/Fm         

  Low light UV-Filtered High light Dark 

0 0.5459 0.0083 0.5459 0.0083 0.5459 0.0083 0.5459 0.0083 

2 0.7939 0.0357 0.7011 0.0124 0.5634 0.0182 0.6326 0.0167 

4 0.7657 0.0101 0.5081 0.00388 0.4952 0.00114 0.4898 0.00332 

6 0.7065 0.015 0.5042 0.014 0.4915 0.0108 0.4878 0.014 

8 0.6588 0.00817 0.4485 0.0148 0.4229 0.00164 0.4147 0.00208 

 

Fig 3.7: 

 Silicate µmol L-1    Nitrate µmol L-1  

Time Low light UV-Filtered High light Dark  Time 
Low 
light 

UV-
Filtered 

High 
light Dark 

0 1.7 1.7 1.7 1.7  0 4.35 4.35 4.35 4.35 

2 1.4 1.5 1.5 1.8  2 3.94 3.94 4.18 5.1 

4 1.2 1.3 1.4 1.8  4 2.65 2.89 3.4 4.96 

6 1.2 1.3 1.4 1.9  6 1.7 1.76 2.59 4.37 

8 0.7 0.9 1 1.7  8 0.65 0.94 1.83 3.98 

           

           

 Phosphate µmol L-1    Ammonia µmol L-1  

Time Low light UV-Filtered High light Dark  Time 
Low 
light 

UV-
Filtered 

High 
light Dark 

0 0.42 0.42 0.42 0.42  0 0.04 0.04 0.04 0.04 

2 0.38 0.38 0.4 0.46  2 0.03 0.02 0.02 0.03 

4 0.28 0.29 0.34 0.44  4 0 0 0.01 0 

6 0.2 0.17 0.25 0.34  6 0.04 0.03 0.03 0.01 

8 0.09 0.07 0.16 0.28  8 0.06 0.09 0.12 0.1 

 

Fig 3.12: 

  Chlorophyll a µmol L-1   

Time Low light UV-Filtered High light Dark 

0 1.63 1.63 1.63 1.63 

2 1.97 3.30 2.40 0.46 

4 3.39 3.80 4.01 0.53 

6 6.43 5.02 4.08 1.71 

8 9.90 6.60 4.25 1.59 
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  Biogenic silica µmol L-1   

Time Low light UV-Filtered High light Dark 

0 0.63 0.63 0.63 0.63 

2 0.65 0.72 0.56 0.12 

4 0.85 0.80 0.74 0.20 

6 0.95 0.85 0.81 0.28 

8 1.23 1.19 1.01 0.33 

 

Fig 3.13: 

 Particulate Organic Carbon µmol L-1   

Time Low light UV-Filtered High light Dark 
0 17.23 17.23 17.23 17.23 
2 17.51 18.09 11.16 7.91 
4 20.88 21.75 12.13 7.12 
6 24.04 23.62 ND 8.84 
8 31.33 31.56 24.40 10.46 

     

  Particulate Organic Nitrogen µmol L-1   

Time Low light UV-Filtered High light Dark 
0 3.44 3.44 3.44 3.44 
2 3.48 3.59 2.53 4.47 
4 3.91 4.10 2.59 4.06 
6 4.59 4.63 ND 4.77 
8 5.61 5.99 4.32 5.26 

     

  C:N   

Time Low light UV-Filtered High light Dark 
0 5.01 5.01 5.01 5.01 
2 5.04 5.03 4.41 3.96 
4 5.34 5.31 4.68 3.93 
6 5.24 5.11  4.15 
8 5.58 5.27 5.65 4.46 

 

Fig 3.14: 

  Si:C   

Time Low light UV-Filtered High light Dark 

0 0.04 0.04 0.04 0.04 

2 0.03 0.04 0.06 0.02 

4 0.04 0.04 0.07 0.03 

6 0.03 0.04 ND 0.03 

8 0.03 0.04 0.05 0.03 

  

 

 

 

 

 

   



225 | P a g e  
 

  Si:N   

Time Low light UV-Filtered High light Dark 

0 0.18 0.18 0.18 0.18 

2 0.16 0.20 0.26 0.03 

4 0.19 0.19 0.33 0.05 

6 0.18 0.18 ND 0.06 

8 0.18 0.20 0.29 0.06 

Fig 3.15: 

  Low light UV-Filtered High light Dark 

Time ʵ30 SibSi ό҉ύ 2SD ʵ30 SibSi ό҉ύ 2SD ʵ30 SibSi ό҉ύ 2SD ʵ30 SibSi ό҉ύ 2SD 

0 1.59 0.12 1.59 0.12 1.59 0.12 1.59 0.12 

4 1.49 0.15 1.50 0.13 1.64 0.01 1.55 0.03 

8 1.86 0.17 1.88 0.40 1.54 0.29 1.52 0.35 

 

Chapter 4: 

Fig 4.3: 

 Diatomite             

 29/28Si 
error 
(2s) 30/28Si 

error 
(2s)           

 0.73 0.14 1.38 0.15       

Calcined 
Kaolinite   

 0.78 0.17 1.38 0.18  Kaolin     29/28Si 
error 
(2s) 30/28Si 

error 
(2s) 

 0.77 0.16 1.44 0.19  29/28Si 
error 
(2s) 30/28Si 

error 
(2s)  -0.83 0.19 -1.70 0.21 

 0.54 0.16 1.13 0.17  -1.15 0.17 -2.29 0.18  -0.90 0.18 -1.87 0.18 

 0.73 0.12 1.43 0.18  -1.22 0.17 -2.33 0.19  -0.86 0.19 -1.74 0.21 

 0.55 0.13 1.12 0.18  -1.17 0.12 -2.28 0.17  -0.80 0.13 -1.58 0.18 

 0.57 0.05 1.09 0.09  -1.16 0.13 -2.27 0.17  -0.88 0.13 -1.64 0.17 

 0.57 0.05 1.10 0.08  -1.17 0.13 -2.26 0.17  -0.81 0.13 -1.62 0.18 

 0.63 0.07 1.20 0.11  -1.18 0.06 -2.37 0.09  -0.84 0.05 -1.59 0.08 

 0.58 0.06 1.16 0.10  -1.13 0.07 -2.19 0.10  -0.82 0.05 -1.56 0.08 

 0.66 0.07 1.28 0.11  -1.05 0.07 -2.06 0.12  -0.65 0.07 -1.27 0.11 

 0.64 0.07 1.24 0.11  -1.04 0.07 -2.02 0.12  -0.67 0.07 -1.32 0.12 

 0.52 0.07 1.03 0.12  -1.13 0.08 -2.16 0.12  -0.70 0.08 -1.41 0.13 

 0.57 0.08 1.13 0.13  -1.16 0.08 -2.24 0.12  -0.80 0.08 -1.55 0.13 

                     
Average 0.63 0.10 1.22 0.14  -1.14 0.10 -2.23 0.14  -0.80 0.11 -1.57 0.15 

2SD 0.18   0.28    0.11   0.22    0.16   0.34   
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Sponge - 
A1084b    Sponge - SP15        

 29/28Si 
error 
(2s) 30/28Si 

error 
(2s)  29/28Si 

error 
(2s) 30/28Si 

error 
(2s)      

 -0.42 0.19 -0.83 0.20  -1.83 0.33 -3.51 0.34      

 -0.36 0.17 -0.77 0.19  -1.86 0.14 -3.68 0.15      

 -0.44 0.18 -0.82 0.18  -1.77 0.26 -3.61 0.28      

 -0.33 0.05 -0.66 0.08  -1.82 0.13 -3.43 0.16      

 -0.44 0.05 -0.91 0.09  -1.71 0.12 -3.25 0.16      

 -0.48 0.06 -0.91 0.10  -1.85 0.12 -3.55 0.17      

 -0.31 0.06 -0.63 0.11  -1.95 0.05 -3.79 0.09      

                   
Average -0.40 0.11 -0.79 0.13  -1.83 0.17 -3.55 0.19      

2SD 0.13   0.22    0.15   0.35        

 

Fig 4.8: 

Substrate Cf HFe 3°C Cf HFe 5°C Cf LFe 3°C Cf LFe 5°C 

µmol L-1 MM model MM model MM model MM model 

0 0 0 0 0 

2 2393.90 635.25 1864.05 873.70 
4 3553.85 848.95 2871.95 1112.89 
6 4238.43 956.17 3503.38 1224.65 
8 4690.15 1020.62 3936.08 1289.39 
10 5010.57 1063.64 4251.11 1331.62 
15 5512.71 1126.97 4758.96 1392.44 
20 5803.52 1161.55 5061.28 1424.98 
30 6126.71 1198.32 5404.61 1459.08 

40 6302.20 1217.59 5594.36 1476.75 

 

Cf HFe 3°C Cf HFe 5°C  Cf LFe 3°C Cf LFe 5°C 

Substrate Experimental Substrate Experimental 
 

Substrate Experimental Substrate 

  Si(OH)4 uptake  Si(OH)4 uptake  
 Si(OH)4 uptake  

µmol L-1 
Cell volume cell-1 

hr-1 µmol L-1 
Cell volume cell-1 

hr-1 
 

µmol L-1 
Cell volume cell-1 

hr-1 µmol L-1 

0 658.58 0 259.7689  2 1411.7297 0 

2 1510.86 2 519.5378  4 2487.3333 4 

4 2556.84 4 844.2489  6 3596.5495 6 

6 4338.88 6 1104.0178  8 4604.9279 8 

8 5307.38 8 1136.4889  10 4806.6036 10 

10 5772.26 10 1071.5467  15 4571.3153 15 

15 5694.78 15 957.8978  20 4571.3153 20 

    20 998.4867        
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Substrate Ta HFe 3°C Ta HFe 5°C 

µmol L-1 MM model MM model 

2 325.88 445.72 

4 504.37 827.39 

6 617.02 1157.87 

8 694.59 1446.83 

10 751.26 1701.62 

15 842.95 2223.78 

20 897.74 2626.81 

30 960.15 3208.25 

40 994.72 3607.52 

 

Note: MM model – Michaelis Menten Model 

Ta HFe 3°C Ta HFe 5°C 

Substrate Experimental Substrate Experimental 

  Si(OH)4 uptake  Si(OH)4 uptake 

µmol L-1 Cell volume cell-1 hr-1 µmol L-1 
Cell volume cell-1 hr-

1 

0 111.52 0 126.68 
2 334.55 2 253.35 
4 669.10 4 760.06 
6 446.07 6 1076.75 
8 557.59 8 1520.12 
10 892.14 10 1773.47 

30 1338.21 15 2406.85 

40 1003.66 20 2596.87 

 

Fig: 4.9 

Cf +Fe, 
3°C 

Cf +Fe, 
5°C 

Cf -Fe, 
3°C 

Cf -Fe, 
5°C 

Ta +Fe,  
3°C 

Ta +Fe, 
5°C 

Cn +Fe, 
3°C 

Cn +Fe, 
5°C 

Cn -Fe, 
3°C 

Cn -Fe, 
5°C 

-0.81 -0.85 -1.02 -0.54 -0.92 -0.98 -0.79 -0.90 -1.38 -0.90 
-0.73 -0.88 -1.08 -0.47 -0.99 -1.11 -0.87 -0.87 -1.36 -0.83 

    -1.04   -0.90 -1.06 -0.94 -1.01 -1.03 -1.01 
        -1.20 -1.12 -1.07 -0.88   -0.87 
        -1.08 -1.22 -0.76 -1.04   -0.97 
  --       -1.16 -0.73 -0.90     
          -0.98         
          -0.90         

 

 



228 | P a g e  
 

 

Chapter 5: 

Fig: 5.2 

 Diatomite    Kaolin    

Calcined 
Kaolinite   

 29/28Si 
error 
(2s) 30/28Si 

error 
(2s)  29/28Si 

error 
(2s) 30/28Si 

error 
(2s)  29/28Si 

error 
(2s) 30/28Si 

error 
(2s) 

 0.72 0.07 1.37 0.11  -1.14 0.07 -2.24 0.12  -0.81 0.07 -1.57 0.11 

 0.63 0.08 1.24 0.14  -1.23 0.08 -2.40 0.13  -0.78 0.08 -1.53 0.12 

 0.59 0.07 1.19 0.14  -1.14 0.07 -2.26 0.13  -0.83 0.08 -1.58 0.13 

 0.67 0.07 1.33 0.12  -1.09 0.07 -2.11 0.12  -0.77 0.07 -1.52 0.12 

 0.68 0.06 1.26 0.08  -1.22 0.05 -2.36 0.08  -0.81 0.05 -1.57 0.09 

 0.64 0.05 1.26 0.08  -1.17 0.06 -2.29 0.09  -0.82 0.06 -1.57 0.09 

 0.59 0.06 1.13 0.10  -1.21 0.06 -2.35 0.08  -0.84 0.06 -1.60 0.08 

 0.61 0.06 1.16 0.10  -1.12 0.06 -2.26 0.09  -0.85 0.07 -1.73 0.10 

 0.66 0.07 1.28 0.11  -1.05 0.07 -2.06 0.12  -0.65 0.07 -1.27 0.11 

 0.64 0.07 1.24 0.11  -1.04 0.07 -2.02 0.12  -0.67 0.07 -1.32 0.12 

 0.52 0.07 1.03 0.12  -1.13 0.08 -2.16 0.12  -0.70 0.08 -1.41 0.13 

 0.57 0.08 1.13 0.13  -1.16 0.08 -2.24 0.12  -0.80 0.08 -1.55 0.13 

                     

Average 0.63 0.07 1.22 0.11  -1.14 0.07 -2.23 0.11  -0.78 0.07 -1.52 0.11 

2SD   0.14   0.23    0.14   0.22    0.14   0.22 

               

 Sponge - A1084b    Sponge - SP15    Inhouse-D63   

 29/28Si 
error 
(2s) 30/28Si 

error 
(2s)  29/28Si 

error 
(2s) 30/28Si 

error 
(2s)  29/28Si 

error 
(2s) 30/28Si 

error 
(2s) 

 -0.59 0.08 -1.13 0.13  -1.80 0.08 -3.45 0.12  -0.49 0.07 -0.99 0.12 

 -0.55 0.08 -1.10 0.13  -1.85 0.08 -3.59 0.14  -0.58 0.09 -1.09 0.14 

 -0.33 0.07 -0.67 0.12  -1.84 0.07 -3.49 0.12  -0.50 0.08 -1.08 0.14 

 -0.46 0.07 -0.87 0.11  -1.82 0.07 -3.52 0.11  -0.55 0.07 -1.08 0.12 

 -0.47 0.06 -0.94 0.08  -1.87 0.05 -3.56 0.09  -0.54 0.05 -1.06 0.08 

 -0.46 0.06 -0.90 0.10  -1.83 0.06 -3.59 0.08  -0.49 0.05 -0.95 0.09 

 -0.37 0.06 -0.70 0.08  -1.85 0.06 -3.62 0.08  -0.57 0.06 -1.12 0.08 

 -0.505 0.0655 -0.978 0.101  -1.84 0.0645 -3.55 0.1006  -0.61 0.06 -1.19 0.09 

                     
Average -0.47 0.07 -0.91 0.11  -1.84 0.07 -3.55 0.11  -0.54 0.07 -1.07 0.11 

2SD   0.13   0.21    0.13   0.21    0.13   0.21 

 

Fig 5.7:   

Cf control Cf -Fe Cf -Zn Cf -Co Cn control Cn -Fe Cn -Zn Cn -Co 

-0.65 -0.67 -0.73 -0.85 -0.32 -0.76 -1.24 -0.68 

-0.66 -0.65 -0.72 -0.77 -0.39 -0.74 -1.29 -0.53 

-0.64 -0.73 -0.73 -0.82 -0.58 -0.41 -1.28 -0.35 

-0.69 -0.54 -0.77 -0.77 -0.62   -1.30 -0.42 

-0.63 -- -0.93 -- -0.32   -- -0.47 

-0.65 -- -0.85 -- -0.34   -- -0.45 
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Fig 5.8: 

Fe cellular TMs quotas   Zn cellular TMs quotas   Cu cellular TMs quotas  

  µmol TM:mol C SD    
µmol TM:mol 

C SD    µmol TM:mol C SD 

Cf control 10732 55  Cf control 514 3  Cf control 167 1 

Cf-Fe 4546 134  Cf-Fe 216 6  Cf-Fe 72 2 

Cf-Zn 2079 85  Cf-Zn 100 4  Cf-Zn 33 1 

Cf-Co 5345 98  Cf-Co 255 5  Cf-Co 84 2 

  -- --             

Cn control 3161 481  

Cn 
control 149 23  Cn control 50 8 

Cn-Zn 3203 264  Cn-Zn 120 4  Cn-Zn 40 1 

Cn-Co 2529 94  Cn-Co 154 13  Cn-Co 51 4 

           

Mn cellular TMs quotas   Co cellular TMs quotas      

  µmol TM:mol C SD    
µmol TM:mol 

C SD     

Cf control 80 0.4  Cf control 6 0.03     

Cf-Fe 34 1.0  Cf-Fe 3 0.08     

Cf-Zn 15 0.6  Cf-Zn 1 0.05     

Cf-Co 40 0.7  Cf-Co 3 0.06     

               

Cn control 23 3.5  

Cn 
control 2 0.28     

Cn-Zn 24 2.0  Cn-Zn 1 0.05     

Cn-Co 19 0.7  Cn-Co 2 0.15     
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Pictures of diatoms used in this study 

Thalasiossira antarctica (Ta) 

 

  

Chaetoceros flexuosus (Cf) 
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Chaetoceros neogracilis (Cn) 

 

 

 

 

 


