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Abstract 
 

Global increases in atmospheric CO2 concentration and temperature are 

causing changes in ocean chemistry, temperature and circulation, altering light 

and nutrient regimes. Such changes are expected to impact the coccolithophore 

community with organisms responding through phenotypic and physiological 

plasticity, genetic change and/or dispersal to more hospitable habitats. 

Understanding how the coccolithophore community responds to climate 

variability is vital for predicting ecosystem functioning and the fate of the global 

carbon cycle under a changing climate. Despite these urgent concerns, the 

coccolithophore response to recent global climate change remains poorly 

understood. Fossil coccospheres, the external calcite structure produced by the 

excretion of interlocking plates by coccolithophores, can provide a rare window 

into cell size in the past and an archive of the response of coccolithophores to 

environmental change. In turn, coccolithophore cell size has the potential to 

impose fundamental constraints on ecological and biogeochemical processes. 

In this thesis, I develop novel techniques combining imaging flow cytometry and 

cross-polarised light (ISX+PL) to rapidly and reliably visually isolate and quantify 

the morphological characteristics of coccospheres from marine sediment to 

enable cell size reconstructions. This method overcomes the constraints of 

labour-intensive manual microscopy allowing rapid identification and analysis of 

coccospheres within sediment. By employing ISX+PL, coccolithophore 

community cell size and community size structure of a subpolar North Atlantic 

community is reconstructed from ~1750 to ~2014 C.E. to investigate how 

modern coccolithophores may be responding to recent climate change. Results 

suggest average community cell size and community size structure was 

insensitive to increases in CO2 concentration and SST since the mid-1900s. 

Stability in the species assemblage may be attributed to the low magnitude of 

environmental change and broad tolerances of the dominant species of the 

subpolar North Atlantic. The results imply environmental changes in the 

subpolar North Atlantic are not yet considerable enough to impact fundamental 

traits that affect the biogeochemical and ecological functioning of the 

coccolithophore ecosystem. In regions where climate change is resulting in 

higher local environmental variability and in communities that have a broader 

cell size composition with a subordinate community of larger cells, changes in 

cell size may be observed and should be a focus for future investigations. 
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Chapter 1. Introduction 
 

1.1. The Ocean and Climate Change 

The planet is currently experiencing a period of rapid climate change (IPCC, 

2019). Since the pre-industrial era, anthropogenic greenhouse gas emissions 

have increased, largely due to economic and population growth (IPCC, 2014). 

This has led to atmospheric CO2 concentrations that are unprecedented in at 

least the last 800,000 years, with concentrations of 280 ppm in the late 

eighteenth century, rising to concentrations exceeding 400 ppm in recent years 

(IPCC, 2014).  

 

The rise in atmospheric CO2 and subsequent oceanic uptake of CO2 has 

resulted in shifts in seawater chemistry and the equilibrium between CO2, 

bicarbonate and carbonate species which comprise dissolved inorganic carbon 

(DIC) in seawater; the pH of ocean surface water has decreased by 0.1 pH 

units (IPCC, 2014). When water (H2O) mixes with carbon dioxide (CO2) they 

combine to form carbonic acid (H2CO3; Equ. 1). This carbonic acid rapidly 

dissociates producing bicarbonate ions (HCO3-; Equ. 2) which, in turn, can 

dissociate into carbonate ions (CO32-; Equ. 3). These reactions (Equs. 2, 3) also 

produce protons (H+) therefore lowering the pH of seawater. 

 

 CO2(aq) + H2O ↔ H2CO3                                      Equ. 1 
 

H2CO3 ↔ HCO3- + H+                                        Equ. 2 
 

HCO3- ↔ CO32- + H+                                         Equ. 3 
 

Seawater has a natural capacity to buffer against changes in pH. Excess acidity 

(H+) causes a disequilibrium between HCO3- and CO32- (Equ. 3) and so Equ. 3 

shifts to the left to consume excess protons (H+), and also CO32- (Equ. 4). 

Carbonate, which is important in calcification, may become undersaturated and 

affect the ability of coccolithophores to produce and maintain their calcium 

carbonate exoskeletons. 
 

CO2(aq) + CO32- + H2O → 2HCO3-                              Equ. 4 
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Rising CO2 levels are also causing global warming due to the greenhouse effect 

(IPCC, 1990). Since the 1950s, global warming is unprecedented over decades 

to millennia (IPCC, 2014). Global average temperatures have increased by ~0.2 

°C per decade over the past 30 years (Hansen et al., 2006), with most of this 

energy absorbed by the ocean (King et al., 2010). Increased temperatures lead 

to increased evaporation of ocean surface waters and increased precipitation in 

wet regions resulting in an intensification of the hydrological cycle, with saline 

surface waters in the evaporation-dominated mid-latitudes becoming more 

saline and relatively fresh surface waters in rainfall-dominated tropical and polar 

regions becoming less saline (Rhein et al., 2013). Ocean surface warming and 

high-latitude addition of freshwater are driving density stratification due to 

decreasing density of the surface ocean relative to deeper parts of the ocean 

(Rhein et al., 2013). This causes inhibition of mixing between surface waters 

and nutrient-rich deep waters (Rhein et al., 2013). Ocean warming also causes 

a shallowing of the mixed layer depth (MLD), increasing the mean light 

exposure of phytoplankton in the mixed surface layer (Winder and Sommer, 

2012). Such rapid changes in our oceans are expected to have large 

implications on phytoplankton communities (e.g. Doney et al., 2012).  

 

1.2. Coccolithophores 

Coccolithophores are a highly abundant and ubiquitous group of single-celled 

phytoplankton. Coccolithophores produce and excrete calcite plates called 

coccoliths that interlock to form an intricate and delicate exoskeleton that 

surrounds the organic cell, known as a coccosphere (Wallich, 1860). Coccoliths 

exhibit a wealth of geometric architectures, shapes, and crystallography that are 

distinct to each species (Young et al., 2003). Their varied arrangement around 

the cell procures a remarkable diversity of coccosphere morphologies ranging 

from spherical to cylindrical with sizes ranging between 3-30 μm (Monteiro et 

al., 2016) (Figure 1.1). Coccosphere morphology has been directly linked to 

cellular growth and division with small coccospheres with few coccoliths 

produced during the exponential growth phase of rapid cell division and larger 

coccospheres with more coccoliths produced during the stationary phase 

(Gibbs et al., 2013). 
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Figure 1.1: Scanning electron micrographs of coccolithophores demonstrating 

the diversity of coccolith and coccosphere morphologies from Monteiro et al. 

(2016). All images are of coccolithophores collected from the open ocean. (A) 

Coccolithus pelagicus, (B) Calcidiscus leptoporus, (C) Braarudosphaera 

bigelowii, (D) Gephyrocapsa oceanica, (E) Emiliania huxleyi, (F) Discosphaera 

tubifera, (G) Rhabdosphaera clavigera, (H) Calciosolenia murrayi, (I) 

Umbellosphaera irregularis, (J) Gladiolithus flabellatus, (K and L) Florisphaera 

profunda, (M) Syracosphaera pulchra, and (N) Helicosphaera carteri. Scale bar; 

5 μm. 

 

Coccolithophores interact with the biogeochemical cycling of carbon in our 

oceans through a balance of photosynthesis, calcification, remineralisation after 

cell death, grazing by zooplankton and long-term sequestration of coccolith 

remains to the seafloor (Figure 1.2). Coccolithophores contribute up to 20 % of 

primary production in certain oceanic regions (Poulton et al., 2006) by fixing 
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carbon to form particulate organic carbon (POC) via photosynthesis. Alongside 

foraminifera, which are single-celled protists that have a test (shell) often 

composed of biogenic calcium carbonate (Boltovskoy and Wright, 1976), 

coccolithophores are the most prolific calcium-carbonate (particulate inorganic 

carbon; PIC) producing planktonic group (Hernández et al., 2018). 

Coccolithophores are responsible for approximately half of carbonate 

production and export to the deep ocean (Broecker and Clark, 2009). As the 

production of coccoliths releases CO2, the ratio of PIC to POC determines 

whether coccolithophores act as a source (high PIC:POC) or a sink (low 

PIC:POC) of atmospheric CO2. The role of coccolithophores in the biological 

carbon pump (BCP) and the carbonate counter pump (CCP) therefore make 

coccolithophores a fundamental component of the cycling of carbon in our 

oceans.  

 

 

 

Figure 1.2: Schematic representation of the role of coccolithophores in the 

ocean carbon cycle, adapted from Šupraha (2016). Coccolithophores take up 

carbon dioxide and water and use energy from sunlight to convert it into glucose 

and oxygen via the process of photosynthesis. Coccolithophores exit the 

surface as sinking particles called marine snow, and transfer carbon to depth 
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where it is sequestered. Before sequestration, coccolithophores may be directly 

consumed by zooplankton or indirectly by heterotrophic bacteria and recycled 

as part of the regenerative nutrient cycle. This production of particulate organic 

carbon (POC), its sinking to the deep ocean, and its sequestration at depth is 

known as the ‘biological carbon pump’. Carbon is also biologically fixed by 

coccolithophores to produce a calcite exoskeleton, the coccosphere. Calcium 

and bicarbonate ions react via the process of calcification to form calcium 

carbonate. As coccolithophores leave the surface waters, the calcite 

exoskeleton sinks to the seafloor where it is sequestered. The formation of 

particulate inorganic carbon (PIC) raises the partial pressure of dissolved 

carbon dioxide in the surface layers. This process therefore works in opposition 

to the biological pump pushing the carbon cycle towards a release of CO2 back 

into the atmosphere. 

 

1.3. Coccolithophores and Environmental Change 

Coccolithophores have become a focal group for researchers investigating 

phytoplankton response to climate change (e.g. Beaufort et al., 2011; Schlüter 

et al., 2014; O’Dea et al., 2014). Coccolithophores are highly sensitive to 

environmental change as, like all living organisms, their growth and 

biogeographic distribution are dependent on environmental parameters 

(Litchman et al., 2012). Of particular importance is the direct effects of 

increasing CO2 concentrations and the consequential ocean acidification 

(Doney et al., 2009), and increasing ocean temperatures that can lead to 

increased salinification, stratification and nutrient limitation (Sarmiento et al., 

2004). As calcifying organisms, it has been suggested that ocean acidification 

could severely affect coccolithophores, however, contrasting responses have 

been observed for both coccolithophore growth (Riebesell et al., 2000; 

Zondervan et al., 2002; Iglesias-Rodriguez et al., 2008; Langer et al., 2009; 

Muller et al., 2010; Rickaby et al., 2010) and calcification (Riebesell et al., 2000; 

Zondervan et al., 2001; Zondervan et al., 2002; Langer et al., 2006, 2009; 

Iglesias-Rodriguez et al., 2008). Increasing ocean temperatures could cause 

shifts in coccolithophore biogeography and growth rates (Sorrosa et al., 2005; 

Bodt et al., 2010; Arnold et al., 2013). Understanding how the coccolithophore 
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community responds to climate forcing is vital for predicting ecosystem 

functioning and the fate of the global carbon cycle under a changing climate. 

 

From a broad perspective, there are three main response options for organisms 

experiencing environmental change: 1) organisms adapt through phenotypic 

and physiological plasticity which allows species to tolerate the new conditions, 

2) organisms adapt to the new conditions through genetic change by the 

process of evolution or 3) species may disperse to more hospitable habitats 

causing interspecies shifts in species composition (Hofmann and Todgham, 

2010). If these response options do not occur, on encountering adverse 

environmental conditions, organisms may die spontaneously (Bidle and 

Falkowski, 2004). The following section will outline our existing knowledge and 

understanding of coccolithophore response to climate change. 

 

1.3.1. Response 1: phenotypic and physiological plasticity 

Our current understanding of the response of coccolithophores to environmental 

change is largely based upon short-term laboratory culture experiments where 

cells are grown for only a few generations under varying conditions (e.g. 

Riebesell et al., 2000; Langer et al., 2009; Bodt et al., 2010). These laboratory 

experiments provide an understanding of the immediate physiological response 

and allow us to gain an insight into what degree the phenotype of 

coccolithophores can ‘stretch’ to accommodate environmental change. 

Laboratory experiments have revealed that the physiological response of 

coccolithophores to environmental change is complex and highly variable 

between species, strains, and specific environmental parameters used (e.g. 

Langer, 2009).  

 

Effects of increased CO2 

There was a previous reluctance to investigate the direct effects of CO2 on 

marine phytoplankton due to the assumption that CO2 is a non-limiting substrate 

for primary production (Engel et al., 2008). However, Riebesell et al. (1993) 

demonstrated that marine phytoplankton may in fact be CO2-limited and 

respond to increased CO2 concentration with increased growth rates. This is 
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due to the CO2/O2 fixing enzyme RUBISCO being less than half saturated under 

current CO2 levels for most phytoplankton species (Giordano et al., 2005).  

 

In culture experiments, elevated CO2 generally has stimulating effects on 

photosynthesis and organic carbon production (Riebesell et al., 2000; 

Zondervan et al., 2001; Zondervan et al., 2002; Feng et al., 2008; Shi et al., 

2009; Bodt et al., 2010; Müller et al., 2010; Rickaby et al., 2010). The only 

experiment to show a reduction in organic matter production at increased CO2 

levels was conducted in chemostats under nitrate limitation (Sciandra et al., 

2003). While some studies report enhanced growth rates at higher CO2 

concentrations for some species (Emiliania huxleyi; Shi et al., 2009 and 

Gephyrocapsa oceanica; Rickaby et al., 2010), most studies show no change in 

cell division (Riebesell et al., 2000; Zondervan et al., 2002) or a slight decrease 

in cell division rate (Iglesias-Rodriguez et al., 2008; Langer et al., 2009; Müller 

et al., 2010; Rickaby et al., 2010). The decrease in cell division that generally 

concurs with increased rates of photosynthesis results in larger cell sizes at 

elevated CO2 concentrations.  

 

A varying response to CO2 in terms of calcification and PIC content has also 

been reported (Riebesell et al., 2000; Zondervan et al., 2001; Zondervan et al., 

2002; Langer et al., 2006, 2009; Iglesias-Rodriguez et al., 2008). Following 

findings from Riebesell et al. (2000) and Zondervan et al. (2001), it was 

generally accepted that coccolithophore calcification will decrease under rising 

CO2 levels. Langer et al. (2006) later reported that two species, Calcidiscus 

leptoporus and Coccolithus braarudii, do not follow the same CO2-related 

calcification response, leading to the presumption of species-specific variability. 

A contrasting finding to Riebesell et al. (2000) reported increased calcification 

under high CO2 conditions despite both investigating the same species, E. 

huxleyi (Iglesias-Rodriguez et al., 2008). A subsequent study by Langer et al. 

(2009) on four strains of E. huxleyi, found variation in response between strains. 

It is now widely accepted that the contrasting responses in growth, 

photosynthesis and calcification are due to different strains exhibiting different 

responses (Langer et al., 2009), however more work is required before we can 

fully understand how rising CO2 concentrations will affect coccolithophores in 

the future.  
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Effects of increased ocean temperature 

Global increases in temperature may have direct effects on coccolithophores 

such as changing the rates of biological processes, or indirect via changes in 

salinity and stratification, which in turn affects nutrient availability and light 

conditions (Finkel et al., 2010).  

 

Cell size is known to decrease while cell division rates increase due to the direct 

effect of increasing temperature (Atkinson et al., 2003). Laboratory experiments 

examining the coccolithophore response totemperature conform to Atkinson’s 

temperature-size rule showing increasing temperature results in a reduction in 

coccolithophore cell size (Bodt et al., 2010; Arnold et al., 2013) (and vice versa; 

Sorrosa et al., 2005), which is accompanied by increased cell division. 

Calcification has been observed to be stimulated at lower temperatures 

(Sorrosa et al. 2005; de Bodt et al., 2010) which results in a thickening of the 

coccosphere (Sorrosa et al., 2005).   

 

Effects of nutrient limitation 

In terms of the indirect effects of rising temperature, an increasing PIC:POC 

ratio generally occurs under nitrogen and phosphorus limitation in the range 

which restricts growth rate (as POC increases) (Zondervan, 2007; Müller et al., 

2008; Perrin et al., 2016). The increase in PIC:POC is often greater when 

phosphorus is limited compared to when nitrogen is limited (Zondervan et al., 

2007). The effect of nutrient limitation on cell size varies depending on the 

limiting nutrient; nitrogen limitation suppresses coccolithophore size (Müller et 

al., 2008; Lefebvre et al., 2012; Perrin et al., 2016) whereas under phosphorus 

limitation larger coccolithophores have been observed (Müller et al., 2008; 

Oviedo et al., 2014; Perrin et al., 2016). This has been linked to the different 

roles of nitrogen and phosphorus in the cell cycle (Müller et al., 2008). In 

nitrogen-limited environments, a decrease in cell size reflects substrate 

limitation and lower assimilation, whereas, in phosphorus-limited environments, 

an increase in cell size occurs as biomass build-up continues while DNA 

synthesis and replication are inhibited (Müller et al., 2008). In terms of 

micronutrients, it has been speculated that zinc limitation has similar effects on 

the cell division cycle as phosphorus and therefore causes an increase in cell 
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size (Müller et al., 2017). Iron limitation results in a decrease in cell size due to 

decreased efficiency of photosystems I and II (large complexes of proteins and 

pigments that are optimised to harvest light) and reduced levels of chlorophyll 

concentration in chloroplasts causing a reduction of cellular organic material 

build-up (Muggli and Harrison, 1996; Schulz et al., 2004). 

 

Effects of light exposure 

Increased stratification and shallowing of the MLD will increase the mean 

exposure of cells in the upper mixed layer to both photosynthetically active 

radiation (400–700 nm; PAR) and ultraviolet radiation (280–400 nm; UVR) 

(Williamson et al., 2019). In laboratory experiments, rates of both calcification 

and photosynthesis increase with increasing PAR (Balch et al., 1992; 

Zondervan et al., 2002; Zondervan, 2007) and is accompanied by an increase 

in cell volume (Balch et al., 1992; Muggli and Harrison, 1996; Zondervan et al., 

2002; Perrin et al., 2016). High UVR reduces calcification and photosynthetic 

carbon fixation and may reduce growth rates to result in more heavily calcified 

cells (Gao et al., 2009; Xu et al., 2011).  

 

Effects of salinity 

Dissimilar to the other parameters discussed, salinity (NaCl) is not a direct 

requirement for growth, photosynthesis or calcification, although a direct strain-

specific response to altered salinity concentrations has been reported (Hermoso 

and Lecasble, 2018). Hermoso and Lecasble (2018) found that at low salinities 

(SAL 29), Morphotype A of E. huxleyi exhibit relatively larger cell sizes, G. 

oceanica and G. ericsonii exhibit relatively smaller cell sizes and no response 

was observed for the Morphotype B of E. huxleyi. It was suggested this 

variation between species is due to active transporters (membrane pumps) 

varying in type, number, and effective rates between species (Hermoso and 

Lecasble, 2018). As a result, this will affect the transport and diffusion of water 

across the membrane therefore influencing the size of the cell. 

 

Despite the fact that these environmental changes typically occur 

simultaneously, few studies have investigated the interactive effects of multiple 

environmental factors. There is some evidence supporting interacting effects of 

CO2 and temperature (Fiorini et al., 2011) and CO2 and irradiance (Zondervan 
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et al., 2002; Feng et al., 2008), however further research is required to 

investigate multiple global change variables and their mutual interactions.  

 

These short-term laboratory experiments have demonstrated that 

coccolithophores may be able to adapt to changes in their environment through 

phenotypic and physiological plasticity. This is, however, highly variable 

between species, strains and environmental parameter investigated (e.g., 

Langer 2009), thus predicting the physiological response of communities in situ 

remains immensely challenging.  

 

1.3.2. Response 2: adaptive evolution 

Short-term laboratory studies develop our understanding of coccolithophore 

phenotypic and physiological plasticity, however, they lack the capacity to 

account for adaptive evolution (Lohbeck et al., 2012; Schlüter et al., 2016) 

(response 2; Hofmann and Todgham, 2010). Due to large population sizes and 

short generation times, coccolithophores may be able to adapt genetically to 

environmental change (Schlüter et al., 2016). There is growing evidence in 

terms of long-term laboratory studies to support this (Lohbeck et al., 2012; Jin 

and Gao, 2016; Schlüter et al., 2016).   

 

A 500-generation (1-year) evolution experiment of E. huxleyi revealed 

adaptation to increases in CO2 with those selected at increased CO2 exhibiting 

higher growth rates than populations that were kept at ambient CO2 levels 

(Lohbeck et al., 2012). This positive adaptation to increased CO2 may be due to 

genotypic selection which was identified in a multi-clone experiment (replicated 

populations assembled from equal contributions of six clones or genotypes) 

and/or the emergence of partial fixation of advantageous new mutations that 

may explain adaptive responses in a single clone experiment (replicates 

founded by a single genotype) (Lohbeck et al., 2012). A 2100-generation (4-

year) experiment found that after 1 year, growth rates only moderately 

increased in medium and high CO2 concentrations (1100 and 2200 μ atm 

respectively) compared to control treatments (400 μ atm) (Schlüter et al., 2016). 

Schlüter et al. (2016) reported that under elevated CO2 concentrations an initial 

enhancement in size occurred, however, after 1400 generations, they became 
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smaller relative to control populations. Thus, a 1-year evolutionary change, as 

demonstrated by Lohbeck et al. (2012), may not account for longer-term 

responses.  

 

Similar responses have been observed in G. oceanica (Jin and Gao, 2016); 

while increased CO2 stimulated growth, POC and PIC production rates in the 

earlier selection period (from generations ~700 to ~1550), rates were reduced in 

the later selection period up to 2000 generations. In contrast to the study by 

Lohbeck et al. (2012), this suggests a negative effect of increased CO2 when 

compared with that in the earlier selection period. This may be due to 

deleterious mutations, for example, weakening the selective pressure on the 

maintenance of carbon concentrating mechanisms (CCMs) or affecting protonic 

pumps, which may have caused cells to spend extra energy to maintain 

intracellular acid-base balance (Jin and Gao, 2016). Cells therefore adapted to 

the stress at the sacrifice of growth and assimilation rates (Jin and Gao, 2016).  

 

The long-term variation in coccolithophore growth, POC and PIC production and 

cell size demonstrate the importance of considering evolutionary processes 

when predicting the response of the coccolithophore community under future 

climate change. 

 

1.3.3. Response 3: interspecies shifts 

It is being argued that short-term laboratory culture experiments are poor 

simulations of real-world conditions since they lack the ability to account for the 

complex effects of ecological processes such as competition (McClelland et al., 

2016). In addition to an intraspecies response to climate change via phenotypic 

and physiological plasticity and adaptive evolution, given that different species 

and strains of coccolithophores have been shown to exhibit different responses 

to environmental change (e.g. Langer et al., 2009), it can be hypothesised that 

interspecies shifts may occur (response 3; Hofmann and Todgham, 2010).  

 

As coccolithophores have different optimum temperature ranges, salinity and 

nutrient concentrations, and light intensities, species-specific responses to 

changes in these parameters will be translated into impacts on the whole 
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community (Beardall et al., 2009). Over the last half-century (1951-2000), 

individual species and entire phytoplankton communities have undergone a 

poleward shift and communities have reassembled driven by changes in 

multiple environmental variables (Barton et al., 2016). In situ and satellite 

observations provide strong evidence that E. huxleyi is expanding its 

geographical range into polar waters (Winter et al., 2014). Changes in 

community size structure from shifts between differently sized species are likely 

to be a response to climate change (Finkel et al., 2010). 

 

In coping with the deficiency of RUBISCO, coccolithophores have acquired 

mechanisms that use energy to increase CO2 concentrations, known as carbon 

(or CO2) concentrating mechanisms (CCMs) (Giordano et al., 2005). The 

efficiency and regulation of CCMs differ between species, with those species 

with effective CCMs being less sensitive to increased CO2 than those with less 

efficient CCMs (Rost et al., 2003). Changes in CO2 concentration may therefore 

cause changes in competition and succession of phytoplankton species (Rost et 

al., 2003).  

 

Extreme increases in light exposure may be expected to favour species less 

susceptible to photodamage and species with higher rates of repair (Finkel et 

al., 2010). Studies indicate there are cell size-related differences in the 

susceptibility of photosystem II (the first complex of proteins and pigments used 

in the light-dependent reactions of photosynthesis) to photoinactivation and their 

rates of repair, however it is important to note these studies investigated 

diatoms (Karentz et al., 1991; Key et al., 2010). Small species show larger 

effective cross-sections for photochemistry and fast metabolic repair of 

photosystem II after damage, whereas large diatoms are less susceptible to 

photoinactivation, and therefore incur lower costs to endure short-term 

exposures to high light, especially under conditions that limit metabolic rates 

(Key et al., 2010). 

 

1.4. Coccolithophores and Cell Size 

Cell size is often referred to as a fundamental ‘master trait’ of cellular physiology 

with virtually every aspect of cellular physiology in phytoplankton either directly 
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or indirectly regulated by cell size (Chisholm, 1992). Cell size therefore offers an 

opportunity to explore the response of phytoplankton to climate change. Some 

of the major physiological processes that scale with size include metabolic rate, 

nutrient diffusion, uptake and requirements, and light absorption (Figure 1.3) 

(Finkel et al., 2010). The following section will review key aspects of 

phytoplankton physiology and cell size, before outlining specific relationships for 

coccolithophores.  

 

1.4.1. Metabolic rate 

The metabolic rate is the rate at which an organism acquires energy and 

materials from the environment and converts these into the products required 

for maintenance, growth and cell division (Finkel et al., 2010). It is referred to as 

the most fundamental biological rate (Brown, 2004). Under optimal 

environmental conditions, metabolic rates scale with volume; smaller organisms 

have higher mass-specific metabolic rates (Finkel et al., 2010). Cell size can 

therefore be used as a trait for predicting physiological responses to 

environmental change (Finkel et al., 2010) that can be used to scale-up to 

ecological and biogeochemical processes, known as the metabolic theory 

(Brown, 2004). Metabolic theory predicts how metabolic rate, by setting the 

rates of resource uptake and allocation to survival, growth, and reproduction, 

controls ecological processes from individuals through to the biosphere (Brown, 

2004). 

 

1.4.2. Nutrient uptake, diffusion, and requirements 

The maximum nutrient uptake rate is a function of cell surface area and enzyme 

and transporter concentrations (Finkel et al., 2010). As cell size increases, the 

surface-to-volume ratio and number of enzymes and transporters decreases 

(Beardall et al., 2009). Additionally, the average distance within the cell that 

materials must be transported also increases, so diffusion becomes increasingly 

inadequate as a mechanism of transporting materials through the cell and may 

affect the growth rate (Beardall et al., 2009).  

 

Cell size determines the composition and quantity of intercellular 

macromolecules that define the cellular concentrations of carbon, nitrogen, 
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phosphorous, silica, iron and other elements that are termed ‘cellular elemental 

stoichiometry’ (Geider and La Roche, 2002) and dictates the minimum nutrient 

requirements of the cell to sustain growth. The mean ratio of carbon to nitrogen 

to phosphorous in marine phytoplankton is 106C:16N:1P, referred to as the 

‘Redfield ratio’ (Redfield, 1934). Cellular carbon content scales proportionally 

with cell volume (Menden-Deuer and Lessard, 2000), such that larger cells will 

have a greater carbon content and, as per the Redfield ratio, more nitrate and 

phosphate relative to smaller cells. Larger cells therefore have a higher overall 

nutrient requirement to sustain basic cell functioning and are less efficient at 

transporting nutrients and carbon into the cell compared to smaller cells (Finkel 

et al., 2010). 

 

1.4.3. Light absorption  

The light absorption of the cell per unit chlorophyll-a decreases as cell size 

increases due to self-shading; this is known as the ‘package effect’ (Beardall, 

Allen, et al., 2009). In light-limited environments, larger phytoplankton cells are 

therefore unlikely to be able to use the available photons as efficiently as 

smaller plankton cells (Key et al., 2010). When considering the damaging 

effects of PAR (Key et al., 2010) and UVR (Raven, 1991), larger cells are 

favoured due to the increased path length for PAR and UVR absorption 

(Beardall and Stojkovic, 2006). 

 

1.4.4. Coccolithophore cell size and physiology 

These concepts demonstrate an intricate link between coccolithophore cell size 

and the cellular demand for CO2, nutrients, and light (Figure 1.3). Cellular 

demand varies proportionally with cell volume and the rate at which these 

essential materials can be acquired is proportional to cell surface area and thus 

cell size (Finkel et al., 2010). Cell size is directly linked with growth phase in the 

fossil record with cells undergoing rapid cell division (growth phase) typically 

smaller than cells dividing slowly (stationary phase) (Gibbs et al., 2013). As 

growth phases describe states of rapid or slowed growth, with due 

considerations, cell size may provide an insight into the ecological fitness and 

subsequent evolution of coccolithophore communities. With this considered, cell 
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size can be used as a direct physiological outcome to changes in environmental 

parameters such as CO2, temperature, nutrients, and light.  

 

 
 

Figure 1.3: Schematic diagram highlighting the links between cell division and 

cell size, and key physiological processes that scale with cell size. Arrow 

direction represents increasing rates and requirements. 

 

1.5. The Fossil Record 

1.5.1. The paleoarchive 

Calcareous nannofossils (coccoliths and coccospheres) can be found as far 

back as the Late Triassic, ~225 Ma (Bown et al., 2004). Fossil coccolithophore 

studies are largely based on disaggregated coccoliths as this is the most 

common state in which coccolithophore remains are found (Bolton et al., 2016; 

Saavedra-pellitero et al., 2019). Important information can be obtained from 

individual coccoliths, such as trends in diversity, evolution, biogeography, and 

palaeoceanographic conditions (Beaufort and Heussner, 2001; Gibbs et al., 

2006; Bown, 2016; Bendif et al., 2019), however, to derive reliable cellular level 
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information an understanding their coccosphere from which they were derived is 

required (Gibbs et al., 2018).  

 

Fossil coccospheres preserve the original exoskeleton of the organic cell and 

therefore provide cellular level information that can be compared directly to the 

former living coccolithophore, including cell size and number and arrangement 

of coccoliths (Bown et al., 2014). Although there have been advancements in 

reconstructing coccolithophore cell size from coccolith length (Henderiks, 2008), 

coccosphere observations are the only definite way in which we can determine 

cell size. For example, the effects of dissolution during sinking hamper the 

accuracy of deducing coccosphere size from modified coccoliths (Burns, 2012). 

As cell size can be used to investigate the response of coccolithophores to 

changes in paleoenvironmental parameters such as nutrients, temperature and 

light, the coccosphere fossil record offers a unique opportunity to investigate the 

sensitivity and response of coccolithophores to climate change, providing an 

insight into the response of individual cells, through to the species and 

community level. 

 

1.5.2. Coccosphere preservation 

Preservation of intact coccospheres is generally uncommon (Bown et al., 2014). 

Unlike other plankton groups that have hard parts, such as foraminifera, 

diatoms, and radiolarians, for which the entire ‘skeleton’ is a single unit and 

therefore more readily preserved (Deuser et al., 1981; Braun et al., 2007; 

Witkowski et al., 2011), coccospheres often disintegrate into individual coccolith 

parts once the cell and organic binding material are lost (Bown et al., 2014).  

 

Plankton trap studies suggest that most coccospheres are lost through upper 

water column processes such as grazing of the cell and recycling processes 

(Andruleit et al., 2004). Preservation of coccospheres that do reach the seafloor 

is highly dependent on physical fossilisation factors such as chemical 

dissolution, carbonate diagenesis, compaction pressure and seafloor 

bioturbation (Bown et al., 2014). Sediments that are rich in clay and low in 

organic carbon reduce the effects of dissolution, carbonate diagenesis and 

overgrowth (Bown et al., 2014). High sedimentation rates may aid this effect 
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(Bown et al., 2014). Low sediment oxygen concentration is also favourable for 

preservation as seafloor bioturbation is typically minimised (Bown et al., 2014). 

Preserved coccospheres are typically composed of placolith-type coccoliths that 

have a broad shield that interlocks to create a more robust structure (Figure 1.4) 

(Bown et al., 2014). The record of species with murolith-type coccoliths, 

coccoliths with elevated narrow rims without well-developed shields, that are 

more susceptible to disintegration, is largely absent (Bown et al., 2014). Size-

related preservation bias also exists with very small or very large coccospheres 

typically vulnerable to collapsing (Bown et al., 2004).  

  

 
 

Figure 1.4: Placolith and murolith-type coccoliths in profile. The broad shield of 

the placolith, that interlocks with other coccoliths to form a robust coccosphere, 

is highlighted in dark grey. 

 

Coccospheres have generally been encountered from sediments that have 

exceptional preservation such as Cretaceous and Paleogene sediments of 

coastal Tanzania (Pearson et al., 2004; Bown et al., 2009; Dunkley Jones et al., 

2009; Gibbs et al., 2013, 2018; O’Dea et al., 2014) and Paleogene sediments 

from the New Jersey Shelf, including Bass River and Wilson Lake (Gibbs et al., 

2010, 2013, 2018; Gibbs, Bown, et al., 2006; Gibbs, Bralower, et al., 2006; 

O’Dea et al., 2014), and the Lodo and Tumey Gulches section of California 

(Gibbs et al., 2013, 2018; O’Dea et al., 2014). At these sites, the high primary 

productivity increases the quantity of coccospheres that reach the seafloor and 

the shallower water depths of continental shelves results in high sedimentation 

rates and biological material is rapidly buried (Bown et al., 2014).  
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Despite coccospheres representing a unique opportunity to reconstruct cell size 

from the past, it remains difficult to interpret due to preservation reasons (Young 

et al., 2005). Our current cellular level understanding is limited to rare 

geographical regions where coccosphere preservation is excellent (Gibbs et al., 

2013, 2018; O’Dea et al., 2014). A major challenge in reconstructing past cell 

size from coccospheres is the detection of coccospheres from large sediment 

samples where coccospheres are preserved but are rare ‘events’, diluted within 

the sedimentary matrix. 

 
1.5.3. Methods to investigate the fossil record 

Techniques traditionally employed to investigate the fossil coccolithophore 

record include visual recognition from light and cross-polarised light microscopy. 

Scanning electron microscopy (SEM) methods have become more widely 

available and have greatly enhanced the study of nannofossils, enabling 

advancements in the fine structure and taxonomy of coccolithophores (Young et 

al., 2003), the formation of coccoliths and assessing preservation (Drury et al., 

2014). Samples are prepared for light microscopy using the standard smear 

slide technique (Bown and Young, 1998). There are certain limitations of 

traditional microscopy methods such as being a time-consuming process and 

therefore these methods are not optimal for surveys with a large number of 

samples or for sediments where coccolithophore preservation is rare.  

 

In recent years, more advanced techniques such as flow cytometry have been 

employed to isolate coccoliths from clay (Halloran et al., 2009) and automatic 

recognition of coccoliths by neural networks has been developed to automate 

the identification of coccoliths (Beaufort and Dollfus, 2004). However, 

techniques to rapidly distinguish coccospheres from sediment and provide 

accurate qualitative and quantitative data are yet to be developed.  

 

1.6. Thesis Outline 

1.6.1. Rationale 

It is expected that future predicted climate change will have serious implications 

for the coccolithophore community and consequential impacts on ocean 

biogeochemical cycles and global climate due to the role of coccolithophores in 
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global carbon cycling through the BCP and CCP (Beardall et al., 2009). It is 

therefore vital we develop an understanding of coccolithophore response to 

past climate to begin formulating predictions for the future.  

 

Our current knowledge of coccolithophore response to climate change is largely 

based on short-term laboratory experiments; however, these studies do not fully 

resemble complex real-world scenarios (Zondervan et al., 2002; Feng et al., 

2008; Fiorini et al., 2011; McClelland et al., 2016) and do not account for 

potential evolutionary adaptation (Lohbeck et al., 2012; Schlüter et al., 2016). It 

is therefore difficult to predict coccolithophore response from laboratory 

experiments alone. 

 

The coccolithophore fossil record provides a unique window into past 

ecosystem function, offering an insight into past coccolithophore behaviour 

(Bown et al., 2014). Fossil coccospheres preserve the original exoskeleton of 

the organic cell enabling cellular level information such as cell size to be 

investigated (e.g. Gibbs et al., 2013; O’Dea et al., 2014). Due to the intricate 

relationships between size-related cellular demands and rates with 

environmental parameters (Finkel et al., 2010), cell size can be used as an 

indication of coccolithophore response to environmental change. However, the 

reconstruction of cell size from the coccosphere fossil record is hindered by the 

disintegration of coccospheres into induvial coccoliths (Bown et al., 2014). 

Coccosphere observations are therefore limited to regions of exceptional 

preservation (e.g. Pearson et al., 2004; Gibbs, Bralower, et al., 2006; Bown et 

al., 2009; Dunkley Jones et al., 2009; Gibbs et al., 2013, 2018; O’Dea et al., 

2014). Palaeoecology and palaeoceanography studies primarily focus on 

coccolith observations however, to derive reliable cellular level information we 

must have an understanding of the coccosphere from which they were derived 

(Gibbs et al., 2018). Cell size reconstructions from coccoliths alone do not 

account for other possible variations such as a change in the size or number of 

coccoliths per cell, thus coccospheres may offer a greater insight into past 

ecosystem functioning by overcoming factors that may lead to cell size errors. 

 

To analyse sediments where coccospheres are rare, there is a need to develop 

techniques that facilitate the analysis of large sediment samples where 
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coccospheres are diluted in the sedimentary record. This will enable us to 

reconstruct cell size and begin investigating coccolithophore sensitivity and 

evolutionary response to past climate change. 

 

1.6.2. Thesis aims 

This thesis is centred around two main aims (1) to develop new methods to 

accurately and reliably reconstruct cell size from the coccosphere fossil record 

and (2) to employ these methods to investigate coccolithophore cell size 

changes of a modern community in response to recent climatic changes.  

 

Chapter 2 describes the novel method termed ISX+PL that has been developed 

to rapidly and reliably distinguish coccospheres from marine sediment. The 

chapter begins with a consideration of the suitability and possible limitations of 

reconstructing cell size from coccosphere observations. The development of 

ISX+PL is outlined and followed by a validation of the method by applying ISX+PL 

to marine sediment and comparing results with traditional SEM methods. A 

discussion on the possible applications of this method, potential preservation 

biases and method limitations is given. 

 

In Chapter 3, ISX+PL is employed to conduct down-core analyses of a rapidly 

accumulating sediment core from the northern Iceland Basin in the subpolar 

North Atlantic. A ~250-year (~1750-2014 C.E.) record of coccolithophore 

community cell size is developed to investigate community-level changes 

throughout a period of rapid environmental change. Cell size data are correlated 

with observational and reconstructed environmental data to identify trends and 

relationships between environmental drivers and cell size.  

 

The findings from this work are summarised in Chapter 4, along with 

suggestions for future work and improvements.  
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Chapter 2. A Novel Method for Isolating 
and Analysing Coccospheres within 

Sediment 
 

Abstract 

Size is a fundamental cellular trait that is important in determining phytoplankton 

physiological and ecological processes. Fossil coccospheres, the external 

calcite structure produced by the excretion of interlocking plates by 

coccolithophores, can provide a rare window into cell size in the past. 

Coccospheres are delicate however and are therefore poorly preserved in 

sediment. This chapter demonstrates a novel technique combining imaging flow 

cytometry and cross-polarised light (ISX+PL) to rapidly and reliably visually 

isolate and quantify the morphological characteristics of coccospheres from 

marine sediment by exploiting their unique optical and morphological properties. 

Imaging flow cytometry combines the morphological information provided by 

microscopy with high sample numbers associated with flow cytometry. High 

throughput imaging overcomes the constraints of labour-intensive manual 

microscopy and allows statistically robust analysis of morphological features 

and coccosphere concentration despite low coccosphere concentrations in 

sediments. Applying this technique to the fine-fraction of sediments, hundreds 

of coccospheres can be visually isolated quickly with minimal sample 

preparation. This approach has the potential to enable rapid processing of 

down-core sediment records and/or high spatial coverage from surface 

sediments and may prove valuable in investigating the interplay between 

climate change and coccolithophore physiological/ecological response. 
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2.1. Introduction 

Fossil coccospheres provide information on cellular traits that can be directly 

related to the former living coccolithophore, including cell size (Bown et al., 

2014). Cell size is a fundamental master trait that influences virtually every 

aspect of coccolithophore biology at the cellular, population and community 

levels (Chisholm, 1992). Physiological and ecological processes that scale with 

size include metabolic rates, nutrient uptake and diffusion, cellular composition, 

sinking velocity, grazing, population abundance, trophic interactions and 

diversity (Finkel et al., 2010). These fossils are therefore a valuable archive of 

information that can inform many aspects of marine ecology and 

biogeochemistry, including coccolithophore growth rates (Gibbs et al., 2013) 

and response to changes in paleoenvironmental conditions (Gibbs et al., 2018; 

O’Dea et al., 2014).  

 

Preservation of coccospheres in sediments is generally uncommon (Bown et 

al., 2014). Unlike other plankton groups that have hard parts, such as 

foraminifera, diatoms, and radiolarians, for which the entire ‘skeleton’ is a single 

unit and therefore more readily preserved (Deuser et al., 1981; Braun et al., 

2007; Witkowski et al., 2011), coccospheres often disintegrate into their 

individual coccoliths once the cell and organic binding material are removed 

(Bown et al., 2014). Fossil coccolithophore studies are therefore largely based 

on disaggregated coccoliths as this is the most common state in which 

coccolithophore remains are found (Bolton et al., 2016; Saavedra-pellitero et al., 

2019). Important information can be obtained from individual coccoliths, such as 

trends in diversity, evolution, biogeography, and palaeoceanographic conditions 

(Beaufort et al., 2001; Bendif et al., 2019; Bown, 2016; Gibbs, Bralower, et al., 

2006), however, to extract reliable cellular level information we must have an 

understanding of the coccospheres from which they are derived (Gibbs et al., 

2018). The scarce abundance of intact coccospheres limits our current cellular 

level understanding to geographical regions where coccosphere preservation is 

common (e.g. Pearson et al., 2004; Gibbs, Bown, et al., 2006; Gibbs, Bralower, 

et al., 2006; Bown et al., 2009; Dunkley Jones et al., 2009; Gibbs et al., 2010, 

2013, 2018; O’Dea et al., 2014). 
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A major challenge in reconstructing past cell size from coccospheres is the 

detection of coccospheres from large sediment samples where they are rare 

‘events’, diluted within the sedimentary matrix by minerogenic particles and 

other calcareous fragments. Traditional techniques to analyse fossil 

coccospheres rely on time-consuming light microscopy of smear slides (Gibbs 

et al., 2018). In more recent years, techniques such as flow cytometry have 

been employed to isolate coccoliths from clay (Halloran et al., 2009) and 

automatic recognition of coccoliths by neural networks have been developed to 

automate the identification of coccoliths (Beaufort and Dollfus, 2004). This 

chapter introduces imaging flow cytometry as a novel technique for rapid, high-

throughput analyses to identify, visually isolate and morphologically 

characterise fossil coccospheres from marine sediments, that delivers detailed 

quantitative data about coccolithophore morphology.  

 

Imaging flow cytometry combines flow cytometry and light microscopy, enabling 

rapid morphological and fluorescence analysis of high sample numbers. Here, 

the ImageStream Mk II (ISX; Luminex Corp. Seattle, US) is employed. The ISX 

hydrodynamically focuses objects (~< 100 µm) sequentially into a narrow 

stream allowing for individual particle interrogation via lasers and focused light, 

whilst time delay integration cameras capture images of each object. Objects 

can be acquired at rates of up to 4,000 objects per second at 20X, 40X and 60X 

magnifications. Data is processed and analysed using the IDEAS software 

(Luminex Corp) to generate high-resolution images and graphical and statistical 

data regarding fluorescence, scatter of light, morphological features, and 

concentration data.    

 

The ISX is primarily used for biomedical research and only recently has it been 

employed for phytoplankton studies (Dashkova et al., 2017; Dunker, 2019; 

Hildebrand et al., 2016). This chapter presents the first application of imaging 

flow cytometry to analyse phytoplankton fossils and introduce a novel method 

that combines imaging flow cytometry and cross-polarised light (ISX+PL) to 

detect coccospheres based on their distinctive birefringent properties. 

Birefringence is the phenomenon whereby certain materials split an incident ray 

of light into two rays in opposite directions (Koizumi et al., 2018). Distinguishing 

coccospheres from marine sediment using ISX+PL requires that coccospheres 
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have defined and contrasting optical and/or morphological properties to 

‘background’ marine sediment. Coccoliths are made from calcite, a highly 

birefringent mineral (birefringence index = 2.16) (Beaufort, 2005). Exploiting this 

extreme birefringence of coccospheres, relative to other components of marine 

sediments, such as clay (Halloran et al., 2009), provides a basis for effective 

visual isolation of coccospheres from non-birefringent background sediments. 

Distinct morphological properties of coccospheres can then be used to 

distinguish coccosphere populations from other birefringent material.  

 

This chapter utilises birefringence properties and classifies the morphological 

characteristics of a cultured coccolithophore sample and marine sediment with 

coccolithophore material removed, to construct a protocol and template for the 

visual isolation of coccospheres from marine sediment samples. The protocol is 

applied to marine sediment from a North Atlantic core to distinguish 

coccospheres and extract morphological information that will enable the 

reconstruction of past coccolithophore cell size. 

 

2.2. Methods 

2.2.1. Instrumentation 

Data was acquired using ISX (ImageStream Mk II; Luminex Corp. Seattle, US), 

configured with a six-channel system, 405nm, 488nm, 642nm and 758nm 

lasers, and brightfield light. Figure 2.1 illustrates the layout and key components 

of the ISX (George et al., 2004). Objects in a suspension are hydrodynamically 

focused into a core stream and illuminated by a brightfield light source and 

orthogonally by lasers. Transmitted and scattered light and fluorescence 

emissions are collected from the objects with a high numerical aperture 

objective lens which are then projected onto a charge-coupled detector (CCD). 

Prior to projection on the CCD, the light is passed through a spectral 

decomposition optical system that focuses each spectral band to different 

physical positions across the CCD camera. This allows images to be optically 

decomposed into a set of six sub-images based on a range of spectral 

wavelengths.  
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The CCD operates in a mode called time-delay-integration (TDI). TDI 

electronically tracks moving objects by integrating pixel content from row to row 

in synchronisation with the speed of the object in flow, a similar effect to 

physically panning a camera. Imaging in this mode allows for the collection of 

images without streaking and with a high degree of sensitivity.  

 

 
 

Figure 2.1: Schematic representation of the ISX demonstrating the layout and 

key components from George et al. (2004). 

The ISX used in this study has been uniquely fitted with two bespoke light 

polarising filters (WP12L-VIS, 420-700 nm) situated in the collection path of the 

brightfield illumination system. The first filter polarises the light such that the 

wave vibrates along a single plane in a vertical direction. The second polarising 

filter is rotated at 90° to block all illumination apart from light moving in a 

horizontal direction. Birefringent material, such as calcite, splits the incident 

polarised light into two orthogonally polarised rays, thus allowing light to pass 

through the second polariser and particles to be visualised. The ISX+PL 

therefore selectively detects birefringent structures only. 
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The ISX is driven by the INSPIRE and IDEAS software applications. The 

INSPIRE software is integrated with the ISX and is used to run the instrument. 

INSPIRE provides the tools for instrument configuration and operations 

including instrument setup, calibration and collecting data files for image 

analysis. The IDEAS software is used for image analysis as well as statistical 

analysis of the images acquired. Numerical scoring of parameters such as size, 

shape, texture and intensity allows for quantification of visual data. 

 

2.2.2. Sample preparation 

Four samples were analysed for the development of the ISX+PL method; a field 

sample, two positive controls and a negative control. The field sample consisted 

of marine sediment from the North Atlantic core EN539-16MC (61°29′N, 

19°32′W, 2311 m water depth). Prior to obtaining the sediment samples, 

sediment was wet sieved at 63 μm using deionised Milli-Q water at University 

College London (Spooner et al., 2020). The fine-fraction was retained for this 

study. Of the fine-fraction, ~100 mg of sediment from 12-12.5 cm depth 

(estimated age is 1939 based on combined 210Pb, radiocarbon and water 

content; Spooner et al., 2020) was agitated with 15 ml deionised Milli-Q water 

then filtered through a 100 μm cell strainer to remove aggregates. A 100 μl 

subsample was transferred into a 1.5 ml centrifuge tube. 

 

For the positive control samples, batch cultured Gephyrocapsa oceanica (RCC 

1314) and Coccolithus pelagicus (RCC 3776), grown by the Ocean 

Biogeochemistry Group at The University of Oxford, were used. Cultures were 

previously obtained from the Roscoff Culture Collection, additional information 

about these strains can be found at http://roscoff-culture-collection.org/. A 100 

μl subsample was transferred into a centrifuge and analysed without any further 

sample preparation. In the IDEAS software, 150 coccosphere images and 200 

coccolith images from the G. oceanica sample and 20 coccosphere images and 

50 coccolith images from the C. pelagicus sample were visually identified and 

used for analysis.  

 

For the negative control sample of marine sediment from the North Atlantic core 

16MC with CaCO3 removed by acid addition (Halloran et al., 2008), the 

http://roscoff-culture-collection.org/
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sediment was initially processed using the same method as the field sample; it 

was sieved at 63 μm and the fine-fraction was retained (Spooner et al., 2020). 

However, the sediment was then subjected to 10 % HCl to dissolve CaCO3 (and 

hence any coccospheres), which was visually confirmed via light microscopy. 

Sediments were then washed to neutralise samples (through centrifugation 

technique) and the sediment was suspended in deionised Milli-Q water before 

filtering through a 100 μm cell strainer to remove aggregates. A 100 μl 

subsample was transferred into a new 1.5 ml centrifuge tube. 

 

Prior to analysing the samples on the ISX, all samples were vortexed to re-

suspend particles. 

 

2.2.3. Data acquisition using ISX+PL 

The ISX was configured to 60X magnification (0.33 μm2 pixel resolution). The 

objective lens used was Olympus UPLFN60X 0.90NA. Low flow speed was 

used for high sensitivity. 1 μm polystyrene speed beads were used for 

calibration of the flow and continuous focus of the ISX. During acquisition, all 

lasers were turned off and interrogated by the brightfield light. The polarising 

filter arrangement greatly reduces transmitted light; therefore, all brightfield 

LEDs were set at full intensity to illuminate particles in the flow stream. Cross-

polarised light emitted by samples at different spectral bands were detected on 

a six-channel sensor. Images from channel 1 (457/45 nm bandwidth), were 

used for analysis.  

 

For brightfield analysis in section 2.4.1, the polarising filters were removed from 

the collection path of the brightfield illumination system and the sample was 

interrogated by brightfield light only. Speed beads were discriminated based on 

their distinct diameter and aspect ratio and eliminated from both brightfield and 

polarised data files before calculating objects detected per second. 

 

2.2.4. Data analysis 

Data analysis was performed using IDEAS software (Luminex Corp) which 

allows analysis of a range of morphological features, fluorescence, and scatter 

of light. All morphological data is derived from ‘masks’ which are regions 
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superimposed over channel images used for displaying feature-value 

calculations. The IDEAS software provides a range of masks and supports 

user-generated masks. The selection of masks is important in order to ensure 

morphological data is accurate and representative of objects (Dominical et al., 

2017).  

 

The default mask, object (tight) mask and morphology mask were identified as 

potential masks that would be appropriate and ensure the morphological data 

derived is accurate. From a visual analysis, the object (tight) mask provides the 

closest fitting mask to the area of interest (Figure 2.2a). The default mask 

covered more than the area of interest, overestimating coccosphere size. The 

morphology mask does not fully cover the object and as a result, 

underestimates coccosphere size. The morphology mask is also a poor 

representation of coccosphere shape. To verify the accuracy of the object (tight) 

mask, a visual inspection was conducted on numerous images of coccospheres 

to assess whether the mask is a) covering more than the area of interest or b) 

missing parts of the image. The object (tight) mask is close fitting and in very 

few cases does the mask overestimate or underestimate the area of interest 

(Figure 2.2b).  

 

An initial sort was conducted in the IDEAS software to ensure images are high-

quality and single objects. High-quality, focused images were identified using 

Gradient RMS (root mean square), which measures the sharpness quality of an 

image. Objects with a Gradient RMS value greater than 15 were selected for 

further analysis and unfocused objects excluded. Aspect ratio was used to sort 

single objects from images of multiple objects. Single objects have a high 

aspect ratio and therefore objects with an aspect ratio greater than 0.75 were 

selected for further analysis. 
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Figure 2.2: Cross-polarised images of coccospheres (channel 1, bandwidth 

457/45nm) with masks overlaid in turquoise. (a) Coccosphere image with 

identified potential appropriate masks overlaid including default, object (tight) 

and morphology. (b) Object (tight) mask on 6 different coccosphere images 

demonstrating the suitability of this mask. Images are over-saturated to better 

define the coccosphere outline.  

 

2.2.5. SEM validation 

The diameters of coccospheres from batch cultured Gephyrocapsa oceanica 

(RCC 1313) were measured using ISX+PL and SEM. Both techniques were 

performed within 24 hours.  

 
For ISX analysis, a 100 μl subsample was transferred into a centrifuge tube. 

The ISX was configured with the polarising arrangement as described in section 

‘2.2.3. Data acquisition using ISX+PL’ and images of all objects in the sample 

were acquired. In the IDEAS software, 1000 images were visually identified as 
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coccospheres and using the tight (object) mask, mean coccosphere diameter 

was computed.  

 

SEM analysis was conducted by Dr Christian Hacker at the Bioimaging Centre, 

The University of Exeter. Coccosphere samples were passed through a 0.2 μm 

polycarbonate filter using a mild vacuum and the filter immediately transferred 

into deionized water. After a 2-minute rinse, the filter was air-dried then 

mounted onto an aluminium sample pin fitted with a sticky carbon tab. The 

samples were coated with a 10 nm layer of gold/palladium (80/20) using a 

sputter coater (Q150T ES, Quorum Technologies Ltd, Laughton, UK). Samples 

were imaged using a Zeiss GeminiSEM 500 (Carl Zeiss Ltd, Cambridge, UK) 

operated at 5 kV. For quantifying the mean calliper diameter of coccospheres 

the polycarbonate filter was scanned systematic uniform random and the 

calliper diameter of 50 intact coccospheres measured during the live scan along 

the horizontal and vertical orientation related to the field of view. 

 

2.2.6. Statistical analysis 

Statistical analyses were performed in GraphPad Prism (version 8; GraphPad 

Software, Inc., USA). Throughout the study, p < 0.001 was used as the critical 

threshold for statistical significance. A Kolmogorov-Smirnov test was used to 

determine if the data were normally distributed. Upon establishing non-

parametric data, a Spearman’s Rank correlation determined the correlation 

between coccosphere diameter and cell diameter. Simple linear regression 

analysis was used to estimate parameters to construct a linear regression 

equation to calculate cell diameter from coccosphere diameter. A method 

equivalent to an Analysis of Covariance (ANCOVA) was conducted to 

determine if linear regression slopes for different species are significantly 

different from each other.  

 

2.3. Reconstructing Cell Size using ISX+PL 

To investigate the relationship between coccosphere diameter and cell diameter 

to determine the applicability of ISX+PL to reconstruct cell size, published data 

(Henderiks and Pagani, 2007; Schlüter, et al., 2014; Sheward et al., 2016; 

Bown, 2018) representing individually measured coccosphere and cell 
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diameters from a range of typical placolith-type species was examined (Figure 

2.3). This sub-group is the most ecologically significant and produces 

coccospheres that are preserved in the fossil record (Bown et al., 2014). 

Coccosphere diameter is a general proxy for cell diameter of placolith 

coccolithophores, demonstrated by a statistically significant correlation between 

these two parameters (R2 = 0.956, p < 0.0001). The slope of the linear 

regression line is 0.836 with an uncertainty of ± 0.01 µm at the 95 % confidence 

interval. However, on a species-level, there was a significant difference 

between linear regression lines of individual species (F = 21.74, p < 0.0001) 

(Figure 2.3b-h). This introduces potential error in cell size estimates which is 

explored in the discussion.  

 

 
Figure 2.3: Coccosphere diameter and cell diameter relationship for typical 

placolith coccolithophores. (a) Coccosphere and cell diameter measurements 

for typical placolith coccolithophores with linear regression line of all species 

plotted in black (R2 = 0.956, p < 0.0001). Uncertainty of the slope represents the 

95 % confidence interval. (b-h) Coccosphere and cell diameter measurements 

with linear regression line plotted in black for (b) fossilised Reticulofenestra 
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(Henderiks and Pagani, 2007) (R2 = 0.933, p < 0.0001) c) cultured C. pel. 

braarudii (Bown, 2018) (R2 = 0.913, p < 0.0001) (d) cultured, trap sample and 

fossilised C. pel. pelagicus (Bown, 2018) (R2 = 0.975, p < 0.0001) (e) cultured 

E. huxleyi (Schlüter, et al., 2014) (R2 = 0.802, p < 0.0001) (f) cultured C. 

leptoporus (Sheward et al., 2016) (R2 = 0.834, p < 0.0001) (g) cultured C. 

quadriperforatus (Sheward et al., 2016) (R2 = 0.805, p < 0.0001) (h) cultured H. 

carteri (Sheward et al., 2016) (R2 = 0.939, p < 0.0001).  

 

2.4. ISX+PL Method Development  

Isolating coccospheres from marine sediment using imaging flow cytometry 

requires that coccospheres have distinct and contrasting optical and/or 

morphological properties to other marine sediment particulates. This method 

exploited the birefringence of coccospheres, as demonstrated by Halloran et al. 

(2009) to filter out a considerable proportion of marine sediment and utilised the 

morphological properties of coccospheres to distinguish them from other 

birefringent material.  

 

2.4.1. Coccosphere detection using birefringent properties 

To rapidly identify potential coccospheres from background marine sediment, 

untreated marine sediment was analysed under two different configurations: (1) 

brightfield set-up with no polarisation to detect all objects that have a signal 

above background and (2) with polarisation to exclude all non-birefringent 

material. Without polarisation, a rate of ~1000 objects per second was acquired, 

compared to ~200 objects per second with polarisation (Figure 2.4). ISX+PL 

selectively detected ~20 % of the total sediment sample as being birefringent, 

achieving immediate discrimination between birefringent and non-important 

non-birefringent material.  
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Figure 2.4: Rate of objects detected without polarisation (brightfield setup) and 

with polarisation. (a) Number of objects detected per second using the ISX 

without polarisation (brightfield setup) (grey) and with polarisation (black). (b) 
Example images acquired using brightfield setup (channel 4, bandwidth 

585/642 nm). (c) Example images acquired using polarisation setup (channel 1, 

bandwidth 457/45 nm). 

 

2.4.2. Separation of coccospheres from birefringent sedimentary 
background and coccoliths 

Birefringent material that may be present in marine sediment includes calcite 

structures such as coccospheres, coccoliths detached from coccospheres, 

lorica of tintinnids that incorporate coccoliths into their shell, fragmented 

foraminifers, and non-biological calcite and non-calcite structure such as quartz. 

The distinct morphology of coccospheres, compared to other birefringent 

marine sediment, provided a basis to distinguish them from other birefringent 

marine sediment using ISX+PL.   
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To distinguish coccospheres from the identified birefringent population, the 

morphological properties of a positive coccolithophore control and a negative 

control of marine sediment with CaCO3 removed were classified. This 

morphological data was then used to construct a robust template which could 

be applied to field samples.  

 

The morphological properties of coccospheres are well documented (Young et 

al., 2003). Coccospheres are generally less than 30 μm in diameter (Young et 

al., 2003) and vary in shape from spherical to, in some situations, cylindrical 

and fusiform (Jordan et al., 1995). Coccospheres and coccoliths exhibit distinct 

illumination patterns under cross-polarised light. Coccoliths consist of sub-radial 

and sub-vertical calcite crystal orientations that appear light and dark in cross-

polarised light, with different species exhibiting a specific pattern (Young and 

Henriksen, 2003). A coccosphere that consists of multiple coccoliths and 

sometimes multiple layers of coccoliths exhibits a greater number and 

distribution of sub-radial orientated crystals and therefore appears bright under 

cross-polar illumination, with numerous bright spots.  

 

A range of morphological features were considered as criteria to define a 

coccosphere population. Based on our understanding of the morphological 

characteristics of coccospheres and their appearance under cross-polarised 

light, the following features were selected as the criteria most suited for 

accurate differentiation of coccospheres from non-coccosphere birefringent 

material:  

• Diameter - provides the diameter of the circle that has the same area as 

the object, based on its mask. The object (tight) mask was used, which 

uses a set of features to characterise and segment the background and 

ensures more accurate morphological data (Figure 2.5). Diameter is 

used here as a proxy for size. 

• Circularity - measures the degree of the mask’s deviation from a circle. 

The average distance of the object boundary from its centre is divided by 

the variation of this distance. A high value describes an object that is 

close to a circle. This is an ISX-specific feature i.e., not standard 

circularity. The object (tight) mask was used (Figure 2.5). The circularity 
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feature allows the distinct spherical morphology of coccospheres to be 

quantified.  

• Spot Count – identifies and counts regions of high pixel intensity (bright 

spots). A combined peak-range mask was created; the peak mask 

identifies all regions of high pixel intensity and the range mask selects 

the regions of high intensity that are 5-5000 μm in size (Figure 2.5). Spot 

count is used to characterise surface features and structure. Well-

preserved coccoliths will have a spot count of 4 as the R-units produce a 

pseudo-extinction cross, i.e. 4 points around the radial array of crystals 

where the birefringence leads to no light passing through the second 

polarising filter (Young et al., 1992). Coccospheres, which are formed of 

multiple coccoliths, will therefore have a higher spot count because each 

coccolith which is approximately perpendicular to the incident light will 

display 4 bright spots. 

 

 
 

Figure 2.5: Cross-polarised light images of a coccosphere (top) and a coccolith 

(bottom) from cultured coccolithophore sample of the species G. oceanica with 

masks overlaid in blue (channel 1, bandwidth 457/45 nm). Object (tight) mask 

was applied for diameter and circularity value calculations. Combined peak-

range mask was applied for bright spot count calculations.  

 

Coccospheres of the species G. oceanica exhibited a diameter of 6.27-11.45 

μm and high circularity values (> 10.36) (Figure 2.6a). Coccospheres of the 

species C. pelagicus displayed a diameter of 6.70-20.64 μm and a circularity 

value > 5.06 (Figure 2.6b). These values provided limits for a ‘coccosphere 

region’. Both samples were analysed after the samples had undergone a period 



43 
 

in non-optimal species-specific growing conditions and therefore coccospheres 

exhibited some degradation. The C. pelagicus sample had a low concentration 

of intact coccospheres and as a result, the identified coccospheres were 

partially fragmented, hence the lower circularity values compared to G. 

oceanica. This was considered when defining criteria to sort coccospheres; to 

accurately reconstruct cell diameter, well-preserved, complete coccospheres 

were preferred.  

 

Sediment with CaCO3 removed displayed a highly varied diameter (0.75-15.08 

μm) and circularity (0.71-14.01) however, the bulk of the particles have 

relatively low values compared to coccospheres of both species (Figure 2.6). 

Within the region where G. oceanica coccospheres are plotted, only 0.06 % of 

marine sediment with CaCO3 removed is expressed in this region. In the C. 

pelagicus region, 0.52 % of marine sediment with CaCO3 removed plotted in 

this region. This indicates that the morphological properties of coccospheres, 

specifically diameter and circularity, can be used as a measure of separation 

from other birefringent marine sediment particles. A purer sort of well-preserved 

coccospheres of G. oceanica can be achieved compared to fragmented 

coccospheres of C. pelagicus. It is important to note the removal of the calcite 

component of the marine sediment may include other non-coccolithophore 

components e.g., non-biological calcite, which may also be expressed in the 

region of coccospheres.  
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Figure 2.6: Analysis of selected morphological features of marine sediment with 

CaCO3 removed, coccoliths and coccospheres. (a) Diameter and circulatory 

analysis of 150 coccospheres (red) and 200 coccoliths (blue) from cultured G. 

oceanica sample and 10,000 marine sediment particles from the North Atlantic 

core with CaCO3 removed (grey). Spot count of coccoliths and coccospheres 

indicated by gradient colour scheme. (b) Diameter and circulatory distribution 

analysis of 20 coccospheres (red) and 50 coccoliths (blue) from cultured C. 

pelagicus sample and 10,000 marine sediment particles from the North Atlantic 

core with CaCO3 removed (grey). Spot count of coccoliths and coccospheres 

indicated by gradient colour scheme. 

 

In a field sample in which multiple coccolithophore species are present, 

coccospheres and coccoliths may fall within the same shape and size range 

(Figure 2.7) thus additional criteria are required for separation. The region 

where C. pelagicus coccoliths (pink) are expressed overlapped with the G. 

oceanica coccosphere (green) region. Furthermore, coccoliths and 

coccospheres of the same species showed some cross-over in diameter as C. 

pelagicus coccoliths reached a diameter of 7.58 μm and a coccosphere of the 

same species showed a diameter of 6.70 μm. Thus, additional criteria were 

required for the separation of coccospheres and coccoliths.  

 

Coccospheres were therefore distinguished from coccoliths based on their 

textural properties using the spot count feature (Figure 2.8). The frequency 
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distribution of the number of bright spots in each image shows that 

coccospheres have 5 or more bright spots and coccoliths have less than 5 

bright spots for both G. oceanica (Figure 2.8a) and C. pelagicus (Figure 2.8b). 

This indicated that coccospheres could be distinguished from coccoliths based 

on their number of bright spots. 

 

The following decision-making protocol was defined to facilitate visual isolation 

of coccospheres from marine sediment: firstly, the coccosphere and coccolith 

population within the birefringent marine sediment was determined based on 

diameter and circularity, and secondly, coccospheres were distinguished from 

coccoliths based on bright spot count. The results indicate this protocol and 

template can successfully be applied to visually isolate coccospheres from other 

birefringent and non-birefringent marine sediment.  

 

 
Figure 2.7: Diameter and circularity analysis of coccoliths and coccospheres of 

G. oceanica (150 coccospheres, green and 200 coccoliths, purple) and C. 

pelagicus (20 coccospheres, black and 50 coccoliths, pink), highlighting the 

overlap between coccolith and coccosphere size and shape ranges.  
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Figure 2.8: Frequency distribution of spot count values. (a) 150 coccospheres 

(blue) and 200 coccoliths (red) of the species G. oceanica (b) 20 coccospheres 

(blue) and 50 coccoliths (red) of the species C. pelagicus. 

 

2.4.3. ISX+PL validation 

2.4.3.1. Application of ISX+PL to field samples 

To examine the validity of the ISX+PL method, the protocol and template 

(developed using the control samples) was applied to untreated marine 

sediment from a North Atlantic core. Based upon reported coccosphere 

geometry measurements for species in this geographical region (Young et al., 

2003), coccospheres were assumed to have a diameter in the range 3-30 μm 

and a high circularity value (≥ 10) (R1, Figure 2.9a). A circularity value of 10 has 

been chosen based on our G. oceanica control as this sample provides the best 

indication of the circularity of complete, intact coccospheres. Visual analyses of 

the objects within this region indicated that diameter and circularity provided a 

good measure of separation of coccospheres from other birefringent material 

within the sample, however, coccoliths were also expressed in this region. 

Secondary refinement of this population based on bright spot count was 

therefore required to define a ‘true’ coccosphere population.   

 

Theoretically, we would expect well-preserved coccoliths to exhibit a spot count 

value of 4 as the R-units produce a pseudo-extinction cross (Young et al., 1992) 

(Figure 2.5). The number of spots will in part be determined by the orientation of 
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coccoliths as they are imaged and a value less than 4 may also be expected. A 

spot count value ≤ 4 allowed discrimination between coccospheres and 

coccoliths within our positive coccolithophore control sample (Figure 2.8). 

However, within the field sample, coccoliths exhibited a bright spot count value 

of up to 10 (Figure 2.9b). This may be due to fragmentation of coccoliths or 

contamination from other birefringent material in the field sample resulting in a 

greater number of bright spots. A spot count value of ≥ 10 allowed a pure 

coccospheres population to be defined.  

 

The positive coccolithophore control sample exhibited coccospheres with a spot 

count as low as 5, therefore, using a spot count of ≥ 10 to filter out coccoliths 

may result in a loss of coccospheres from the final determined population. A 

visual analysis of images with a spot count lower than 10 was conducted. Out of 

527 images with a spot count of less than 10, 14 were identified as possible 

coccospheres (Figure 2.10), however, images are ambiguous as image 

sharpness is poor. Depending on the scope of the investigation, performing a 

visual analysis after sorting to manually identify any coccospheres that may 

have been missed will ensure all coccospheres are included for analysis. 

 

By combining diameter, circularity (R1, Figure 2.9a) and bright spot count (R2, 

Figure 2.9b) a pure population of coccospheres from the North Atlantic core 

sample was defined (Figure 2.11a). A total of 35 coccospheres were identified 

from 75,000 images of birefringent particles (0.047 %), highlighting the 

sensitivity of the protocol to detect rare events of interest within a bulk sample. 

Diameters of each coccosphere image were generated from the IDEAS 

software (Figure 2.11b). The size distribution of the defined coccosphere 

population is consistent with typical sediment samples from this region of the 

North Atlantic in which the species assemblage is dominated by Emiliania 

huxleyi, Gephyrocapsa, Calcidicus leptoporus and Coccolithus pelagicus 

(Iglesias-Rodriguez et al., 2008).  
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Figure 2.9: Application of protocol and template to field sample. (a) Diameter 

and circularity distribution analysis of birefringent marine sediment particles 

from the North Atlantic core 16MC. R1 represents the coccosphere region 

determined from Figure 2.6 and reported species in this geographic region 

(Iglesias-Rodriguez et al., 2008). Representative cross-polarised light images of 

coccospheres (channel 1, bandwidth 457/45nm) are presented. (b) Spot count 

frequency distribution analysis of birefringent marine sediment particles from the 

North Atlantic core 16MC in region R1, Figure 2.9a. R2 represents the region 

where coccospheres are expressed determined via visual analysis of images. 

Representative cross-polarised light images (channel 1, bandwidth 457/45 nm), 

and images with combined peak-range mask overlaid, are presented.  
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Figure 2.10: Cross-polarised light images (channel 1, bandwidth 457/45 nm) of 

coccospheres with a spot count < 10 in region R1, Figure 2.9a. Images were 

manually identified from visual analysis.  
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Figure 2.11: Identified coccosphere population from marine sediment from 

North Atlantic core 16MC (R2, Figure 2.9b). (a) Cross-polarised light images 

(channel 1, bandwidth 470-505nm) of identified coccosphere population. (b) 
Size distribution of coccosphere diameters. 

 

2.4.3.2. ISX+PL measurement accuracy 

ISX+PL measurements were validated by comparison with scanning electron 

microscopy (SEM) using a cultured coccolithophore sample (Figure 2.12). Mean 
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coccosphere diameter of cultured G. oceanica using ISX+PL was 9.278 ± 0.033 

μm (Standard Error of Mean) and 9.488 ± 0.092 μm (Standard Error of Mean) 

using SEM (Figure 2.12). The narrow discrepancy between our new method 

and traditional methods (0.21 μm) gives us confidence in the accuracy of 

coccosphere diameter measurements obtained by ISX+PL. The established 

relationship between coccosphere diameter and cell diameter indicates 

diameter values obtained via this method can be used as a proxy to reconstruct 

cell diameter (Figure 2.3). 

 

 
Figure 2.12: Frequency plot of coccosphere size populations measured using 

ISX+PL (grey, n = 1000) and SEM (red, n = 50). 
 

2.5. Discussion  

This chapter presents a novel technique for the visual isolation, quantification 

and morphological analysis of coccospheres in sediments, which, unlike 

traditional microscopy and manual separation (Stoll et al., 2007), provides high-

throughput, rapid and quantitative data acquisition, and removes potential 

human bias. High-throughput imaging enables the analysis of sediments 

containing low concentrations of coccospheres in which it would not be feasible 
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to manually ‘hunt’ for coccospheres using traditional microscopy. This technique 

transforms the scope of micropaleontological studies of coccolithophores to 

include geographical regions where nannofossil preservation is rare. 

Furthermore, application of this method to coccosphere rich sediments enables 

large datasets and statistically significant results to be generated even for subtly 

varying parameters. The only sediment not suitable for analysis will be that 

which is heavily lithophied by the precipitations of mineralogical cement, which 

cannot be disaggregated. ISX+PL provides rapid data acquisition, greatly 

increasing the number of positive coccosphere counts that can be achieved in a 

given amount of time compared to traditional light microscopy. The IDEAS 

software can generate graphical and statistical information on large data sets 

and images, removing human measurement bias. Data (images and a range of 

morphological properties) can be archived and reanalysed to improve reliability. 

 

Applying ISX+PL to investigate the coccosphere fossil record enables cellular 

level information, such as cell size, to be explored (Bown et al., 2014). Existing 

techniques to reconstruct cell size rely on a positive linear relationship between 

cell size and coccolith length (Henderiks and Pagani, 2007; Henderiks and 

Pagani, 2008). This provides a reasonable estimate of cell size, however, 

certain taxa diverge from this trend which can be seen in groups that have large 

numbers of small coccoliths and the relative cell size is large compared to the 

coccoliths (e.g. Kilwalithus, Cruciplacolithus primus, small Toweius) (Bown et 

al., 2014). It has also been observed that cell size is a function of growth phase 

of the population. For example, Coccolithus populations display a trend away 

from the general coccolith length to cell size relationship at different phases of 

cell division; cells prior to division are large, recently divided cells are smaller, 

and undividing cells in the stationary phase are the largest size (Bown et al., 

2014; Gibbs et al., 2013). Using ISX+PL, we can begin to move closer to a direct 

measurement of coccolithophore community cell size by exploiting the 

coccosphere fossil record to reconstruct cell size from coccosphere 

measurements (Figure 2.3).  

 

2.5.1. Applications of ISX+PL 
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ISX+PL enables rapid processing of down-core sediment samples or high spatial 

coverage from surface sediments allowing detection of high-resolution temporal 

or spatial changes in coccosphere size, and estimates of cell size. Cell size is 

an important parameter that enables us to examine the evolution and ecology of 

coccolithophore communities (Hannisdal et al., 2012; Gibbs et al., 2018; 

Šupraha and Henderiks, 2020). Temporal trends in cell size provide a record of 

micro- and macroevolution, for example, the reduction in size (stunting or 

dwarfing) immediately following extinction (Liliput effect; Urbanek, 1993) and the 

general radiation towards a larger cell size following speciation events (Cope’s 

Rule; Stanley, 1973). Cell size is a fundamental master trait that is intricately 

linked with physiological and ecological processes (Finkel et al., 2010). 

Coccosphere and cell geometry are directly linked with growth phase in the 

fossil record with cells undergoing rapid cell division (growth phase) typically 

smaller than cells dividing slowly (stationary phase) (Gibbs et al., 2013). As 

growth phases describe states of rapid or slowed growth, with due 

considerations, cell size may provide an insight into the ecological “fitness” and 

subsequent evolution of coccolithophore populations. Cell size can therefore be 

used as a record of the response of species and communities to 

palaeoceanographic and palaeoclimatic variability. Our current understanding of 

coccolithophore response to palaeoceanographic and palaeoclimatic variability 

is largely based on short term laboratory culture experiments that have yielded 

complex and often contradictory responses between and even within species 

(Langer et al., 2009; Langer et al., 2006). Laboratory studies lack the complex 

interplay and interactive effect of multiple stressors (Feng et al., 2008; Fiorini et 

al., 2011; Zondervan, et al., 2002), neglect ecological processes such as 

competition (McClelland et al., 2016) and short-term experiments omit potential 

adaptive evolution (Lohbeck et al., 2012; Schlüter et al., 2016). The application 

of ISX+PL to reconstruct coccolithophore response and adaptive capacity to 

climate change over geological time has the potential to overcome the 

constraints of laboratory investigations and reveal critical information regarding 

how these complex systems may respond to future change. 

 

An additional potential application of this method is the use of IXS+PL derived 

cell size estimates for calculations of palaeoenvironmental proxies that analyse 

the geochemistry of coccolithophore organic matter or coccolith calcite. Such 
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calculations are dependent on cell size due to the influence of cell size and 

growth rates on the partitioning of elements and isotope involved in organic and 

inorganic carbon production (Ziveri et al., 2003). Cell size and growth rates are 

critical for reconstructions of paleo-CO2 concentrations and palaeotemperature 

from stable carbon isotope analysis within sediment-preserved coccolithophore 

alkenones (Henderiks and Pagani, 2007), Sr/Ca and Mg/Ca ratios in coccolith 

calcite (Rickaby et al., 2007; Stoll et al., 2002; Stoll and Schrag, 2000; Stoll and 

Ziveri, 2002) and stable isotopes of carbon and oxygen obtained from coccolith 

calcite (Ziveri et al., 2003; Rickaby et al., 2010; Bolton et al., 2012; Bolton and 

Stoll, 2013).  

 
2.5.2. Limitations and considerations 

Despite coccospheres representing a rare opportunity to reconstruct cell size 

from the past, the resultant data may be difficult to interpret due to complexities 

associated with preservation (Young et al.,, 2005). Coccospheres are 

particularly vulnerable to alteration and/or disintegration which can occur at any 

point from cell death to analysis of the sample, through both physical and 

chemical processes (Bown et al., 2014). Coccosphere remains are therefore not 

necessarily a direct image of the former living community, but one that is altered 

in species composition and reduced in abundance (Andruleit et al., 2004). 

Among the ~280 types of coccospheres known from modern plankton, only 102 

are known to exist in Holocene sediments, with 45 of these being very rare 

(Young et al.,  2005). Therefore, more than 60 % of the diversity is erased and 

leaves no fossil record. The vast majority of coccospheres we observe in the 

fossil record are structurally strong species that produce interlocking placolith-

type coccoliths (Bown et al., 2014). The record of species with murolith-type 

coccoliths, that are more susceptible to disintegration, is absent. Coccospheres 

that do reach the seafloor may undergo secondary dissolution or overgrowth 

giving a false coccosphere and cell size signal. Size related preservation biases 

also exist with very small or very large coccospheres vulnerable to 

disarticulation (Young et al., 2005). For interpretations of the fossil record, this 

size-preservation effect will have various implications; for example, temporal 

changes in coccosphere size e.g., due to environmental change may be 

skewed by size-related preservation bias. Preservation potential may not be 
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consistent throughout time at the same site due to changing environmental 

conditions that enhance or diminish preservation potential (Young et al., 2005).  

 

Preservation-related factors should be carefully considered in the interpretation 

of coccosphere data. Clay-rich hemipelagic but organic-carbon-poor sediments 

that favour preservation will limit preservation-bias and provide a record that 

best represents the former living coccolithophore community (Bown et al., 

2014). With a good understanding of site-specific preservation bias, 

interpretations of the fossil record can be made to comprehend the relationships 

between the living and fossilised coccolithophore realms. 

 

The ISX is a powerful tool that compares well with visual microscopy analysis 

(Maguire et al., 2011). The object (tight) mask used for diameter and circularity 

calculations and high pixel resolution (0.33 μm2) ensures that coccosphere 

measurements are accurate. Our validation of ISX+PL derived coccosphere 

diameter values with SEM measurements demonstrates that this technique 

achieves accuracy that is comparable with traditional SEM methods.  

 

The coccosphere size v. cell size relationship presented in this chapter (Figure 

2.3) holds true for the dominant well-fossilised heterococcolith families, the 

Coccolithaceae, Calcidiscaceae and Noelaerhabdaceae, however, in certain 

taxa there will be divergence from this trend due to taxon-specific variation in 

the number of coccoliths per coccosphere, coccolith shape and packing and 

arrangement of coccoliths (Bown et al., 2014; Gibbs et al., 2013). Within the 

species examined in this study, there is significant difference between species-

specific coccosphere-cell trends and therefore this variation presents possible 

errors in reconstructing cell size from coccosphere size. It is therefore important 

to consider the taxonomic make-up of the sample and define a relationship 

representative of the species assemblage to ensure cell diameter estimates are 

accurate.  

 

Possible error may arise when defining the coccosphere population from marine 

sediment. The main families considered in this study exhibit bright, spherical 

coccospheres under polarised light, however, it is important to note this is not 

always the case for fossil taxon. To apply this method to marine sediments of 
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different taxonomic make-up from different time periods or geographical 

regions, characterising morphologically variable species will aid the 

development of robust and reliable templates for coccosphere identification. 

Feature value limits are critical in defining coccosphere populations. The 

template used in this study presents criteria for achieving a pure coccosphere 

population, however there is possible exclusion of coccospheres from this 

population (Figure 2.10). To separate coccoliths a spot count value ≥ 10 was 

applied to our field sample (Figure 2.9b), yet coccospheres in the control 

sample exhibited a spot count as low as 8 (Figure 2.8), therefore, coccospheres 

may have been omitted from the pure coccosphere population. Furthermore, in 

the application of this template to marine sediments of different lithologies and 

compositions, any birefringent material that is morphologically similar to 

coccospheres may skew signals and introduce error in the defined coccosphere 

population. Imaging flow cytometry offers an advantage over traditional flow 

cytometry in that each object is imaged and using the IDEAS software, samples 

can be classified and concentrated into smaller populations of interest. Utilising 

these features, errors arising when defining a coccosphere population can be 

quantified and overcome by manual visual identification of a concentrated 

sample of images, enabling all coccospheres to be defined or sediment 

contamination to be excluded, as seen in Figure 2.10.  

 

2.5.3. Future work 

ISX+PL achieves a visual sort but given rapid advances in imaging flow 

cytometry, the scope for physically sorting coccospheres from sediment, which 

would enable other analyses such as electron microscopy for higher resolution 

taxonomic classification and basic elemental analysis, should not be 

discounted. Physical sorting of coccospheres opens up an array of options for 

downstream geochemical analysis (Halloran et al., 2009), which at present can 

only be undertaken on individual coccoliths (Prentice et al., 2014; Stoll et al., 

2007) or bulk sediment.  

 

The weight of individual coccoliths can be estimated from their birefringence 

(Beaufort, 2005). Building on from the approach of Beaufort (2005), von 

Dassow et al. (2012) demonstrate the potential for polarisation-sensitive flow 
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cytometry to provide a method for rapidly assessing the calcification state of 

individual phytoplankton cells by correlating the ratio of orthogonally polarised 

forward scattered light to parallel polarised forward scattered light with 

coccosphere calcite mass. Balch et al. (1993) used flow cytometry with linear 

polarizers to sort 14C‐labeled E. huxleyi cells and estimate the rate of synthesis 

of coccoliths and number of layers produced. The current optical configuration 

of the ISX is unable to measure parallel polarised forward scattered light, 

however, development of new calibration could be an improvement on 

traditional flow cytometry techniques as complicating factors such as 

coccosphere size could be measured and corrected for. 

 

2.6. Conclusion 

This chapter has presented a novel technique (ISX+PL) to rapidly and reliably 

visually isolate and analyse the morphology of coccospheres from marine 

sediment. By combining, for the first time, imaging flow cytometry and cross-

polarised light, exploiting the optical and morphological characteristics of 

coccospheres has allowed the identification of these rare nannofossils, 

preserved within marine sediments. This approach transforms the speed and 

accuracy with which coccospheres can be detected and overcomes limitations 

associated with traditional microscopy, providing rapid data acquisition and 

analysis and removes potential human bias. The results presented here 

demonstrate a step towards unlocking otherwise inaccessible information 

afforded by fossil coccospheres. 
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Chapter 3. Coccolithophore Response 
to Recent Climate Change 

 
Abstract 

 
Global increases in atmospheric CO2 concentration and temperature are 

causing changes in ocean chemistry, temperature and circulation, altering light 

and nutrient regimes. Consequential changes to the coccolithophore community 

are expected to alter primary production, food web dynamics, and 

biogeochemical cycles. Despite these urgent concerns, the response of extant 

coccolithophores to recent global climate change remains poorly understood. 

The coccosphere fossil record offers a unique insight into community cell size 

structure in the past. Community cell size is sensitive to variability in 

environmental parameters as the biogeographic distribution and abundance of 

different sized species respond to environmental change. This chapter will 

reconstruct community cell size and community size structure of a subpolar 

North Atlantic coccolithophore community from ~1750 to ~2014 C.E. Novel 

imaging flow cytometry methods are employed to allow the generation of 

thousands of coccosphere statistics, overcoming the low throughput constraints 

of traditional microscopy. Average community cell size and community size 

structure were insensitive to increases in CO2 concentration and ocean 

temperature since the mid-1900s. The observed insensitivity may be explained 

by 1) shifts in the species assemblage between similar-sized species or 2) no 

significant change in species assemblage. A plausible explanation for stability in 

the species assemblage is that the magnitude of change was not great enough 

to drive a change and such changes were within the broad tolerances of the 

dominant species of the subpolar North Atlantic. From a biological and 

ecological viewpoint, the results imply environmental changes in the subpolar 

North Atlantic are not yet significant enough to impact fundamental traits that 

affect the biogeochemical and ecological functioning of the coccolithophore 

ecosystem. 
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3.1. Introduction  

The planet is currently experiencing a period of rapid environmental change 

(IPCC, 2019). Anthropogenic greenhouse gas emissions have increased since 

the pre-industrial era, driven largely by economic and population growth (IPCC, 

2014). This has led to atmospheric CO2 concentrations that are unprecedented 

in at least the last 800,000 years, with concentrations of 280 ppm in the late 

eighteenth century, rising to concentrations exceeding 400 ppm in recent years 

(IPCC, 2014). Since the beginning of the Industrial Revolution, oceanic uptake 

of CO2 has resulted in acidification of the ocean; the pH of ocean surface water 

has decreased by 0.1 pH units (IPCC, 2014). In addition, rising CO2 levels are 

driving global warming due to the greenhouse effect (IPCC, 1990). Warming of 

the climate is unequivocal and since the 1950s many of the observed changes 

are unprecedented over decades to millennia (IPCC, 2014). Global average 

temperatures have increased by ~0.2 °C per decade over the past 30 years 

(Hansen et al., 2006), with most of this energy absorbed by the ocean (King et 

al., 2010). Ocean surface warming and high-latitude addition of freshwater are 

driving density stratification due to decreasing density of the surface ocean 

relative to deeper parts of the ocean, causing inhibition of mixing between the 

surface and deep waters (IPCC, 2019). Rising ocean temperatures are also 

causing a shallowing of the mixed layer depth (MLD) (IPCC, 2019). Such rapid 

changes in our oceans are expected to have large implications on 

phytoplankton communities (e.g. Doney et al., 2012).  

 

Of particular importance is the coccolithophore response to recent climate 

change. Developing an understanding of the coccolithophore response to 

anthropogenic changes since the Industrial Revolution may allow us to validate 

and develop models to predict future changes in coccolithophore communities, 

as well as providing a more fundamental understanding of the response of 

phytoplankton to environmental change. With this knowledge, we can begin to 

understand the larger-scale implications for our ocean systems.  

 

Our current understanding of phytoplankton response to changes in ocean CO2 

concentration, temperature, nutrients and light is largely based on short-term 

laboratory experiments (e.g. Riebesell et al., 2000; Langer et al., 2009; Bodt et 



60 
 

al., 2010). These experiments have yielded complex and contradictory 

responses between and even within species (Langer et al., 2009; Langer et al., 

2006). Laboratory studies lack the complex interplay and interactive effect of 

multiple stressors (Zondervan et al., 2002; Feng et al., 2008; Fiorini et al., 

2011), neglect ecological processes such as competition (McClelland et al., 

2016) and short-term experiments omit potential adaptive evolution (Lohbeck et 

al., 2012; Schlüter et al., 2016). 

 

The coccolithophore fossil record provides a window into past ecosystem 

functioning (Bown et al., 2014) and offers an opportunity to overcome limitations 

associated with laboratory investigations. If preserved in the sedimentary 

record, fossil coccospheres provide an outline of the organic cell and therefore 

can inform us of cellular level information such as cell size that can be 

compared directly to the forming living coccolithophore (Bown et al., 2014). In 

the face of the major challenge of analysing the coccosphere record due to the 

time-consuming nature of identifying and measuring coccospheres, ISX+PL 

(outlined in Chapter 2) offers an approach to overcome these difficulties. 

 

Cell size is a critical trait that covaries with virtually every aspect of 

phytoplankton biology (Chisholm, 1992) and therefore offers an opportunity to 

examine the response of phytoplankton to climate change. Cell size is intricately 

linked with the cellular demand for CO2, nutrients, and light, which varies 

proportionally with cell volume (Figure 1.3) (Finkel et al., 2010). The rate at 

which these essential materials can be acquired is proportional to cell surface 

area and thus cell size (Finkel et al., 2010). Cell size is directly linked with 

growth phase in the fossil record with cells undergoing rapid cell division 

(growth phase) typically smaller than cells dividing slowly (stationary phase) 

(Figure 1.3) (Gibbs et al., 2013). As growth phases describe states of rapid or 

slowed growth, with due considerations, cell size may provide an insight into the 

ecological fitness and subsequent evolution of coccolithophore communities. 

With this considered, changes in cell size could be used as a direct 

physiological outcome to changes in environmental parameters such as CO2, 

temperature, nutrients, and light. 
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Phytoplankton community structure is a function of the interactions of species 

with their abiotic environment such as temperature, nutrients, light and 

chemistry, and biotic factors including competition for resources and predator-

prey relationships (Margalef, 1978). Abiotic variables determine and regulate 

species composition, as each species has preferred temperatures, nutrient and 

light conditions (Hutchinson, 1957). The relative abundance of each species in 

the community is dictated by biotic factors such as the competition for resources 

between species and grazing pressures from zooplankton (Tilman, 1982). 

Changes in the climate are modifying abiotic and biotic environments thus 

driving changes in phytoplankton community structure (Doney et al., 2012). As 

each species within a community has a specific distribution of cell sizes, 

changes in the biogeographic distribution and abundance as a response to 

climate change could drive changes in the community cell size structure (Gibbs 

et al., 2018. Cell size shifts in a community are therefore the composite result of 

intraspecies size shifts through phenotypic plasticity and evolution, and 

interspecies shifts between the abundance of different sized species that make 

up the community.  

 

On geological timescales, significant shifts in community cell size structure with 

changing environmental conditions have been observed (e.g. Gibbs et al., 

2018). However, there is a paucity of information on how modern communities 

are responding to recent anthropogenic climate change. Although some 

oceanographic research programmes such as the Atlantic Meridional Transect 

have quantified the composition and abundance of some coccolithophore 

communities, community cell size data is lacking for the majority of modern 

coccolithophore communities and there is a precedent in exploring palaeo-

coccolithophore communities. We therefore lack an understanding of whether 

modern communities are responding to anthropogenic climate change and the 

potential magnitude of any impact. 

 

With intricate links between physiological processes, preferred environmental 

conditions and cell size, we hypothesis that anthropogenic environmental 

change could drive changes in average community cell size and community 

size structure of modern coccolithophore communities. Given the range of cell 

sizes expressed by different species, a shift in species composition as a result 
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of environmental change will likely cause an observable change in community 

cell size structure. Here, we test this hypothesis by conducting a 

coccolithophore community-wide investigation, reconstructing community cell 

size across a period of rapid environmental change (~1750-2014 C.E.). ISX+PL 

is employed on a sediment core from the subpolar North Atlantic. We 

investigate how coccolithophores respond in a ‘real world’ scenario with multiple 

species and across a timescale on which environmental change is 

demonstrably occurring.    

 

3.2. Material and Methods  

3.2.1. Material  

Material for this study was from the North Atlantic sediment core EN539-16MC 

(61°29′N, 19°32′W, 2311 m water depth) collected from Gardar Drift in the 

Iceland Basin (Figure 3.1) during cruise EN539 (Spooner et al., 2020). The 

Gardar Drift is an elongated mound composed of muddy contourites, formed 

from deep currents in the Iceland Basin transporting sediments from Iceland 

and the nearby NW European landmass (Bianchi and McCave, 2000). Spooner 

et al. (2020) conducted particle tracking experiments in this geographical region 

to investigate possible provenance of planktic foraminifera. Using the 

VIKING20, 1/20th degree ocean model, particles were seeded at the seabed 

centred on EN539-16MC and allowed to drift within the upper 100 m of the 

water column for 1 month. Figure 3.1 shows the approximate location of 

particles before deposition on the seabed and thus the region in which 

coccospheres may have originated from. The sedimentation rate of core 16MC 

is 140 cm ka-1 which enables high-resolution analysis to be achieved (Spooner 

et al., 2020). An age model was produced by Spooner et al. (2020) using a 

combination of 210Pb and 14C isotopes and correcting for water content 

percentage, dating the base of the core at ~1750 C.E. and the top ~2014 C.E. 
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Figure 3.1: Map of the North Atlantic highlighting the EN539-16MC core 

location (61°29′N, 19°32′W) used in this study. Base layer visualising the 

bathymetry of the region. Colours represent the mean annual temperature (°C) 

at the surface from 2005-2017 from the World Ocean Atlas (Locarnini et al., 

2018). Schematic arrows represent ocean currents; North Atlantic Current 

(NAC), Irminger Current (IC), East Greenland Current (EGC), and East 

Icelandic Current (EIC) from Daniault et al. (2016). Black dashed box 

represents results from particle tracking experiments showing possible origin of 

particles before deposition on the seafloor in the proximity of core EN539-16MC 

(Spooner et al., 2020). 

 

3.2.2. Coccosphere diameter 

The ISX+PL method, outlined in Chapter 2, was employed to obtain coccosphere 

diameters. Sample preparation and data collection are described below. 

 

3.2.2.1. Sample preparation 

Prior to acquiring samples, core EN539-16MC underwent treatment at 

University College London; the core was subsampled at 0.5 cm intervals and 
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sediment was wet sieved at 63 μm using deionised Milli-Q water (Spooner et 

al., 2020). The fine-fraction was retained for this study. Of the fine-fraction, 

~100 mg subsamples of every second core interval, starting from the top of the 

core, were added to 15 ml deionised Milli-Q water and vortexed for ~10 

seconds. Since calcium carbonate is poorly soluble in deionised water, the use 

of Milli-Q water will prevent disintegration of coccospheres. An ultrasonic water 

bath was avoided to prevent the disintegration of coccospheres; however, it is 

important to note that vortexing samples may have caused fragile coccospheres 

to fragment. Samples were then filtered through a 100 μm cell strainer to 

remove aggregates. A 100 μl subsample of each sample was transferred into a 

1.5 ml centrifuge tube and vortexed for a second time to resuspend particles.  

 

3.2.2.2. Data collection using ISX+PL 

Coccosphere morphology data was acquired using ISX (ImageStream Mk II; 

Luminex Corp. Seattle, US), configured with a six-channel system, 405nm, 

488nm, 642nm and 758nm lasers, and brightfield light. The ISX is uniquely 

fitted with two bespoke light polarising filters (WP12L-VIS, 420-700 nm) situated 

in the collection path of the brightfield illumination system. The layout and key 

operational components are described in Chapter 2.  

 

The ISX was configured to 60X magnification (0.33 μm2 pixel resolution). Low 

flow speed was used for high sensitivity and quality of images. All brightfield 

LEDs were set at full intensity to illuminate particles in the flow stream as the 

polarising filter arrangement greatly reduces transmitted light (see Chapter 2 for 

full description). Polarised light images obtained in channel 1 (457/45 nm 

bandwidth) were used for analysis.  

 

The instrument takes up the entire sample holding it vertically in the flow cell 

and injecting it into the flow stream in a first in, last out fashion. As the sample is 

held vertically, over time objects settle with the largest objects settling at a 

faster rate. The largest objects are therefore injected into the flow stream first 

and the size of objects imaged decreases over time (Figure 3.2). There is a lag 

time (~300 seconds) between the start of image acquisition and imaging of the 

largest particles which can be explained by the time it takes for the largest 
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objects to settle. It is therefore important that the entire sub-sample is analysed 

to ensure results are a fair representation of all objects in the sample and not a 

select size proportion. Unfortunately, due to COVID-19 related time restrictions 

in the laboratory, the entire 100 μl sample could not be analysed. Each sample 

was analysed on the ISX for 60 minutes which enabled > 100,000 images per 

sample to be acquired. Image acquisition was conducted in 20-minute periods 

to ensure file sizes were manageable (~30,000-50,000 images). After every 20 

minutes of data acquisition, the sample was returned and vortexed to re-

suspend objects. The error introduced from analysing a select size proportion of 

the sample is considered in the discussion.  

 

 
Figure 3.2: Mean area of objects imaged during acquisition time. Mean of three 

samples from 12.5 cm depth from North Atlantic core 16MC. For each sample, 

data was partitioned into 100 seconds and the mean was calculated. Error bars 

plotted as the standard error of the mean.  

 

A two-step workflow was carried out to process images; first, an initial sort was 

conducted in the ISX software INSPIRE and a secondary sort in the ISX 

analysis software IDEAS. In INSPIRE, an acquisition template was designed to 

narrow down the images for analysis as the IDEAS software (Luminex Corp) 

struggles with data files greater than 100,000 images. The acquisition template 

was set to selectively acquire images of objects with a diameter > 2 μm and an 
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aspect ratio > 0.65. This template was applied to all samples. The secondary 

sort in IDEAS applied the template outlined in Chapter 2 (Figure 2.9) to all raw 

image files to achieve a pure coccosphere population. Briefly, high-quality, 

focused images were identified using Gradient Root Mean Square, and single 

objects were distinguished from images of multiple objects using aspect ratio. 

Diameter, circularity and spot count parameters were used to distinguish 

coccospheres.  

 

To achieve quantification of visual data, the diameter of each coccosphere 

image was extracted from IDEAS for analysis in Microsoft Excel. The object 

(tight) mask was used to generate diameter values as this was proven to 

provide an accurate value of coccosphere diameter (Figure 2.3).  

 

3.2.3. Cell diameter reconstructions 

3.2.3.1. Species composition 

Cell diameter was estimated from coccosphere diameter based on the 

knowledge that coccosphere diameter provides a reasonable estimate of cell 

diameter (Figure 2.3). Having established a species-specific relationship 

between coccosphere diameter and cell diameter (Figure 2.3b-h), a linear 

regression equation that best represents the species composition of the North 

Atlantic core was developed. Unfortunately, due to COVID-19 related time 

restrictions in the laboratory, only a preliminary analysis in preparation for down-

core species counts was conducted and data on the exact species composition 

could not be collected. Marine sediment from 12.5 cm depth (~1939 C.E.) was 

mounted and glued between a glass slide and a coverslip and analysed using a 

binocular microscope (GXM-XPLPOLTEC-1) using transmitted light in cross-

polars at 1000X magnification. To obtain information on species composition 

published literature was reviewed. 

 

3.2.3.2. Coccosphere v. cell size relationship 

Upon determining taxonomic make-up, coccosphere and cell diameter data 

from both Coulter Counter measurements and published data (Henderiks and 

Pagani, 2007; Schlüter, et al., 2014; Bown, 2018) of the most common species 

in this region (Coccolithus pelagicus pelagicus, Calcidiscus leptoporus, 
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Gephyrocapsa, and Emiliania huxleyi) was combined. Measurements of 

Gephyrocapsa were of the subspecies Gephyrocapsa oceanica, as cultures of 

Gephyrocapsa caribbeanica, Gephyrocapsa muellerae and small 

Gephyrocapsa were not available and have not been previously measured.      

A Beckman Coulter Multisizer was used to measure coccosphere diameter of 

cultured samples of G. oceanica strain RCC 1313 and C. pel. pelagicus strain 

RCC 3776. C. pel. braarudii strain RCC 1202 was also measured however it 

was found that this species wasn’t present in sediments from this region so has 

not been included in this work. Cultures obtained from the Roscoff Culture 

Collection were grown by the Ocean Biogeochemistry Group at The University 

of Oxford. Additional information about the stains can be found at http://roscoff-

culture-collection.org/. 50 µl of each culture was added to 10 ml Isoton II Diluent 

in a counting vial (ACCUVETTE). Each sample was analysed three times and 

an average was calculated. Samples were then acidified with a few drops of 35 

% HCl to dissolve all free and attached coccoliths, which was confirmed via light 

microscopy, and subsequently measured again in order to obtain mean cell 

diameters. A control sample (10 ml Isoton II Diluent) was run prior to analysing 

each culture. Measurements were taken over 6 consecutive days throughout 

the growth curve in order to obtain a range of diameter values as during the 

exponential growth phase of rapid cell division small cells are produced, 

whereas larger cells are produced during the stationary phase of slowed cell 

division (Gibbs et al., 2013). Measurements were taken twice throughout the 

diurnal cycle, at the end of the light period when calcification occurs and cells 

are the largest, and the end of the dark period when cell division occurs and cell 

diameter will be the smallest (Paasche, 2001).  

 

Published biometric data of C. pel. pelagicus (Bown, 2018) are from batch 

culture experiments, field and sediment trap samples from the North Atlantic 

from inside and outside bloom conditions, and well-preserved fossil material 

from New Jersey, Tanzania, California and the Bay of Biscay. Coccosphere and 

cell diameter were measured using light microscopy at X1500 magnification 

(Bown, 2018). Coccosphere and cell measurements of monoclonal cultures of 

South Atlantic Ocean C. leptoporus strain RCC 1130 (Sheward et al., 2016) 

were performed using a cross-polarised light microscope (Olympus BX51) with 

http://roscoff-culture-collection.org/
http://roscoff-culture-collection.org/
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a colour camera attached (Olympus DP71). Coccosphere diameter of E. 

huxleyi, from experimental asexual populations founded from a single cell 

isolated from a natural phytoplankton assemblage in the coastal waters off 

Bergen, Norway (Schlüter, et al., 2014), was measured using a Beckman 

Coulter Z2 particle and size analyser. The cells were then decalcified with 

10mM EDTA adjusted to pH 8.2 and measured again.  

 
A linear regression analysis was conducted to model the relationship between 

coccosphere size and cell size for the taxonomic make-up of this core. 

Coccosphere size and cell size data from Coulter Counter experiments and 

published data for the most dominant species of this core were combined. To 

account for the species composition, the number of data points per species 

represented the relative proportion that that species contributes to the 

assemblage. A mean linear regression line was then calculated from 1000 

different realisations of the data. The uncertainty of this relationship was 

calculated from the 95 % confidence interval of the gradient of the slope and y-

intercept for the 1000 different realisations of the data. 

 

3.2.4. Climate data 

Ocean carbon content was inferred from atmospheric CO2 concentration. In 

regions away from convection and upwelling sites, seawater will be close to 

equilibrium with atmospheric CO2 (Feely et al., 2001), therefore it is justifiable to 

use atmospheric CO2 concentration as a proxy for ocean CO2 content, however 

this may be influenced by changes in seawater temperature and net biological 

utilisation of CO2 (Feely et al., 2001). Annual mean atmospheric CO2 for 1958-

2014 C.E. was calculated from monthly CO2 instrumentally measured at Mauna 

Loa Observatory, Hawaii (Keeling and Keeling, 2017). Annual mean 

atmospheric CO2 for 1750-1957 C.E. is from ice core data from Law Dome, 

Antarctica (Etheridge et al., 1996).  

 

Annual mean sea surface temperature (SST) data were derived from a 

multiproxy reconstruction (Mann et al., 2009). Regional SST data is from the 

HadSST4.0.0.0 dataset from the Hadley Centre of the UK Met Office (Kennedy 

et al., 2019). HadSST4.0.0.0 is a gridded product with a resolution of 5°. The 
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data used for analysis is an average of -20 – -15°E, 60 – 65°N. Data from the 

ERSSTv5 dataset (Huang et al., 2015) was also used for analysis as this has 

greater temporal coverage. The data has a resolution of 2° and is an average of 

-21 – -19°E, 61 – 63°N. Temperature reconstructions by Spooner et al., (2020) 

were also investigated. The SIMMAX modern analogue technique (Pflaumann 

et al., 1996) was used to reconstruct temperature at 100m depth from cores 

RAPID-17-5P and EN539-MC-16-A. These cores are with ~100 m of the core 

used in this study. 

 

3.2.5. Statistical analysis  

Descriptive statistics were generated in IBM SPSS Statistics 23.0. All other 

statistical analyses were conducted in GraphPad Prism (version 8; GraphPad 

Software, Inc., USA). Throughout the study, p < 0.001 was used as the critical 

threshold for statistical significance. A Kolmogorov-Smirnov test was used to 

determine if the data were normally distributed. Upon establishing non-

parametric data, a Spearman’s Rank correlation determined the correlation 

between mean diameter and age. A Kruskal-Wallis test was used to identify 

significant changes in coccosphere diameter and cell volume over time. Due to 

the different sampling frequencies and offsets in the datapoints, CO2 and 

temperature reconstructions from Spooner et al., (2020) were interpolated using 

a cubic spline. Climate data were down-sampled to correspond to coccosphere 

diameter data and a Spearman’s Rank was used to correlate mean cell 

diameter with CO2 and SST. 

 

Upon determining coccolithophore biometric data was non-parametric using a 

Shapiro Wilk test, a Spearman’s Rank was used to find the correlation between 

coccosphere diameter and cell diameter. Simple linear regression analysis was 

used to estimate parameters to construct species-specific linear regression 

equations. A method equivalent to an Analysis of Covariance (ANCOVA) was 

conducted to determine if linear regression slopes for different species were 

significantly different from each other. 

 

3.3. Results 

3.3.1. Cell diameter reconstructions 
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3.3.1.1. Species assemblage 

Preliminary microscope analysis of the species assemblage of the North 

Atlantic core 16MC indicated E. huxleyi, C. pelagicus, C. leptoporus and G. 

oceanica are the most abundant species at this geographic region. H. carteri 

was present but in very low numbers and G. muellerae was also identified.  

 

Examining available literature, 13 species are reported as common to rare-

common in the subpolar North Atlantic (Table 3.1). E. huxleyi is the most 

abundant in the modern Atlantic Ocean (Broerse et al., 2000; Iglesias-

Rodriguez et al., 2008; McIntyre and Bé, 1967; Young and Ziveri, 2000; Ziveri et 

al., 2004). In tropical waters, E. huxleyi usually constitutes over 50 % of the 

assemblage and increases to almost 100 % in subarctic waters (McIntyre and 

Bé, 1967). Four species of the genus Gephyrocapsa (Gephyrocapsa muellerae, 

Gephyrocapsa caribbeanica, Gephyrocapsa oceanica and Gephyrocapsa 

ericsonii) have been reported in the Atlantic Ocean (Broerse et al., 2000; 

Iglesias-Rodriguez et al., 2008; Young and Ziveri, 2000; Ziveri et al., 2004) 

however small Gephyrocapsids, that are too small to be identified by light 

microscopy, comprise the bulk of the Gephyrocapsa assemblage (Iglesias-

Rodriguez et al., 2008). C. pelagicus is the only species in the Atlantic to show 

a clear preference to cold waters (McIntyre and Bé, 1967). C. pelagicus 

consists of at least two discrete sub-species, C. pel. pelagicus and C. pel. 

braarudii (Geisen et al., 2002) of which C. pel. pelagicus is present in subarctic 

waters (Broerse et al., 2000; Iglesias-Rodriguez et al., 2008; Young and Ziveri, 

2000; Ziveri et al., 2004). C. leptoporus contributes a much lower percentage to 

species assemblage (Iglesias-Rodriguez et al., 2008) however it is usually 

always present (Broerse et al., 2000; Iglesias-Rodriguez et al., 2008; McIntyre 

and Bé, 1967; Young and Ziveri, 2000; Ziveri et al., 2004). H. carteri is a rarer 

species in the subarctic region (Iglesias-Rodriguez et al., 2008; McIntyre and 

Bé, 1967; Young and Ziveri, 2000; Ziveri et al., 2004) and tends to have 

affinities for warmer water (McIntyre and Bé, 1967). Umbilicosphaera sibogae 

(Young and Ziveri, 2000; Ziveri et al., 2004), Oolithotus fragilis (Iglesias-

Rodriguez et al., 2008; Young and Ziveri, 2000), Syracosphaera pulchra (Young 

and Ziveri, 2000; Ziveri et al., 2004) and Florisphaera profunda (Young and 

Ziveri, 2000) are also rare species reported in the subarctic region. 
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Species Reference 

Emiliania huxleyi 

McIntyre and Bé, 1967; Broerse et al., 2000; Young and 

Ziveri, 2000; Ziveri et al., 2004; Iglesias-Rodriguez et 

al., 2008 

Gephyrocapsa muellerae 
Broerse et al., 2000; Young and Ziveri, 2000; Ziveri et 

al., 2004; Iglesias-Rodriguez et al., 2008 

Gephyrocapsa 

caribbeanica 
Iglesias-Rodriguez et al., 2008 

Gephyrocapsa oceanica 
Young and Ziveri, 2000; Ziveri et al., 2004; Iglesias-

Rodriguez et al., 2008 

Gephyrocapsa ericsonii Broerse et al., 2000; Ziveri et al., 2004 

Small Gephyrocapsids Broerse et al., 2000; Iglesias-Rodriguez et al., 2008 

Coccolithus pelagicus 
Broerse et al., 2000; Young and Ziveri, 2000; Ziveri et 

al., 2004; Iglesias-Rodriguez et al., 2008 

Calcidiscus leptoporus 

McIntyre and Bé, 1967; Broerse et al., 2000; Young and 

Ziveri, 2000; Ziveri et al., 2004; Iglesias-Rodriguez et 

al., 2008 

Helicosphaera carteri  
McIntyre and Bé, 1967; Young and Ziveri, 2000; Ziveri 

et al., 2004; Iglesias-Rodriguez et al., 2008 

Umbilicosphaera sibogae Young and Ziveri, 2000; Ziveri et al., 2004 

Oolithotus fragilis  Young and Ziveri, 2000; Iglesias-Rodriguez et al., 2008 

Syracosphaera pulchra Young and Ziveri, 2000; Ziveri et al., 2004 

Florisphaera profunda Young and Ziveri, 2000 

 

Table 3.1: Species commonly reported in the subpolar North Atlantic Ocean. 

 

Species counts have been conducted on the subpolar North Atlantic core 

RAPID 21-12-B (57°27′N, 27°54′W) by Iglesias-Rodriguez et al. (2008) (Figure 

3.3). Due to their close proximity, it is reasonable to assume the species 

composition of the core used in this study is comparable to the data from 

RAPID 21-12-B. E. huxleyi represents ~35 % of the total abundance, 

Gephyrocapsa ~45 %, C. leptoporus ~5 % and C. pel. pelagicus ~15 %. Stasis 

in the species composition from ~1780 to ~2004 C.E. is reported.  
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Figure 3.3: Relative percentage abundance of coccoliths of each species in the 

subpolar North Atlantic RAPID 21-12-B core (57°27.09′N, 27°54.53′W) counted 

under a light microscope from Iglesias-Rodriguez et al., 2008. 

 

3.3.1.2. Coccosphere v. cell size relationship 

There was a statically significant correlation between coccosphere diameter and 

cell diameter of C. pel. pelagicus (Spearman’s r = 0.9849, p < 0.0001), C. 

leptoporus (Spearman’s r = 0.901, p < 0.0001) and E. huxleyi (Spearman’s r = 

0.875, p < 0.0001), however there was no correlation between coccosphere 

diameter and cell diameter of G. oceanica (Spearman’s r = 0.163, p = 0.609). 

Although there was no correlation for G. oceanica, a linear regression equation 

for this species was constructed and treated with caution (Figure 3.4). Species-

specific linear regression equations were calculated as Y = 0.851*X – 1.075 (R2 

= 0.973, p < 0.0001) for C. pel. pelagicus, Y = 0.914*X + 2.243 (R2 = 0.834, p < 

0.0001) for C. leptoporus, Y = 0.643*X – 1.007 (R2 = 0.802, p < 0.0001) for E. 

huxleyi and Y = 0.219*X + 4.966 (R2 = 0.404, p < 0.404) for G. oceanica. 

 

There was also no statistically significant correlation between coccosphere 

diameter and cell diameter of the Coulter Counter data of C. pelagicus 
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(Spearman's r = 0.431, p = 0.163) and although the slopes of the Coulter 

Counter data and microscope data are not significantly different (F = 0.192, p = 

0.662), the intercepts are significantly different (F = 125.5, p < 0.001). The error 

introduced from Coulter Counter measurements is considered in the discussion.  

 

There was a statistically significant difference between regression lines of the 4 

dominant species (F = 8.602, p < 0.001), therefore their weighting on the mean 

regression line for the total assemblage is integral. By averaging species-

specific linear regions equations with a weighting based on species composition 

(35:45:5:15; E. huxleyi:Gephyrocapsa:C. leptoporus:C. pel. pelagicus), a linear 

regression equation to reconstruct cell diameter was calculated as Y = 0.744*X 

– 0.501.  

 

 
Figure 3.4: Relationship between coccosphere diameter and cell diameter for 

the 4 most common species at this site. Coccosphere and cell diameter of (a) 
C. pel. pelagicus (blue), C. leptoporus (purple), E. huxleyi (green) and G. 

oceanica (red). Mean linear regression line calculated from species-specific 

relationships with a weighting based on the species composition of the core 

plotted in black (Y = 0.744*X + 0.501). Relationship at the 95 % upper bound; Y 

= 0.756*X + 0.523, relationship at the 95 % lower bound; Y = 0.742*X + 0.491. 

(b) C. pel. pelagicus with Coulter Counter measurements in light blue and 

microscopy measurements (Bown, 2018) in dark blue. Linear regression line 

plotted in black (Y = 0.851*X – 1.075, R2 = 0.9729, p < 0.0001). (c) microscopy 
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measurements of C. leptoporus (Sheward et al., 2016). Linear regression line 

plotted in black (Y = 0.914 *X + 2.243, R2 = 0.834, p < 0.0001). (d) microscopy 

measurements of E. huxleyi (Schlüter, et al., 2014). Linear regression line 

plotted in black (Y = 0.643*X – 1.007, R2 = 0.802, p < 0.0001). (e) Coulter 

Counter measurements of G. oceanica. Linear regression line plotted in black 

(Y = 0.219*X + 4.966, R2 = 0.404, p < 0.404). 

 
3.3.2. Coccosphere and cell geometry 

Average community coccosphere and cell diameter showed no clear trend from 

~1750 to ~2014 C.E. (Figure 3.5) with no statistically significant correlation 

between coccosphere/cell diameter and age (Spearman’s r = -0.329, p = 

0.054). The LOWESS smoothing curve suggests stability in this dataset. Mean 

coccosphere diameter fluctuated within a 1.505 μm window with a minimum of 

9.073 ± 2.265 μm in ~2014 C.E. and a maximum of 10.578 ± 2.927 μm in 

~1778 C.E. This change represents a variation of ± 15.317 % in coccosphere 

size (based on the median coccosphere diameter). A Kruskal-Wallis test shows 

coccosphere diameter medians are statistically different (H = 93.37, p < 0.001) 

showing some variability, however, there does not appear to be a clear 

structure to that variability.  

 

Mean cell volume fluctuated between 146.484 μm3 (~1885 C.E.) and 270.077 

μm3 (~1778 C.E.) which is a variation of ± 28.908 % in cell volume (based on 

the median coccosphere diameter) (Figure 3.6). The fluctuations in mean cell 

volume over time were statistically different (H = 93.36, p < 0.001) 

demonstrating variability in the data, however, there is no observable trend to 

the fluctuations. 
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Figure 3.5: Boxplot of coccosphere and cell diameter from ~1750-2014 C.E. 

Lower and upper box boundaries represent the 25th and 75th percentiles 

respectively, line inside box represents median, lower and upper error lines 

represent 5th and 90th percentiles respectively, grey circles represent data falling 

outside of 5th and 90th percentiles. Mean coccosphere diameter plotted in red 

with error bars plotted as 1 standard deviation from the mean of the three 

replicates per sample. LOWESS curve with 10 points in the smoothing window 

plotted in black. 
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Figure 3.6: Boxplot of cell volume from ~1750-2014 C.E. Cell diameter 

calculated from the linear regression line plotted in Figure 3.4a (Y = 0.744*X – 

0.501) and converted to sphere volume (V = 4/3*π*(d/2)3, V = volume, d = 

diameter). Lower and upper box boundaries represent the 25th and 75th 

percentiles respectively, line inside box represents median, lower and upper 

error lines represent 5th and 90th percentiles respectively, grey circles represent 

data falling outside of 5th and 90th percentiles. Mean coccosphere diameter 

plotted in red. 

 

3.3.3. Community size structure 

Coccosphere community diameter structure remained relatively stable between 

~1750 C.E. and ~2014 C.E. (Figure 3.7, 3.8a). The distribution is positively 

skewed towards a smaller coccosphere diameter for all reconstruction intervals 

(skewness ranges from 0.712; ~1812 C.E. to 1.988; ~1979 C.E.) (Figure 3.7, 

3.8). The spread shows limited variability with ~80 % of coccospheres between 

7 μm and 12 μm for all reconstructions. The distribution remains unimodal with 

the most abundant coccosphere size between 8 and 10 μm for all 

reconstructions.  

 

Figure 3.7 hints at variations occurring since 1950 with an increased frequency 

of coccospheres of 8-9 μm and a corresponding decrease in the larger sizes. A 
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possible transition towards a smaller coccosphere size from ~1950 C.E., which 

can be seen by the shift towards a smaller diameter of the blue (~1950-1999 

C.E.) and purple (~2000-2014 C.E.) distributions, may have occurred (Figure 

3.8a). Data from ~1900 C.E. was partitioned into ~20-year bins to investigate 

this trend (Figure 3.8b). Between 1940 and 2000 there was an increase in the 

frequency of coccospheres with a diameter of 9 μm, followed by an overall shift 

towards a smaller coccosphere diameter since 2000. The greater variability of 

each reconstruction is a function of the smaller intervals and fewer observations 

per reconstruction. Although this data may hint at changes occurring around the 

mid-1900s, one would need to collect more data to determine if this is robust. 

Without species counts, shifts in species composition cannot be firmly identified. 

Furthermore, the modal diameter is within the intersect between the diameters 

of all four species (9 μm), therefore fluctuations in the abundance of species 

that are ~9 μm would not be discernible in this dataset. 

 

 
Figure 3.7: Density plot of coccosphere diameter from ~1750-2014 C.E. Data 

for each time interval has been partitioned into 1 μm bins and normalised. 

 



78 
 

 
Figure 3.8: Coccosphere diameter size distribution. Data has been partitioned 

into 1 μm and a cubic spline has been plotted. Black bars above represent the 

diameter size-ranges of the major species present in these samples. (a) Mean 

coccosphere diameter distribution averaged within ~50-year bins, other than the 

last interval (~14-year bin). Most recent and oldest data are shown in dotted red 

and black lines, respectively. (b) Mean coccosphere diameter distribution from 

~1900 C.E. averaged within ~20-year bins, other than the last interval (~14-year 

bin). 
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3.3.4. Climate data 

Atmospheric CO2 concentration increased by ~122 ppm between 1750 and 

2014 C.E. (Figure 3.9a). Concentration slowly rose to ~310 ppm in the mid-20th 

century before rapidly increasing at a rate of ~1.5 ppm yr-1. Results show a 

weak negative correlation between coccosphere diameter and atmospheric CO2 

concentration however this relationship is not statistically significant 

(Spearman's r = -0.327, p = 0.055) (Figure 3.10a).  

 

Mean sea surface temperature (SST) of the Northern Hemisphere increased by 

almost 1 °C since the start of the industrial era (Figure 3.9b). Since the mid-

1900s rapid warming occurred with temperatures increasing by 0.746 °C. At a 

local scale, SST of the North Atlantic increased, oscillating with periodic 

intervals of 20 years. Temperature reconstructions from core MC16-A/17-5P 

show an oscillating trend with an evident increase in temperature since 1750. 

There is no clear relationship between SST and mean coccosphere diameter on 

both a regional and local scale. There is no correlation between coccosphere 

diameter and temperature reconstructions from core MC16-A/17-5P 

(Spearman's r = -0.057, p = 0.752) (Figure 3.10b).  
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Figure 3.9: Mean coccosphere diameter and climate data for the North Atlantic. 

(a) Mean coccosphere diameter (left y-axis) and atmospheric CO2 concentration 

(right y-axis). CO2 concentration data 1750-1957 C.E. derived from an ice core 

at Law Dome, East Antarctica (Etheridge et al., 1996) and 1958–2014 C.E. from 
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in-situ air samples collected from Mauna Loa, Hawaii, USA (Keeling and 

Keeling, 2017). (b) Mean coccosphere diameter (bottom left y-axis). SST 

reconstructions from core MC16-A/17-5P (Spooner et al., 2020) (right y-axis). 

SST anomalies of the Northern Hemisphere from proxy reconstructions (Mann 

et al., 2009) (black; top left y-axis) with local SST data underlaid with ERSSTv5 

dataset (Huang et al., 2015) an average of -21 - -19°E, 61 – 63°N (dark grey; 

top left y-axis) and the HADSST4 dataset (Kennedy et al., 2019) an average of -

20 - -15°E, 60 – 65°N (light grey; top left y-axis). 

 

 

Figure 3.10: Correlation between coccosphere diameter and environmental 

parameters. (a) Correlation between mean coccosphere diameter and 

atmospheric CO2 concentration (Spearman's r = -0.0.327, p = 0.055). CO2 

concentration data 1750-1957 C.E. derived from an ice core at Law Dome, East 

Antarctica (Etheridge et al., 1996) and 1958–2014 C.E. from in-situ air samples 

collected from Mauna Loa, Hawaii, USA (Keeling and Keeling, 2017). (b) 
Correlation between mean coccosphere diameter and SST reconstructions from 

core MC16-A/17-5P (Spooner et al., 2020) (Spearman's r = -0.057, p = 0.752).  

 

3.4. Discussion  

By reconstructing a ~250-year (~1750-2014 C.E.) record of coccolithophore 

community cell size, we investigated coccolithophore community cell size 

throughout a period of recent climate change. Community cell size was 

insensitive to increases in CO2 concentration and SST since ~1750 C.E. Some 
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significant differences in mean cell size were observed over time demonstrating 

variability, however, there does not appear to be a clear structure to that 

variability with no significant correlation between cell diameter and age and 

environmental variables. Unfortunately, due to COVID-19 related time 

constraints in the laboratory, data collection was restricted and as a result of the 

limited observations, there is considerable noise in the coccosphere diameter 

data (Figure 3.5). Examining the community size structure data suggests some 

variability since the mid-1900s, with increases in the frequency of smaller 

coccospheres (Figure 3.7, 3.8) but one would need to collect more data to 

determine if this is a robust conclusion. Increasing observations would reduce 

the impact of random error and variability and allow us to examine if potential 

trends observed are plausible. Furthermore, down-core species counts are 

required to identify potential shifts in the community assemblage. The following 

section will explore possible explanations for the observed insensitivity of 

coccolithophore community cell size to environmental change in the subpolar 

North Atlantic. Implications of these findings will be considered and future 

directions will be outlined. 

 

3.4.1. Hypotheses for a stable ecosystem 

The following section will explore reasons why cell diameter and volume data 

do not show a correlation with anthropogenic change in the subpolar North 

Atlantic. There are 2 scenarios that could result in a stable cell size 1) changes 

in the environment caused shifts in assemblage between similar size taxa or 2) 

changes in the environment caused no significant shifts in species assemblage.   

 

3.4.1.1. Shifts in assemblage between similar sized taxa 

It remains difficult to firmly identify shifts between the abundance of large and 

small taxa (Figure 3.7, 3.8), however even if the community size structure 

remained stable, shifts between similarly sized species may have occurred 

during this time period as this would not drive variation in average community 

cell size. The four dominant species in the subpolar North Atlantic, E. huxleyi, 

G. oceanica, C. pelagicus and C. leptoporus, exhibit overlapping diameter size 

ranges. The larger species (C. pelagicus and C. leptoporus) may be as small as 

~9 μm and the smaller species (E. huxleyi and G. oceanica) may reach ~9 μm 
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in diameter. Average cell size significantly fluctuates around this intersection 

therefore it is likely there were some fluctuations in the abundance of these 

taxa.  

 

3.4.1.2. No significant shifts in assemblage 

Alternatively, a stable community cell size could be the result of a static species 

assemblage. Constant species composition in the subpolar North Atlantic has 

also been reported by others (Iglesias-Rodriguez et al., 2008), thus this is a 

plausible hypothesis. 

 
Primary factors - magnitude of change and broad tolerances 
A potential explanation for a stable assemblage and corresponding community 

cell size lies within the magnitude of environmental change. Despite CO2 

concentration and SST increasing rapidly since the mid-1900s, the increase and 

rate of increase may not have been considerable enough to drive a change in 

coccolithophore community cell size. If we consider the change brought about 

when environmental parameters are varied in laboratory experiments, often, 

variation in species assemblage and corresponding community cell size is only 

observed when environmental conditions are significantly altered.  

 

CO2 concentration 

The geological fossil record provides evidence of shifts in species composition 

over time however interspecies changes occurred during periods of exceptional 

climate change. For example, when CO2 became increasingly limiting during 

the late Oligocene, smaller Reticulofenestrids had a competitive advantage over 

larger species such as R. umbilica and R. bisecta, which became ecologically 

marginalised during the E-O transition (Henderiks, 2008). Henderiks (2008) 

hypothesised the fall in CO2 was a primary factor forcing a long-term decrease 

in Reticulofenestrid cell size during the Oligocene. The E-O transition saw a 

decrease in CO2 from 1000-1200 ppm to 600-700 ppm (Pearson et al., 2009), a 

change at least three times greater than has been observed since the 1900s. 

Furthermore, natural, mixed-phytoplankton assemblages experiments, where 

increases in the abundance of larger organisms with increasing CO2 

concentrations have been observed, varied CO2 concentrations to a much 
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greater extent than the change since the 1900s, often doubling or tripling CO2 

concentration (Tortell et al., 2002; Paulino et al., 2008). Given that CO2 rose by 

~112 ppm from 1750 to 2014 C.E. (Figure 3.9a) we would expect any changes 

to be minimal. 

 

Temperature 

Each species has a temperature optimum and growth is inhibited above a 

certain temperature, and therefore temperature changes may drive interspecies 

shifts. Considering the dominant species at this site, C. pel. pelagicus is related 

to sea surface temperatures of -1 to 14 °C (Schroder-ritzrau et al., 2001) with a 

possible minimum of -1.9 °C (Braarud, 1979). The cold water form of C. 

leptoporus is found at temperatures between 6 and 26 °C (Brand, 1994; 

McIntyre and Bé, 1967). Gephyrocapsa species exhibit a temperature tolerance 

of 13 to 26 °C (McIntyre and Bé, 1967) and E. huxleyi has a much broader 

temperature range of 1 to 31 °C (Brand, 1994). Given the wide tolerances of the 

most abundant species, and the relatively small fluctuations in temperature 

(Figure 3.9b), shifts towards or away from temperature optimums would seem 

unlikely to drive large interspecies shifts. With temperatures remaining within 

coccolithophore temperature tolerance ranges, inhibition of growth is also 

improbable. 

 

Salinity  

Increased temperatures, which lead to an intensification of the hydrological 

cycle (Rhein et al., 2013), may cause an indirect effect on coccolithophore 

community cell size due to changes in salinity. Laboratory experiments provide 

evidence of species-specific responses to changes in salinity (Hermoso and 

Lecasble, 2018). The relationship between salinity and growth rate can be 

described by a second-order polynomial curve for G. oceanica and a bell curve 

for E. huxleyi Morphotype A (Hermoso and Lecasble, 2018). At low salinities, 

growth rates can vary from being the species maximum (G. oceanica) or 

minimum (E. huxleyi Morphotype A) (Hermoso and Lecasble, 2018). Although 

there are significant differences between species’ responses, given the small 

change in salinity in the North Atlantic (SAL 0.05) (Dickson et al., 2003) relative 

to the study by Hermoso and Lecasble (2018), large interspecies shifts are 

unlikely to have occurred.  
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Nutrients  

In addition to decreases in nutrient concentration due to ocean stratification 

(IPCC, 2019), freshwater input to the North Atlantic subpolar gyre caused 20th 

century shifts in ocean dynamics in the North Atlantic region resulting in less 

productive conditions expanding northwest (Spooner et al., 2020). Due to the 

fundamental biophysical constraints of low nutrient diffusion per unit of cell 

volume and a thickening of the diffusion boundary layer for large cells (Pasciak 

and Gavis, 1974), nutrient limitation favours smaller cell sizes therefore the 

abundance of small-sized species that make up the community composition 

may increase. Data regarding nutrient limitation at this site are required to 

assess whether changes are great enough to cause interspecies shifts through 

a transition towards species of smaller cell sizes.  

 

Light 

Stratification and the shallowing of the base of the mixed layer as a result of 

increased SST, increases the mean light exposure of phytoplankton in the 

mixed surface layer (Winder and Sommer, 2012). Species that are less 

susceptible to photodamage and have higher rates of repair are expected to be 

favoured under extreme increases in light exposure (Finkel et al., 2010). Diatom 

studies indicate that cell size-related differences exist in the susceptibility of 

photosystem II to photoinactivation and their rates of repair (Karentz et al., 

1991; Key et al., 2010). Small diatom species show larger effective cross-

sections for photochemistry and fast metabolic repair of photosystem II after 

damage, whereas large diatoms are less susceptible to photoinactivation, and 

therefore incur lower costs to endure short-term exposures to high light, 

especially under conditions that limit metabolic rates (Key et al., 2010). Without 

data on light conditions for this site, it remains uncertain whether changes in 

light regime were significant enough to induce shifts in the assemblage, 

however these experiments suggest that considerable changes in light 

conditions are required for a corresponding cell size change to occur. 

 

Secondary factors - Taphonomic factors 
Caution must be applied when interpreting the coccosphere fossil record due to 

coccosphere preservation biases skewing cell size data. Coccospheres are 
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highly vulnerable to alteration and/or disintegration which can occur at any point 

from cell death to sample analysis (Bown et al., 2014), however with an 

understanding of site-specific preservation, interpretations can be made 

between the coccosphere fossil record and former living coccolithophore 

community. The dominant species in this region fall within the placolith-type 

coccolith group which form a coccosphere with overlapping and interlocking 

coccoliths and are therefore structurally strong and less susceptible to 

disintegration (Bown et al., 2014). The high clay concentration and rapid 

sedimentation that occurs at this site (140 cm ka-1) (Spooner et al., 2020) favour 

preservation as impermeable clays minimise the destructive effects of 

carbonate diagenesis and higher sedimentation rates may aid this effect (Bown 

et al., 2014). The structurally strong coccospheres that comprise the species 

assemblage and the optimal sedimentary environment suggests preservation of 

this material is good.  

 

Due to COVID-19 time restrictions in the laboratory, SEM analysis could not be 

conducted to confirm preservation of coccospheres, however the fragmentation 

of CaCO3 foraminifera tests of this core (Spooner et al., 2020) may provide 

evidence of coccosphere preservation biases. Preservation of foraminifera tests 

is the poorest in sediments dated from the mid-1800s and generally increases 

in more recently deposited sediments (Figure 3.11a). Assuming coccosphere 

preservation follows this trend, improved preservation in recent sediments may 

result in an increased abundance of coccospheres that are typically vulnerable 

to disintegration, such as very small or very large coccospheres. Future SEM 

analyses of changes in coccosphere preservation over time are required to 

investigate this further and confirm if cell size data has been skewed by 

preservation biases.  

 

Secondary factors - lateral mixing and reworking  
The high sedimentation rates at drift sites such as this site allow high-resolution 

analysis over short time intervals such as the industrial era. However, particular 

care should be taken with drift sediments due to high lateral transport. Particle 

tracking experiments from Spooner et al., (2020) imply coccospheres analysed 

in this investigation may have originated from a wide-region that spans from the 

south coast of Iceland to the south of the Gardar Drift (Figure 3.1). Deep 
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currents in the Iceland Basin transport sediments from Iceland and the nearby 

NW European landmass, thus these currents contribute to the lateral mixing of 

coccospheres. The results presented in this study are therefore signals from the 

wider Iceland Basin and the stable cell size may be a result of the integration of 

coccospheres from a wider geographical region. Temporal mixing of 

coccospheres could also influence cell size signals. Reworking via bioturbation 

may destroy sediment stratigraphy, however high sedimentation rates at this 

site are likely to have prevented considerable bioturbation. This provides 

confidence that reworking and temporal mixing have not skewed cell size data.  

 

The intensity of lateral transport will vary both the geographic region from which 

coccospheres originated and reworking processes. Therefore, changes in the 

intensity of lateral transport over time may skew cell size data. Sortable silt (SS) 

grain size data of core EN539-16MC-A, which is from the same location and 

thus is comparable to the core analysed in this study, provides a record of 

sediment sorting at this site (Figure 3.11b) (Spooner et al., 2020). The SS grain 

size trend shows no significant correlation with cell size data (Spearman's r = 

0.297, p = 0.083), thus provides confidence that cell size data represents a 

primary signal rather than a result of changes in flow-mediating sediment 

sorting and deposition. Furthermore, foraminifera-based temperature 

reconstructions from Spooner et al., (2020) match the variability of observed 

temperatures from the ERSSTv5 and HADSST4 datasets since 1854 (Figure 

9b). This implies foraminifera records have not been skewed by changes in the 

intensity of lateral transport and mixing and suggests the insensitivity of the 

coccolithophore community is a primary signal rather than a result of 

taphonomic issues. 
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Figure 3.11: Physical properties of sediment from North Atlantic cores 

(Spooner et al., 2020). (a) Fragmentation index (Pfuhl and Shackleton, 2004) of 

foraminifera tests of core EN539-16MC-B with LOWESS curve with 10 points in 

the smoothing window (grey; left y-axis). Mean cell diameter with LOWESS 

curve with 10 points in the smoothing window (black; right y-axis) (b) Mean 

sortable silt (SS) grain size of core EN539-16MC-A (‘A’ core is from the same 

location and is comparable to the core analysed in this study) with LOWESS 

smoothing curve with 10 points in the smoothing window (grey; left y-axis). 

Mean cell diameter with LOWESS curve with 10 points in the smoothing window 

(black; right y-axis). 
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Secondary factors – methodological biases 
Sample Preparation 

Sediment was suspended in Milli-Q water since calcium carbonate is poorly 

soluble in deionised water. It is therefore unlikely that the use of Milli-Q water 

affected cell size results. Samples were agitated and resuspended using a 

manual vortex mixer, however this process may have caused fragile 

coccospheres to fragment. As discussed, the larger and smaller coccospheres 

are typically poorly preserved, thus manual agitation and resuspension may 

have further enhanced any preservation biases. Despite this potential bias, 

coccosphere fragmentation during sample preparation is unlikely to have 

caused considerable changes in the distribution of coccosphere sizes relative to 

diagenetic and reworking processes that occurred in the field.   

 
Sample analysis 

In addition to the limitations associated with ISX+PL outlined in Chapter 3, error 

may arise from down-core analyses, distorting data. As outlined in ‘3.2.2.2. Data 

Collection using ISX+PL’, coccosphere size decreased during image acquisition 

time due to the way in which the ISX holds and injects the sample. Mean 

coccosphere diameter of all samples decreased by ~2 μm during image 

acquisition (Figure 3.12a). Peaks in coccosphere diameter after sample 

redistribution can be seen in this data (250 seconds; 10.921 μm, 1500 seconds; 

10.158 μm, 2750 seconds; 9.982 μm). Due to COVID-19 related time 

restrictions, the entire subsample was not analysed and therefore these results 

are a select size proportion of coccospheres in the sample with the smaller 

coccospheres not imaged. This may therefore be an unfair representation of the 

cell size distribution within the sample.   

 

After 60 minutes of image acquisition, the number of coccospheres detected 

dropped substantially and therefore the error introduced from imaging a select 

size proportion may be minimal (Figure 3.12b). At the start of image acquisition 

(250-500 seconds), a coccosphere was detected on average every ~12.5 

seconds. By the end of image acquisition (3500-3750 seconds), coccosphere 

detection rate decreased by 92.575 % to 1 coccosphere every 2.806 minutes. 

This provides some confidence that cell size signals are not greatly skewed by 

particles settling over time and not analysing the whole sample as coccosphere 
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counts suggest the majority of coccospheres in the sample have been 

analysed. 

 

 
Figure 3.12: Changes in coccosphere statistics during image acquisition. (a) 
Mean coccosphere diameter during image acquisition. Data were partitioned 

into 250 seconds and the mean for all samples was calculated. Error bars 

represent the standard error between samples. (b) Coccosphere count during 

image acquisition. Data were partitioned into 250 seconds bins the mean for all 
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samples was calculated. Error bars represent the standard error between 

samples. 

 

Without down-core species counts it remains uncertain whether shifts between 

similar sized species occurred or the assemblage remained stable. Proxy 

records and sediment properties from a nearby core suggest that secondary 

factors such as preservation biases, lateral mixing and reworking are not 

significantly modifying cell size data. There may be some degree of 

methodological bias including fragmentation of coccospheres during sample 

preparation and coccospheres settling during analysis on the ISX, however this 

is likely to be minimal and not greatly skew cell size data. This provides some 

confidence that the stable community cell size is a response to primary factors 

such as the magnitude of environmental change and the broad tolerance of 

taxa.  

 

3.4.2. Response options 

As discussed, coccolithophores have three main response options when 

experiencing climate change: 1) coccolithophores adapt through phenotypic and 

physiological plasticity which allows species to tolerate the new conditions, 2) 

coccolithophores adapt to the new conditions through genetic change by the 

process of evolution or 3) individual species may disperse to more hospitable 

habitats causing interspecies shifts in species composition (Hofmann and 

Todgham, 2010). Without down-core species counts, intraspecies and 

interspecies changes cannot be differentiated from a community level study. 

Phenotypic and genetic variations are unlikely to be discernible in this dataset 

since intraspecific variations will be dwarfed by overall community cell size. For 

example, even minor changes in the abundance of larger species would have a 

disproportionate impact on average community cell size and overshadow 

intraspecific variations. Furthermore, intraspecific changes in coccosphere size 

from varying environmental parameters are typically smaller than the noise in 

the data (e.g. de Bodt et al., 2010) therefore it remains difficult to identify 

intraspecific trends. Investigations that can be conducted to assess intraspecies 

changes will be discussed under ‘4.5. Future Directions’. 
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3.4.3. Implications 

From a biological and ecological perspective, community cell size data implies 

environmental changes in the subpolar North Atlantic were not significant 

enough to impact fundamental traits that affect the biogeochemical functioning 

of the coccolithophore ecosystem. 

 

Stability in community cell size since ~1750 C.E. implies major ecological 

processes that scale with cell volume including population abundance, diversity, 

and trophic interactions (Finkel et al., 2010), also remained constant. The 

abundance of organisms in an area can often be approximated as a power law 

relationship of cell size and organism diversity within taxa is often a log-normal 

distribution of cell size (Finkel et al., 2010). The results of this study therefore 

suggest increases in CO2 and temperature in the North Atlantic were not of 

great enough magnitude to cause changes in coccolithophore abundance and 

diversity. The cell size of phytoplankton communities can influence trophic 

interactions since the body size of the consumer typically correlates with the 

size of prey consumed (Finkel et al., 2010). A stable coccolithophore community 

indicates negligible impacts on predator-prey relationships and higher tropic 

levels.        

 

Shifts in community size structure may have implications on the biogeochemical 

cycling and the efficiency of the biological pump in transporting and 

sequestering atmospheric CO2 (Marañón, 2009). Cell size affects organic and 

inorganic carbon quotas (Finkel et al., 2010) since the fluxes of inorganic 

carbon are proportional to cell surface area, which relates to the net transport 

into the cell relative to its biomass (Laws et al., 1995). Cellular organic carbon 

quota is approximated by cell volume (Menden-Deuer and Lessard, 2000). Cell 

size may also affect the balance between carbon export and remineralisation 

(Michaels and Silver, 1988) since larger particles will sink faster and more 

efficiently than smaller particles (Stokes, 1905) and larger particles will form 

larger aggregates (Jackson and Burd, 1998). With this considered, the 

insensitivity of community cell size to recent climate change implies the total 

export and efficiency of the biological carbon pump has not been affected by 

this coccolithophore community. This is of importance since the BCP has a first 
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order impact on atmospheric CO2 concentration, and therefore climate 

(Falkowski et al., 2000). 

 
3.4.4. Limitations  

There are certain limitations of a community-wide study to investigate 

coccolithophore response to climate change. Phenotypic and genetic variations 

in cell size are obscured in a community-level investigation since intraspecific 

variations will be dwarfed by overall community cell size. Furthermore, without 

information on species assemblage, it is unclear whether shifts between 

similarly sized species have occurred due to environmental variability. There is 

evidence that changes in environmental parameters may affect a species' 

elemental stoichiometry which has consequences on biogeochemical processes 

and food web dynamics (Finkel et al., 2010). Although community cell size 

offers insight into the response of coccolithophores to climate change, variables 

such as species assemblage and elemental stoichiometry should also be 

considered to gain a comprehensive understanding of the coccolithophore 

response to climate change. In addition, numerical cell size data alone does not 

provide a comprehensive understanding of changes in physiological processes 

that may occur as a response to climate change. Forcing differing 

environmental variables on phytoplankton cultures and investigating changes in 

physiological response parameters such as growth rate and POC and PIC 

production rates (e.g., Bach et al., 2011) will enable a more complete 

understanding of underlying physiological responses. 

 

Error within species-specific linear regression equations may lead to 

inaccuracies in cell size reconstructions. The data showed no correlation 

between coccosphere diameter and cell diameter of G. oceanica which is most 

likely a reflection of the few data points and Coulter Counter measurement 

error. There was also no significant correlation between Coulter Counter 

measurements of coccosphere diameter and cell diameter of C. pelagicus. The 

average standard deviation (S.D.) between replicates, i.e., Coulter Counter 

machine error, is ± 0.175 μm and additional human error may arise through 

dilution procedures and dissolving the coccosphere. As G. oceanica had the 

highest weighting on the average linear regression equation that represents the 
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species assemblage at this site, there may be considerable error propagated 

onto the average linear regression equation. SEM measurements of 

coccosphere and cell diameter of G. oceanica will help to assess the error and 

help construct a more reliable average linear regression equation. 

 

As highlighted in Chapter 2, significant error may arise from estimating 

community cell diameter from coccosphere diameter due to species-specific 

relationships. The coccosphere size v. cell size relationship holds true for 

dominant well-fossilised typical placolith families (Figure 2.3) which comprise 

the largest proportion of the species assemblage (Coccolithaceae, 

Calcidiscaceae and Noelaerhabdaceae), however there was significant 

difference between species-specific regression lines. Although the equation that 

represents the species assemblage at this site was constructed with a weighting 

based on the species assemblage reported by Iglesias-Rodriguez et al., (2008), 

the less dominant species were not accounted for and may cause variation in 

the average linear regression equation. Additionally, biometric data of G. 

oceanica was used to represent the entire Gephyrocapsa assemblage thus 

error may be introduced here. Biometric data and species-specific relationships 

of all species observed at this site would help to minimise the error introduced 

from an average assemblage regression line. 

 

In addition to this error, the relationship applied assumed coccosphere 

thickness, or thickness of individual coccoliths, remained constant throughout 

this period of environmental change. However, there is growing evidence 

suggesting that this may not be the case. Laboratory experiments demonstrate 

that the ratio of CaCO3 to organic matter production (PIC:POC) decreases with 

elevated CO2 (Riebesell et al., 2000; Zondervan et al., 2002; Engel et al., 2005; 

Langer et al., 2006, 2009; Feng et al., 2008; Iglesias-Rodriguez et al., 2008; 

Gao et al., 2009; Shi et al., 2009; Müller et al., 2010; Rickaby et al., 2010). The 

same response has been observed with increasing temperature, with an 

interactive effect between increased temperature and CO2 (de Bodt et al., 

2010). In terms of the evolutionary response, although Lohbeck et al. (2012) 

found there was a general positive effect of selection to restore PIC:POC ratios 

in high CO2 levels relative to controls adapted to ambient CO2, in a longer-term 

study by Schlüter et al. (2016) the PIC:POC ratio was significantly reduced after 
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long-term adaptation under high CO2. Adaptation to temperature caused a 30 % 

increase in the PIC:POC ratio under high CO2 compared to the temperature 

response without evolutionary adaptation (Schlüter et al., 2014). If conducting 

species-level investigations into intraspecies cell size changes, calcification and 

changes in the thickness of coccospheres should be considered when 

reconstructing cells size from coccosphere diameter.  

 

3.4.5. Future directions 

3.4.5.1. Regions where variation may occur 

Evidence suggests the Iceland Basin has undergone warming and seen 

declines in productivity since ~1750 C.E. with prominent changes since the 20th 

century (Spooner et al., 2020). However, this region is relatively insensitive to 

anthropogenic climate change, compared to regions such as the climate 

sensitive Arctic Ocean (Philippart et al., 2011). In regions such as the Arctic 

Ocean where climate change is resulting in higher local changes in the 

environment, changes in community cell size through interspecies and 

intraspecies shifts may be observed. Additionally, we may expect to see cell 

size changes in coccolithophore communities that have a much broader cell 

size composition with a subordinate community of larger cells. Subordinate taxa 

are likely to be more sensitive to environmental changes due to their lower 

environmental tolerances and fluctuations in larger species will have a 

disproportionate impact on average community cell size. Future studies should 

focus on these regions to investigate whether greater changes in the 

environment drive changes in community cell size and whether shifts in cell size 

occurs within sensitive communities. 

 

3.4.5.2. Intraspecies variations 

As discussed, phenotypic and genetic variations in cell size are unlikely to be 

discernible within a community-level investigation since intraspecific variations 

will be dwarfed by overall community cell size. To investigate changes in cell 

size through phenotypic plasticity, a species-level investigation is required. If the 

species assemblage remained stable throughout this time period, it would imply 

that any cell size changes would be intraspecific. However, again, any small 

variation in species assemblage would dwarf intraspecies changes thus 
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particular care must be taken. An alternative approach would be to conduct a 

species-level investigation whereby individual species are assessed for cell size 

changes. Microscopic analysis would enable species to be identified and 

measured. Through further modification of the ISX+PL method, there may be 

potential for visual separation of coccolithophore species to enable rapid 

identification and analysis of species. This is dependent on the degree of 

difference between the morphological properties of each taxon.     

 

3.5. Conclusion 

This chapter has investigated the response of a North Atlantic coccolithophore 

community to recent anthropogenic climate change. ISX+PL has been employed 

to reconstruct a ~250-year record (~1750-2014 C.E.) of coccolithophore cell 

size from the underexplored coccosphere fossil record. Average community cell 

size and community size structure were insensitive to increases in CO2 

concentration and SST since ~1750. Some significant differences in mean cell 

size were observed over time demonstrating variability, however, there does not 

appear to be a clear structure to that variability with no significant correlation 

between cell diameter and age and environmental variables. Without down-core 

species counts, interspecies and intraspecies changes cannot be deciphered 

thus two scenarios may explain why the community appeared to be insensitive 

to environmental change; 1) there was a change in species assemblage, but 

these shifts were between similar sized species, or 2) there was no significant 

change in assemblage. A plausible explanation for stability in the species 

assemblage is that the magnitude of change was not great enough to drive a 

change and such changes were within the broad tolerances of the dominant 

species in the subpolar North Atlantic. Secondary factors including preservation 

bias, lateral mixing and reworking, and methodological biases are unlikely to 

explain the results. From a biological and ecological viewpoint, the results imply 

environmental changes in the subpolar North Atlantic are not yet significant 

enough to impact fundamental traits that affect the biogeochemical functioning 

of the coccolithophore ecosystem. 
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Chapter 4. Conclusions and Future 
Directions 

 

In this thesis, I have developed a novel method (ISX+PL) that enables rapid and 

reliable visual isolation and morphological analysis of fossil coccospheres from 

marine sediment. By employing this method, I have reconstructed a ~250-year 

(~1750-2014 C.E.) record of coccolithophore community cell size from the 

underexplored coccosphere fossil record to investigate the response of a North 

Atlantic coccolithophore community to recent anthropogenic climate change. 

 

4.1. Conclusions 

Chapter 2 presents a novel method, termed ISX+PL, to rapidly and reliably 

visually isolate and analyse the morphology of coccospheres from marine 

sediment. This method combines imaging flow cytometry and cross-polarised 

light to exploit the morphological and optical properties of coccospheres. By 

exploiting the birefringent properties and classifying the morphological 

characteristics of a cultured coccolithophore sample and marine sediment with 

coccolithophore material removed, a protocol and template were constructed 

and applied to marine sediment from a North Atlantic core to distinguish 

coccospheres. ISX coccosphere diameter measurements were validated with 

SEM measurements to demonstrate the accuracy of ISX+PL. This method 

overcomes the limitations associated with traditional microscopy allowing 

hundreds of coccospheres to be detected quickly, achieving rapid data 

acquisition and analysis, and removing potential human bias. Applications of 

this method include examining temporal trends to investigate the evolution and 

ecology of coccolithophore communities and derived cell size estimates for 

calculations of palaeoenvironmental proxies that analyse the geochemistry of 

coccolithophore organic matter of coccolith calcite.  

 

By employing IXS+PL to reconstruct mean community cell size of a 

coccolithophore community in the North Atlantic, Chapter 3 investigated the 

coccolithophore response to recent anthropogenic climate change (Chapter 3). 
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Although there were significant differences in average community cell size from 

~1750 to 2014 C.E. there was no observable trend to this variation and 

community size structure appeared to be insensitive to increases in CO2 

concentration and SST since the mid-1900s. Two scenarios may explain why 

the community appeared to be insensitive to environmental change; 1) there 

was a change in species assemblage, but these shifts were between similarly 

sized species, or 2) there was no significant change in assemblage. We 

concluded that a plausible explanation for stability in the species assemblage 

lay within the magnitude of change and broad tolerances of the species of this 

community. The subpolar North Atlantic is a region that is relatively insensitive 

to climate change and the changes in CO2 and temperature may not have been 

great enough to drive cell size changes and such changes may have been 

within the tolerances of the dominant species in the North Atlantic. The results 

imply environmental changes in the subpolar North Atlantic are not yet 

considerable enough to impact fundamental traits that affect the biogeochemical 

functioning of the coccolithophore ecosystem. 

 
4.2. Future Directions 

To examine if the trends observed in the coccosphere fossil record are valid, 

increased observations are required both per sample and at a higher temporal 

resolution. This will help reduce the impact of random error and variability. 

Additionally, the entire subsample should be analysed on the ISX to reduce 

biases in coccosphere size due to objects settling and the concomitant analysis 

of a select size portion of the sample. This would reduce noise in the dataset. 

 

Extending this work to species-level investigations will allow us to determine 

whether the species assemblage remained stable or shifts between similarly 

sized species occurred. Furthermore, in order to assess alternative response 

options including phenotypic plasticity, a thorough investigation of variations in 

species composition and cell size through microscopic analyses is required.  

 

Following intraspecies examinations, careful consideration must be given to 

methods used to reconstruct cell size. The available literature suggests 

environmental change may drive changes in the PIC:POC ratio (Iglesias-
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Rodriguez et al., 2008; de Bodt et al., 2010; Schlüter et al., 2014; Schlüter et al., 

2016). This leads to error in cell size reconstructions as cell size is estimated 

from coccosphere diameter under the assumption that the thickness of the 

coccosphere remains unchanged. To address this limitation a distinction 

between changes in cell volume and changes in coccosphere thickness is 

required. This could be achieved by using traditional SEM methods or future 

development to the ISX configuration. Following on from work from von Dassow 

et al. (2012), which demonstrates the potential for polarisation-sensitive 

traditional (i.e. non-imaging) flow cytometry to measure coccolithophore 

calcification, adjustments to the ISX configuration may enable coccolithophore 

calcification sate of individual coccospheres to be assessed. von Dassow et al. 

(2012) correlate the ratio of orthogonally polarised forward scattered light to 

parallel polarised forward scattered light with coccosphere calcite mass. The 

current optical configuration of the ISX is unable to measure parallel polarised 

forward scattered light, however, the development of new calibration could be 

an improvement on traditional flow cytometry techniques as complicating factors 

such as coccosphere size could be measured and corrected for. This would 

enable us to examine if intraspecies shifts in coccosphere size were due to 

change in cell diameter or coccosphere thickness.  

 

By extending these investigations and addressing the forementioned limitations, 

the application of ISX+PL to reconstruct temporal changes in cell size may prove 

a powerful tool to investigate the response of coccolithophores to climate 

change. The results presented in the study are limited to a single core, from a 

single ocean basin that is relatively insensitive to climate change. Regions that 

are experiencing higher local changes in the environment and coccolithophore 

communities that are sensitive to climate change should be a focus for future 

investigations. Furthermore, extending the observations made in this study to a 

range of different oceanic regimes may enable a global understanding of the 

anthropogenic forcing of coccolithophore growth. These results would allow 

validation of model outputs and provide confidence in models predicting 

coccolithophore response to future predicted climate change and subsequent 

implications on the ecological and biogeochemical functioning of our oceans.  
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