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Abstract 

 

Coccospheres of a cultured Emiliania huxleyi clone were sampled in the exponential growth 

phase and sectioned using a focused ion beam microscope. An average of 69 sections and the 

corresponding secondary electron micrographs per coccosphere provided detailed information 

on coccosphere architecture. The coccospheres feature 2-3 layers on average and 20 coccoliths 

per cell, of which only 15 can be seen in conventional scanning electron micrographs. The outer 

coccosphere diameter was positively correlated with the number of coccolith layers. By 

contrast, the inner coccosphere diameter (around 4.36 µm), and hence the cell diameter, was 

quasi-constant. Coccoliths were not evenly distributed across the coccosphere, resulting more 

often than not, in one part of the coccosphere displaying more coccolith layers than the other. 
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The architectural data allowed the calculation of the PIC/POC ratio, the density and the sinking 

velocity of individual cells. The correlation of the parameters has implications for the ongoing 

debate on the function of coccoliths.  

 

 

 

1. Introduction 

 

In the context of the current climate change debate, understanding ecosystem response to 

environmental disturbances has become a matter of unprecedented urgency. To predict how 

ecosystems in general and groups of organisms in particular will respond to ongoing changes 

such as global warming and ocean acidification, an understanding of past climate change and 

the corresponding response of organisms is pivotal (Curey et al., 1951; Gibbs et al., 2013). The 

marine sedimentary archive potentially provides an enormous database of past organismal 

responses to climate change (Gerhard and Wefer, 1999). Especially the calcium carbonate shells 

of the major pelagic calcifiers, coccolithophores and foraminifera, constitute an archive that 

extends for tens of millions of years (Bown and Pearson, 2009; Hamilton, 1953). 

Coccolithophores are surrounded by a sphere (termed coccosphere) of interlocking calcareous 

platelets, the coccoliths which consist primarily of a radial array of complexly shaped crystals 

of calcite (Young et al., 1992; Young et al., 1999; Young and Henriksen, 2003). Both the 

chemical composition of coccoliths and the morphology of the coccosphere as well as of the 

coccoliths provide information about physiological parameters such as growth and calcification 

rate at different times in the geological past (Stoll and Schrag, 2000; Gibbs et al., 2013). The 

morphological analysis of coccospheres and coccoliths relies on scanning electron microscopy 

(SEM), a tool which renders the accurate determination of size and morphological modification 

possible (Young and Ziveri, 2000; Langer et al., 2013a). Until now, the SEM samples were 

often prepared by conventional sample preparation methods - either smearing coccoliths onto 

sample holders, or using the microtome to create single cross sections through the cells. 

However, advances in technology now allow us to serially image and cross section through the 

coccospheres, opening up a whole new way of observing coccosphere architecture. This is 

important since some features cannot be revealed by classical scanning electron microscopy. 

The number of coccoliths per cell for instance can only be estimated on the basis of the 

coccoliths that can actually be seen (Langer et al., 2006). The coccolith quota is needed to 

calculate particulate inorganic carbon (PIC) quota. The inner coccosphere diameter, which 
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equals the cell diameter, can be used to calculate particulate organic carbon (POC) quota. Both 

coccolith quota and inner coccosphere diameter cannot be determined using conventional SEM, 

but can be obtained accurately by focused ion beam (FIB) sectioning combined with SEM. The 

PIC/POC ratio determines if coccolithophores act as a source or a sink of CO2 relative to the 

atmosphere (Balch et al., 1991; Holligan et al., 1993; Buitenhuis et al., 1996) and therefore is 

an important variable for modeling carbon-cycling in the oceans (Ridgwell et al., 2009). 

Moreover, coccolithophore response to climate change is often expressed in terms of PIC and 

POC quotas. Shedding light on features such as the latter and gaining further insight into 

coccosphere architecture requires step by step cross sectioning of complete coccospheres. 

A helpful tool to gain information on the interior architecture of samples is FIB-SEM (Inkson 

et al., 2001; Williams et al., 2005; Uchic et al., 2006; Holzapfel et al., 2007; Kato et al., 2007; 

Mc Grozther and Munroe, 2007). This combination enables bulk samples to be locally sectioned 

by ion milling and subsequently imaged at high resolution (De Winter et al., 2009). This 

application of FIB-SEM instruments is commonly referred to as FIB tomography (Inkson et al., 

2001; Kubis et al., 2004). Using FIB-SEM tomography to investigate insulators like biological, 

geological and ceramic samples, is challenging because of charging effects that disturb the 

sectioning as well as the imaging (De Winter et al., 2009). Nevertheless, the FIB-SEM 

microscope is often used to analyse biological materials, which are difficult to cut like teeth 

(Nalla et al., 2005) and bones (Giannuzzi et al., 2007). Another application for FIB-SEM 

microscopes in biology is the preparation of thin lamellae, which can be analysed in a 

transmission electron microscope (TEM) (De Winter et al., 2009; Schmahl et al., 2008; Kelm 

et al., 2012). Using low-keV backscattered electrons (BSE) instead of secondary electrons (SE) 

for the image formation allows to discriminate differently aligned crystals with the same mass-

contrast due to channeling contrast mechanisms, which depend on the crystallographic 

orientation of the investigated volume (De Winter et al., 2009). 

In the present work FIB-SEM sectioning and SE as well as BSE imaging was used to study the 

coccosphere’s internal architecture and to determine the coccolith quota of the abundant 

coccolithophore species E. huxleyi. The obtained information was used to calculate the 

PIC/POC ratio and to estimate the density as well as the sinking velocity of individual 

coccolithophore cells. 
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2. Material and Methods 

 

2.1 Samples 

 

Clonal cultures of E. huxleyi type A (strain RCC1238) (Langer et al., 2011) were grown in aged, 

sterile-filtered (0.2 μm pore-size cellulose-acetate filters) North Sea seawater enriched with 100 

μmol L-1 nitrate, 6.25 μmol L-1 phosphate, trace metals and vitamins as in f/2 medium (Guillard 

and Ryther, 1962). The strains were obtained from the Roscoff Culture Collection (www.sb-

roscoff.fr/Phyto/RCC). The cultures were grown under a 16/8 hour light/dark cycle, at a light 

intensity of 400 μmol photons m-2s-1 in an adjustable incubator (Rubarth Apparate GmbH, 

Germany) at 20 °C. Cells were grown in dilute batch cultures ensuring a quasi-constant 

seawater carbonate system over the course of the experiment (Langer et al., 2009). 

The sample was filtered directly after the collection with a vacuum pump onto an Omnipore 

polycarbonate membrane filter (diameter: 47 mm, pore size: 0.45 µm), that was dried at 60 °C. 

The material was then removed with a spatula from the dried filter dissolved in ethanol. Next 

the sample was dropped on a silicon wafer and dried. In order to protect the sensitive sample 

material from electron beam damage and to avoid charging effects a thin carbon film using a 

BAL-TEC coating system was deposited. 

 

2.2 Serial Sectioning and imaging 

 

Serial sectioning was performed with a Zeiss Auriga® crossbeam workstation, using a SEM 

for imaging and the FIB for cutting roughly 50 nm thick slices from the coccolithophore 

samples. The acceleration voltage of the SEM was set to 2 kV, and a 30 µm aperture was chosen 

resulting in 20 pA imaging current. The Auriga® is equipped with SE, BSE as well as in-lens 

detectors, which were used to image the cross-sectional slices at constant contrast and 

brightness settings. 

The FIB gun was operated with 30 kV Ga+ ions and a current of 240 pA. During the cutting 

process the FIB gun is inclined by 54° with respect to the SEM gun and no sample rotation or 

tilt is required for imaging the cross-section of the cut sphere. In order to keep the ion damage 

as little as possible a local electrode to avoid charging was used and drift correction was 

performed before and after each slice. Drift correction and slice thickness measurement were 

carried out using a cross-marker in a post-processing step. 
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2.3 Carbon quota, density, and sinking rate estimates 

 

The cellular PIC (particulate inorganic carbon) quota was calculated using the following 

equation (Langer et al., 2009; Young and Ziveri, 2000): 

 

 
𝑃𝐼𝐶 [𝑝𝑔]

𝑐𝑒𝑙𝑙
=  𝑛 ∗  𝑚 ∗

𝑀𝐶

𝑀𝐶𝑎𝐶𝑂3

= 𝑛 ∗   ∗
𝑀𝐶

𝑀𝐶𝑎𝐶𝑂3

∗ 𝑉 =  𝑛 ∗   ∗
𝑀𝐶

𝑀𝐶𝑎𝐶𝑂3

∗ 𝑘𝑠 ∗  𝐿3  

 

Here, n is the number of coccoliths per cell (coccosphere), m is the mass of one coccolith, 
𝑀𝐶

𝑀𝐶𝑎𝐶𝑂3

 

is the molar mass ratio of C and CaCO3 which is equal to 0.12,  is the density of the coccolith 

and V is the volume of one coccolith. V can be estimated using the coccolith length L and the 

shape constant ks (Young and Ziveri, 2000). To compare our results to those of the literature 

we used a coccolith length of L = 3.5 ± 1.0 µm and the E. huxleyi morphotype A shape constant 

value ks = 0.020 ± 0.004 (Young and Ziveri, 2000). In addition, a density value of  = 2.7 

pg/µm3 was used which is based on the assumption that the coccoliths are pure calcite (Young 

and Ziveri, 2000). The parameter n, the number of coccoliths per cell, was determined 

experimentally by using the FIB sectioning.  

The cellular POC (particulate organic carbon) quota can be calculated according to the literature 

as follows (Menden-Deuer and Lessard, 2000): 

 

𝑃𝑂𝐶 [𝑝𝑔]

𝑐𝑒𝑙𝑙
= a ∗ 𝑉𝑐𝑒𝑙𝑙

𝑏  

 

Here, Vcell is the volume of the cell (protoplast), which is calculated from the inner coccosphere 

diameter, and a and b are constants which vary depending on the investigated species. For 

plankton the literature values obtained via log-log plots are b = 0.939 (with a 95% confidence 

interval of 0.041) and log a = -0.665 (with a 95% confidence interval of 0.132) resulting in a 

value of a = 0.216 (Menden-Deuer and Lessard, 2000). For better comparison with literature 

we have used these values for our calculations. The inner coccosphere diameter was obtained 

experimentally by using the FIB cross-sections. 

The overall cell density was calculated from the total cell volume and mass. The total cell 

volume was estimated using the outer coccosphere diameter. The total cell mass was calculated 

as follows: The density of the protoplast was assumed to be equal to the density of seawater. 

Using the latter assumption and the inner coccosphere diameter, i.e. the maximum protoplast 
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diameter, the mass of the protoplast was calculated. The mass of the coccosphere, i.e. the calcite 

extracellular matrix mass and the non-calcite extracellular matrix mass, was calculated by using 

the cellular PIC quota, converted to the cellular calcite quota. The cellular calcite quota divided 

by the density of calcite yields the volume of the coccosphere occupied by calcite. The volume 

derived from the outer coccosphere diameter minus the volume derived from the inner 

coccosphere diameter yields the total coccosphere volume, precisely the volume of the 

extracellular matrix. The latter minus the volume of the coccosphere occupied by calcite equals 

the volume of the coccosphere not occupied by calcite. This residual volume was assumed to 

have the density of seawater. Using the non-calcite coccosphere volume and the density of 

seawater, the mass of the non-calcite coccosphere volume can be calculated. The total cell mass 

was therefore the sum of the protoplast mass, the non-calcite extracellular matrix mass, and the 

calcite extracellular matrix mass. The total cell mass divided by the volume derived from the 

outer coccosphere diameter equals the overall cell density. The sinking velocity was calculated 

according to Stokes Law (Young 1994) using the overall cell density, the outer coccosphere 

radius, the density of seawater (1.024 pg/micron3), the dynamic viscosity of seawater (0.00107 

kg/ms), and the acceleration due to gravity (9.81 m/s^2).  

 

 

3. Results 

 

To investigate the 3D morphology of the coccolithophore species E. huxleyi serial sectioning 

in the SEM-FIB was used. SE images acquired at different stages of milling (the video of the 

whole sequence can be found in the supplementary information) illustrate the complex 

morphology of E. huxleyi (Figure 1). Starting from a single complete coccosphere (Figure 1.1), 

the individual coccoliths are milled by the Ga ions (Fig 1.2). When the interior of the cell is 

reached, it becomes obvious that the individual coccolith platelets are layered (Fig 1.3 and 1.4). 

For the shown example, the layers of coccoliths is uneven (Fig 1.5 and 1.6), however this is 

only visible after the middle of the coccosphere is reached. These results imply that the whole 

coccospheres has to be milled (Fig. 1.7 and 1.8), and it is not sufficient just to mill part of the 

organism. Our methodology also enables us to visualize the organic residues and intracellular 

coccoliths within the coccospheres (Fig. 1). However, for a detailed study of the intracellular 

coccolith, it would be necessary to reduce beam damage of the organic material by using e.g. a 

He source instead of a Ga source in the FIB.  
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To get reliable information of the coccosphere architecture of a specific strain, it is not sufficient 

to mill only one sample. Exemplary SE images of six sliced E. huxleyi coccospheres are 

summarized in Figure 2. To illustrate the size distribution of the cell cavity the images used for 

this figure show the maximum diameter of the cavity. The architecture, i.e. the interlocking of 

individual coccoliths as well as the diversity in coccolith layer numbers and the assembly of the 

coccolith layers can be seen. We found that the coccospheres of our cultured clone are quite 

heterogeneous. Some have three layers of coccoliths (Fig. 2.2 and Fig. 2.4), whilst others have 

only two (Fig 2.3). Only one coccosphere was found which had four layers of coccoliths and a 

smaller inner coccosphere diameter compared to the others. Whether this represents a trend, 

however, cannot be decided on the basis of a single observation. Most of the coccospheres have 

an unequal number of layers (Fig 2.3 – Fig. 2.6), which may correspond to the growth direction. 

Only 1 out of 3 coccospheres had coccoliths that were evenly distributed The FIB-SEM data 

indicate that the thickness of the coccospheres is related to the coccolith layer number. 

The number of coccoliths that build up the sphere were also counted and used for the calculation 

of the PIC quota. Two different approaches were used to determine the coccolith quota. In one 

approach only one SEM image was used. Here all visible coccoliths were counted and the 

coccoliths at the back side were estimated. An average number of 15 coccoliths were found for 

the coccospheres containing 2-3 layer. In a second approach the total coccolith number was 

counted by using the FIB section series. This method showed that the 2-3 layer coccospheres 

consist of around 20 coccoliths per cell. 

Serial SEM-FIB sectioning was performed on 27 different E. huxleyi coccolithophores to 

compare the inner and outer diameters, the number of the coccolith layers and its influence on 

the shell thickness. The SE images, which showed the maximum diameter of the cavity, were 

used to measure the diameter of the outer and inner coccosphere shell. The correlation between 

inner and outer diameter of the coccosphere shell is given in Figure 3. The open circles denote 

the outer diameter and the closed circles the inner sphere diameter which are plotted in Figure 

3a as a function of the maximum number of layers (in the case of non-equally distributed 

number of coccoliths). The gray lines correspond to the fitted slope as well as to the calculated 

0.9, 0.95, and 0.99 confidence levels. The inner diameter of the coccosphere, which equals the 

cell diameter, is independent of the maximum number of coccolith layers, while the outer 

diameter increases linearly with the maximum number of coccolith layers. In addition, we have 

plotted in Figure 3b the inner and outer diameter of the coccosphere as a function of the number 

of coccoliths forming this shell. A similar trend can be observed with the inner diameter 
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remaining nearly constant and the outer diameter increasing with increasing number of 

coccoliths. 

Figure 4 shows the relationship between coccosphere thickness (outer-inner diameter) and the 

number of coccolith layers. As described above the number of coccolith layers is only in one 

of three cases evenly distributed over the coccosphere. For the coccospheres where the 

coccoliths were not evenly distributed, the maximum number of layers was used in the plot. 

Coccospheres with 1 - 4 coccolith layers were observed and since most measured points are 

given for 2-3 layers, the average coccolith layer number for the used strain is 2 – 3 (Figure 4). 

The plot also reveals that the coccosphere thickness increases by about 1 µm per coccolith layer 

(Figure 4a). The thickness of the coccosphere as a function of the number of coccoliths forming 

this shell is given in Figure 4b. It can be seen that the thickness is increasing linearly with 

increasing number of coccoliths. The fitted slope as well as the confidence level is given by the 

gray lines. 

To gain detailed information of the coccosphere structure different detectors were used for the 

imaging. In Figure 5 a coccosphere cross-section imaged using two different imaging methods 

is shown. An image obtained by a SE detector using the surface near secondary electrons is 

given in Fig. 5.1. Here the surface topography is illustrated and the SE image gives a three 

dimensional impression due to the effect that surfaces which are inclined towards the detector, 

appear brighter than surfaces that are turned away (Goodhew et al., 2000). In Fig. 5.2 a BSE in-

lens detector was used to create the micrograph. These images reveal information about the 

element distribution. Light elements like carbon appear darker than elements or materials with 

a higher atomic number. Due to this so called material/ compositional contrast the organic 

residue at the left side of the coccosphere appears dark grey (Fig. 5.2). Besides material contrast, 

channeling contrast can occur in BSE images which depends on the crystallographic orientation 

of the investigated volume and allows for differentiating of differently aligned crystals with the 

same mass-contrast. Thus, the contrast differences of the coccoliths in the BSE image (brighter 

area at the lower right side of the coccosphere in Fig. 5.2) can be caused by differences in the 

crystallographic orientation of the calcite crystals and/or by differences in the angle of the 

exposed face relative to the beam.  

 

4. Discussion 

 

In the present study FIB-SEM sectioning was used to obtain detailed information about the 

architecture of E. huxleyi coccospheres. FIB-SEM sectioning was shown to be appropriate for 



9 
 

biological samples for the first time in 1993 (Young et al., 1993). Since this seminal study this 

method improved and several groups reported about the use of FIB-SEM microscopes for 

material sciences and biological materials (Phaneuf, 1999; Uchic et al., 2006; Giannuzzi et al., 

2007; Leser et al., 2009; Grandfield and Engquvist, 2012; Srot et al., 2012). Nevertheless the 

investigation of biological and non-conductive materials remains challenging due to the 

radiation sensitive nature of these samples and their interaction with the electron and ion beam 

(Grandfield and Engquvist, 2012). The quality of the imaging is limited by charging effects of 

the material (Grandfield and Engquvist, 2012). In our study, charging was reduced by 

depositing a thin carbon film and using a local electrode close to the imaged area. Thus, drift 

due to charging during the FIB-milling as well as SEM imaging was considerably reduced and 

a continuous drift correction before and after each slice was not necessary. Slice thickness 

evaluation and drift correction were only performed as a post processing step using the SE-

images and a cross-marker. The combination of these methods allowed us to increase the 

imaging quality and to gain a relatively stable FIB section series. Nevertheless, charging effects 

could not be avoided completely. 

In any case, we have shown that FIB-SEM sectioning is an appropriate method to analyze 

coccosphere architecture in a way which is impossible using conventional SEM. For instance 

the number of coccoliths per cell can only be estimated on the basis of conventional scanning 

electron micrographs, because not all coccoliths can be seen. In an experimental study using 

Calcidiscus leptoporus the number of visible coccoliths per coccosphere was analyzed (Langer 

et al., 2006). This approach might yield a satisfactory result for Calcidiscus, which typically 

produces one layer of coccoliths only. However, the situation is more complicated in E. huxleyi, 

because the species does not stop coccolith production upon cessation of cell division (Langer 

et al., 2013a) or completion of a coccosphere, resulting in multiple layers of coccoliths 

(Paasche, 2002). These multiple layers can even be seen in exponentially growing cultures such 

as the one analysed here. We showed that E. huxleyi RCC1238 features 2-3 layers of coccoliths, 

corresponding to 20 coccoliths per cell. Using the conventional SEM view of a coccosphere, 

only 15 coccoliths can be seen which underestimates coccolith quota by 25%. 

Another interesting aspect of multi-layer coccospheres is the diameter of the coccosphere. The 

outer coccosphere diameter was positively correlated with the number of layers (Figure 3). Our 

results show that coccospheres composed of 1 - 3 coccolith layers have a quasi-constant inner 

diameter of about 4.36 µm (Figure 3).  

Since the cell diameter is positively correlated with the POC quota (Menden-Deuer and Lessard, 

2000), the inner sphere diameter can be used to estimate POC quota. The corresponding PIC 
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quota can be estimated using coccoliths per sphere and converting the coccolith size to mass 

(Young and Ziveri, 2000). Hence, these data render it possible to estimate the PIC/POC ratio 

of individual cells. We calculated a cellular POC quota of 7.2 (standard deviation (SD) 2.1) 

pg/cell and a PIC quota of 5 (SD 1.5) pg/cell. Both the POC and the PIC quota are lower than 

values determined on bulk samples using elemental analysis via dynamical flash combustion 

(Langer et al., 2009). The difference between our estimates and the data in Langer et al. 2009, 

however, is very small considering the two radically different approaches used to determine 

carbon quotas. First, we used a small sample of individual cells as opposed to an average of 

millions of cells. Second, our estimates are based on standardised conversion factors, which 

might not be perfectly suited for this particular set of samples. Third, our raw data are 

biometrical as opposed to the chemical-analytical raw data on which the Langer et al 2009 

dataset is based. The PIC/POC ratio estimated here, i.e. 0.72 (SD 0.24), falls within the range 

of values reported in Langer et al., 2009. The, by comparison with data in Langer et al. 2009, 

high standard deviation of 0.24 reflects the fact that we picked a small number of cells 

comprising a considerable range with respect to number of coccolith layers or number of 

coccoliths (Figure 3). Despite the large scatter in the data, a clear positive correlation between 

the PIC/POC ratio and the number of coccoliths and coccoliths layers occurs. 

At first glance this suggests that a higher PIC/POC ratio entails a higher overall density of the 

cell (Benner, 2008). This assumption is important in the ongoing debate on the question of 

nutrient limitation of coccolithophores in particular and the function of coccoliths in general. It 

has been proposed that coccoliths may have a ballasting function by increasing the cell’s density 

(Young 1994). A widely held, but by no means uncontested (Langer et al., 2012, Langer et al., 

2013b), notion is that nutrient limitation leads to increased calcification rate, which in turn leads 

to a higher overall cell density and therewith increased sinking rate (Baumann et al., 1978). 

Indeed, several studies have shown an increase in E. huxleyi’s PIC/POC ratio due to nutrient 

limitation regardless of the calcification rate (Paasche, 1998). Our dataset renders it possible to 

test the hypothesis that an increase in the PIC/POC ratio entails an increase in overall cell 

density and therefore in the sinking rate (Benner, 2008).  

The overall cell density and the sinking velocity are plotted as a function of the PIC/POC ratios 

in Figure 6 and Figure 7, respectively. While the sinking velocity is linearly increasing with 

increasing PIC/POC ratio, there is no good correlation between overall cell density and the 

PIC/POC ratio. Hence, a change in PIC/POC ratio alone is not sufficient to infer a change in 

overall cell density. This might seem counter-intuitive, but reflects the fact that cell architecture 

plays an important role in defining overall cell density.  
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The role of cell architecture has, understandably, been overlooked so far. In the context of a 

standard culture experiment, the number of analyses required is at least an order of magnitude 

bigger than the one performed in the present study. This is far too time-consuming to fit the 

scope of a standard culture experiment, which usually focuses on other parameters such as 

organic carbon production. However, density and sinking rate estimates might alternatively be 

based on light microscopy data (Gibbs et al. 2013), which are easier to obtain than FIB-SEM 

data. It would be worthwhile to perform a comparative study to figure out whether densities 

and sinking velocities based on light microscopy agree with those based on FIB-SEM data. The 

fossil material used by Gibbs et al. (2013) would in fact be ideal for further studies, because it 

features, quite unusually, many complete coccospheres. Thus this material would additionally 

render it possible to apply the FIB-SEM method to fossil material. PIC and POC quotas as well 

as overall cell density and sinking rate are a very interesting amendment to the data presented 

by Gibbs et al. (2013), because the authors showed that Coccolithus displays peak-PETM-

specific cell geometry, namely higher coccolith quota and bigger coccospheres. PIC/POC ratios 

would allow for assessing this important calcifier’s feedback on carbon cycling over the PETM; 

the closest geological approximation to current climate change. Sinking rates give insights into 

the nutrient limitation-sinking rate debate (Baumann et al. 1978), because nutrient availability 

during the PETM was presumably considerably altered (Gibbs et al. 2013).  

At any rate, overall cell density is not sufficient to make statements about sinking rate. This is 

illustrated by the relatively good correlation between PIC/POC ratios and sinking rates 

(compare correlations in Figure 7a and Figure 7b). The reason for this is that Stokes Law, which 

was used to calculate the sinking rate, features not only particle density, but also particle 

diameter. Hence only the combination of the latter two parameters allows statements about 

sinking rate. So it seems as if the PIC/POC ratio is a bad indicator for density, but possibly a 

useful one for sinking rate. That would vindicate the conclusion, if not the reasoning, of Benner 

(2008).  

 

Is the method of estimating density (see Material and Methods) employed here accurate 

enough? We argue that it is. First, the values calculated here tally well with the ones calculated 

by Bach et al. 2012 based on a fundamentally different approach. Second, the assumptions made 

here, are reasonable. Most marine phytoplankton cells have, indeed, a protoplast density which 

equals that of seawater (Boyd and Gradmann, 2002). Moreover it is reasonable to assume that 

the non-calcite space in the coccosphere (i.e. the extracellular matrix) has the density of 

seawater, because it actually is seawater in a polysaccharide matrix. And even if the 
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polysaccharides present (Henriksen et al., 2004), should lower the density, this would only 

affect the absolute value of overall cell density and not the relationship of overall cell density 

and the PIC/POC ratio (Figure 7a). In summary, our cell architecture based approach allows us 

to estimate, with sufficient accuracy, the overall density of an individual coccolithophore cell. 

Taken together with individual cell PIC/POC ratios, this sheds new light on the old question of 

the relationship between coccolithophore nutrient limitation and sinking rates.  

 

 

5. Conclusion 

 

In the present work we studied the shells of E. huxleyi by using a combination of FIB sectioning 

and SEM imaging. We showed that the combination of a thin carbon film coating and drift 

correction by using a cross-marker in a post-processing step is a useful method to reduce 

charging effects and drift when imaging E. huxleyi coccospheres by means of FIB-SEM. By 

using this preparation and imaging technique we were able to get information about the inner 

assembly of E. huxleyi coccospheres. The culture (strain RCC1238) studied here, was found to 

consist of 2 to 3 coccolith layers and an average number of 20 coccoliths per cell. The cell 

cavity for these coccospheres shows a constant diameter of about 4.36 µm. It was demonstrated 

that FIB sectioning is a useful tool to elucidate coccosphere architecture, rendering accurate 

determination of cellular coccolith quota and estimates of single cell PIC/POC ratio, density, 

and sinking rate possible. 
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Figure Captions 

 

Figure 1: SEM-FIB sectioning sequence of the coccolithophore species E. huxleyi. 1.1 shows 

the complete microsphere before slicing and in 1.2 the sectioning just started. 1.3 and 1.4 reveal 

the interlocked layers of coccoliths which construct the coccosphere. The coccosphere is 

formed by three coccolith layers at the upper region and one in the lower region (1.5). An 

organic residue of the coccolithophores cell in the upper area of the sphere is visible in 1.6. In 

1.7 and 1.8 the last steps of the sectioning can be seen. 

 

Figure 2: Six exemplary SE images of cross-sections through the coccolithophore species E. 

huxleyi. The coccosphere in image 2.1 is composed of four coccolith layers and shows the 

highest shell thickness. In 2.2 a coccosphere which is build up of three coccolith layers is given. 

A coccosphere that indicates that the coccolith layers are not equally spread over the sphere is 

shown in image 2.3 and 2.4. Image 2.5 and 2.6 reveal that the shell thickness of the 

coccospheres is different, depending on the number of coccolith layers. 

 

Figure 3: The correlation between inner and outer coccosphere diameter is illustrated. The 

filled blue dots in Figure 3 a show the measured values for the inner diameter, while the open 

red dots display the data for the outer diameter of the coccosphere. In Figure 3b the dots with a 

blue shell refer to the outer and the ones with a red shell to the inner coccosphere diameter. The 

black filling relates to coccospheres with maximum 1 layer thickness, the yellow ones to those 

with maximum 2 layers, the blue to those with maximum 3 layers, and the white to those with 

maximum 4 layers. The fitted slopes as well as the calculated 0.9, 0.95, and 0.99 confidence 

levels are given by the gray lines. 
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Figure 4: (a) The relationship between the number of coccolith layers which build the sphere 

and the thickness of the coccosphere shell is given. A maximum layer number of four was found 

in this strain. It can be observed that the thickness increases by approximately 1 µm with each 

coccolith layer. (b) In this plot the thickness is plotted as a function of the number of coccoliths. 

The black dots refer to coccosheres with maximum 1 layer, the yellow ones to those with 

maximum 2 layers, the blue to those with maximum 3 layers, and the white to those with 

maximum 4 layers. The fitted slopes as well as the calculated 0.9, 0.95, and 0.99 confidence 

levels are given by the gray lines. 

 

Figure 5: SEM images of the same coccosphere cross-section taken using secondary electrons 

(5.1) and back-scattered electrons (5.2). Secondary electrons are generated closer to the surface, 

so 5.1 shows a lot more of the finer surface features. Back-scattered electrons are sensitive to 

chemical composition, and are generated deeper in the sample. 

 

Figure 6: Overall cell density is plotted as a function of the PIC/POC ratio. 

 

Figure 7: Plot of the sinking velocity as a function of the PIC/POC ratio. 
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