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Sammanfattning 
 
Cellstorleksförändring hos kokkolitoforider (Haptophyta): En studie av 
sediment avsatta under Pliocen från nordvästra Australien 
Nicole Eliassen 
 
Denna rapport undersöker storleksvariationerna av fossila kalkproducerande 
fästalger, kokkolitoforider, i sediment avsatta under Pliocen. Sedimenten samlades in 
av International Ocean Discovery Program (IODP) under år 2015, utanför Australiens 
nordvästra kust (Gallagher et al., 2017). En klimatskiftning inträffade över nordvästra 
Australien under tidig Pliocen, från ett torrt klimat till ett varmt och fuktigt klimat 5.5 
miljoner år sedan och dessa klimatförhållanden varade till ca. 3.3 miljoner år sedan 
(Christensen et al., 2017). De prov som studerades i denna studie täcker en 
tidsperiod på 1 miljon år (från ca 4,5 till 3,5 miljoner år sedan, Ma).  

Kokkolitoforidernas cellstorlek kan indikera tillväxthastighet och 
karbonatproduktionshastighet, och således blir storleken viktig att undersöka 
eftersom dessa alger är en stor del av kolcykeln. 

Tidigare laboratoriearbete har visat att miljöfaktorer som temperatur, 
näringstillgänglighet och pH påverkar existerande fästalgers cellstorlek genom 
förändrade tillväxthastigheter och deras förmåga att bilda kalk. Genom att titta på 
rapporter om besläktade levande arter, såsom Emiliania huxleyi, kan ledtrådar ges till 
varför det fossila släkte Reticulofenestra kan ha förändrats i cellstorlek under 
Pliocens varma klimat. Mätningarna av fossila Reticulofenestra cellerna i denna 
rapport visar att en ökning av cellstorleken kan ses under intervallet, vilket kan bero 
på antingen förhöjda temperaturer, begränsad tillgång till näringsämnen eller andra 
faktorer som är mindre fördelaktiga för fästalgernas tillväxt.  
 
Nyckelord: Fästalger (Haptophyta), kokkolitoforider, Pliocen, cell, kolcykel, 
Australien, paleobiologi, klimatförändring. 
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Abstract 
 
Cell Size Variation in Fossil Coccolithophores (Haptophyta): A Study of 
Pliocene Sediments from Northwestern Australia 
Nicole Eliassen 
 
This report examines the size variations of fossil carbonate-producing haptophyte 
microalgae, coccolithophores, using sediments deposited during the Pliocene. The 
sediments were collected by the International Ocean Discovery Program (IODP) in 
2015, off the coast of NW Australia (Gallagher et al., 2017). A climate shift from arid 
to humid, warm climate occurred over northwest Australia during the early Pliocene, 
leading to the so-called “Humid Interval” 5.5-3.3 Ma (Christensen et al., 2017). The 
investigated samples cover approximately 1 million years within this Humid Interval 
(~4.5 to 3.5 million years ago, Ma). 

The cell size of coccolithophores can be related to growth and carbonate 
production rates, and thus size becomes important to examine as these marine algae 
are considered to be a big part of the carbon cycle. Previous laboratory work has 
shown that environmental factors such as temperature, nutrient availability, and pH 
affect extant coccolithophore cell size. By looking at reports concerning related extant 
species, such as Emiliania huxleyi, clues can be given as to why the fossil genus 
Reticulofenestra may have changed in cell size during the Pliocene. 

The measurements of fossil Reticulofenestra coccospheres in this report show an 
increase in cell size during the studied interval that could be due to heat stress, 
limited nutrient availability, or other factors, that are less beneficial for the growth of 
coccolithophores. 
 
Keywords: Coccolithophore, cell, carbon cycle, Australia, palaeobiology, climate 
change. 
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Introduction  
Coccolithophores 
Coccolithophores are single-celled, eukaryotic microalgae belonging to the division 
Haptophyta (Young et al., 1999) and ranging in size between about 3-40µm (Brand, 
2006). They are great producers of carbonate and contribute to the carbonate oozes 
on the ocean floor together with foraminifera and other carbonate producing 
organisms (Trujillo & Thurman, 2010). The most abundant extant species is Emiliania 
huxleyi, but the first occurrence of fossil coccoliths has been dated as far back as 
Late Triassic (Gardin et al., 2012).  

The carbonates coccolithophores produce are in the form of calcite (CaCO3), 
which they use to form coccoliths (Pienaar, 2006). Coccoliths are small platelets that 
the coccolithophore produce to cover their cell, resulting in a coccosphere. The 
function of a coccosphere has not yet been established, although many theories 
have been proposed (Winter & Siesser, 2006). Among these proposed functions are 
a physical protection of the cell (against viruses and grazing), regulating the level in 
the water column by floating, and regulating nutrient intake (Winter & Siesser, 2006). 
The different species of coccolithophores can be distinguished by different coccolith 
morphology (e.g. shape and size) (Siesser & Winter, 2006), and within a species, the 
size of the coccoliths may vary over time due to the living conditions of that time 
period. 

The preservation of coccoliths depends on their size and robustness (which varies 
with different taxa) as well as the processes affecting them between the production of 
the coccoliths and the burial of the sediments (Roth, 2006). Processes such as 
digestion by other organisms and descent through the water column may lead to 
dissolution and leave only a small percentage being preserved in sediments (Roth, 
2006). The preservation of intact coccospheres is even more rare. The spheres tend 
to disintegrate as the material holding the coccoliths together is removed by either 
bacteria or other organisms (Roth, 2006). The most well-preserved coccospheres are 
those produced with coccoliths interlocking, preventing them from falling apart (Roth, 
2006). 

Being microalgae, they reproduce both sexually as well as vegetatively, by splitting 
their cell into two separate cells with a regeneration time of a day to a couple of days, 
depending on environmental conditions and species (Brand, 2006). Their ability to 
grow fast in large numbers results in blooms, which can be seen in satellite pictures 
as a light color in the ocean due to their coccoliths (Moore et al., 2012).  

Size variations in coccolithophores can both be connected to growth phase 
variations of the organism (e.g. exponential vs. stationary growth) (Gibbs et al., 2013) 
and the change in environment and climate (Aloisi, 2015). 
 
Geographic Distribution 
The coccolithophores have a wide range of species and they can be found 
everywhere in the world oceans (Winter et al., 2006). The horizontal distribution of 
coccolithophores can be related to the environmental factors required for them to 
survive. These include factors such as water temperature, nutrient availability, and 
acidity. Being part of the nannoplankton, coccolithophores have very limited abilities 
to actively move around, hence another factor controlling their distribution are ocean 
currents (Winter et al., 2006). 

Extant coccolithophores are highly abundant in places such as subtropical gyres, 
and they thrive in warm waters with low nutrition (Chapter 8 in Winter & Siesser, 
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1994), although there are species such as Emiliania huxleyi, living in cooler, more 
nutrient-rich waters in the Norwegian Fjords (Winter et al., 1994). The vertical 
distribution of the coccolithophores can be directly connected to their need of sunlight 
for photosynthesis. This means they are most abundant in the uppermost layer of the 
water column (the photic zone, ~200m) (Winter et al., 2006). The thickness of the 
photic zone depends on the number of particles in the water, such as other plankton 
and suspended particles, as well as nutrient availability, and thus the photic zone 
thickness varies geographically. Throughout history, the distribution of these marine 
algae might have varied with continental drifting. 
 
Life-cycle: Haploid and diploid phase 
Studies on extant coccolithophores show that most coccolithophore species have a 
two-phase life cycle, with both phases being equally dominant (Young & Henriksen, 
2003). The cycle consists of a motile haploid phase (one copy of chromosomes) and 
a non-motile diploid phase (two copies chromosomes) (Young et al., 2005) with a 
transition between the phases by with division (diploid to haploid) and fusion (haploid 
to diploid) (Young & Henriksen, 2003; Young et al., 2005).  

During the two phases, different types of coccoliths are produced: heterococcoliths 
in the diploid stage and holococcoliths during the haploid stage. The distinctly 
different morphologies of one species’ heterococcolith and holococcolith have 
previously been mistaken to originate from different species (Young & Henriksen, 
2003), which might have affected previous studies in trying to understand the 
diversity and life cycles of the Coccolithophores.  

Not all coccolithophores produce both types of coccoliths. Emiliania huxleyi only 
produces heterococcoliths and thus have a calcifying (diploid) phase and a non-
calcifying (haploid) phase (Young & Henriksen, 2003). This means only the 
calcifying, diploid stage is represented in studies of extinct coccolithophores, such as 
fossil species within the Reticulofenestra genus, that share this trait with E. huxleyi. 

 
Cell Size 
Coccolithophore cell size is an important factor as the size of the cell determines the 
rate at which dissolved substances are transported in and out of the cell (Henderiks, 
2008). The transport rate will, in turn, affect the rate of organic carbon 
(photosynthesis) and carbonate production (calcification).  

Smaller cells have a thinner boundary for transporting material and thus have a 
higher rate of intake of nutrient compared to larger cells. This leads to a larger growth 
rate for smaller cells compared to larger cells (Henderiks, 2008), meaning they divide 
at a higher rate.  

A reason for changes in size within the same species can be due to environmental 
changes. A laboratory experiment conducted by Gerecht et al. (2018) evaluated the 
response to heat stress and limited phosphorus (P) using live E. huxleyi cultures. The 
cultures exposed to limited phosphorus reacted with a lowered growth rate. The 
cause for this is believed to be because phosphorus is needed for synthesis of DNA 
and membrane phospholipids, needed for cell replication. Instead of replicating, the 
P-limited cultures grew larger (Gerecht et al., 2018). A long-term outcome of low 
nutrient availability could result in a weaker export of carbon from surface waters 
(Gerecht et al., 2018). The heat stress (observed at 24ºC) also showed a decrease in 
growth, as E. huxleyi requires more phosphorus during heat stress, meaning the 
stress demands more energy (Gerecht et al., 2018).  
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Similar results with temperature have been seen in experiments by Watabe and 
Wilbur (1966), where E. huxleyi cultures exposed to temperatures above 24ºC (as 
well as below 18ºC) showed a decreased growth rate. The highest rates were 
observed at temperatures between 18-24ºC, and a significant decrease in coccolith 
apparent length and width was observed between 18-27ºC (Watabe & Wilbur, 1966). 
Although cell dimensions were not reported in the latter study, smaller coccoliths may 
indicate smaller cells cf. “coccolith size rules” that relate coccolith size to cell size 
(Henderiks, 2008). The number of calcified cells at the lower (7 ºC) and higher 
temperatures (27 ºC), also decreased, although no specific reason as to why was 
established (Watabe & Wilbur, 1966). 

Highest growth rates occur in the exponential growth phase, when cells divide 
exponentially (a continuous doubling) which is usually followed by lower growth rates 
in the stationary growth phase which can be induced by nutrient limitation. During the 
exponential phase, species such as E. huxleyi produce small coccospheres with a 
single layer of coccoliths (e.g. Gibbs et al., 2013; Gerecht et al., 2018). During the 
early stationary phase, however, the cell division is reduced, resulting in a larger cell 
diameter with coccoliths stacked on top of each other, as the coccolith production 
continues (Gibbs et al., 2013; Gerecht et al., 2018). 

The different growth phases may also influence population size. Larger 
populations tend to form during the exponential phase, with smaller coccospheres, 
and smaller populations form during the stationary phase, with larger coccospheres. 
The size of the cell is also related to the amount of carbonate produced by the 
coccolithophore, as larger cells produce more carbonate per cell unit (Henderiks J., 
2018, personal communication). 
 
Carbon Fixation 
The carbon cycle is the process by which carbon is cycled through different systems 
of the earth (Bigg, 2003). This is a major process as carbon exists in many 
compounds incorporated into plants and in minerals, among other things. One factor 
of the carbon cycle that affects the climate of the world, is the amount of CO2 in the 
atmosphere. Together with terrestrial plants, algae are a major part of the carbon 
fixation on earth as they use photosynthesis to form carbohydrates from CO2. This 
fact makes the coccolithophores contributors of circulating CO2 (Rost & Riebesell, 
2004).  

As the coccolithophores photosynthesize (Equation 1) and produce calcite 
(Equation 2) they naturally are a part of the global carbon cycle. With photosynthesis 
six CO2-molecules are used for each glucose, meaning CO2 is consumed from the 
water and therefore the algae contribute to a lowering of the CO2 in the oceans and 
thus the atmosphere. Producing calcite, however, releases one CO2 per molecule of 
CaCO3 to the atmosphere. At the same time, the production of calcite will let carbon 
settle to the ocean floor as coccolithophores are grazed upon or release their 
coccoliths, storing carbon at the bottom of the ocean (Rost & Riebesell, 2004). 
 
 6 6 → 6       (1) 

 
 2 →      (2) 

 
 5 5 2 → 6   (3) 
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Through these processes coccolithophores, together with foraminifera, are mainly 
responsible for maintaining a vertical gradient in alkalinity in the ocean (Rost & 
Riebesell, 2004). 

 
Study Area  
The samples used for this report were collected during IODP Expedition 356 
(Indonesian Throughflow) on the northwestern shelf of Australia, at site U1464B 
located in the Roebuck Basin (Gallagher et al., 2017). 

During the past 5 Ma the Indonesian archipelago, also known as the Maritime 
Continent, has grown ~60% (Molnar & Cronin, 2015) from the northward plate-
tectonic movement of the Australian continent into the Eurasian continent. This has 
led to a constriction of the oceanic current, the Indonesian Throughflow (ITF), going 
from the Pacific into the Indian ocean. New data from IODP Expedition 356 has 
shown that the constriction of the ITF made warm surface waters in the western 
Pacific expand resulting in a humid interval during Pliocene ranging from 5.5-3.3 Ma, 
as the warm waters supplied the continent with warm and humid air (Christensen et 
al., 2017). As the ITF is the only path for warm waters to pass from the Pacific to the 
Indian Ocean, a complete constriction of the ITF would result in a drier climate in 
Australia (Christensen et al., 2017), but also affect the global ocean circulation. 

Material and Methods 
Drill Core 
The cores at IODP Site U1464, Hole B, were collected using hydraulic drilling 
(Gallagher et al., 2017). Normally, maximum recovery for a single core is 9.5 m of 
sediment contained in a plastic liner (6.6-cm internal diameter) plus ~0.2 m (without a 
plastic liner) in the core catcher. The core catcher is a device at the bottom of the 
core barrel that prevents the core from sliding out when the barrel is being retrieved 
from the hole (IODP Explanatory Notes). Each 9.5m core is divided into 1.5m 
sections that are numbered consecutively, with section 1 being the shallowest 
section of that core (Figure 1). 

Each sample has a name that describes the following: site number, hole, core 
number, drilling technique, core section and sample depth (in cm). For example, 
U1464B 20HCC, where U1464 (site number) gives the geographic location, B (hole) 
is the second hole drilled at that site (hole A being the first and so on), 20 tells you 
the number of the core (the 1st core collected is core 1 counting down to greater 
depths below the sea floor) and H (drilling technique) stands for Hydraulic drilling, 
and CC is the core catcher (or if a number, the core section). Samples that are not 
core catcher samples are numbered with the section they were taken from, as well as 
the depth in that section (between 0 – 150 cm). In general, lower core (and section) 
numbers represent younger sediments.  
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Figure 1. Schematic drill core. Figure illustrates the division of one drill core. Each core is 
divided into ~1.5m sections, and the CC is ~0.2m. The sections are labeled 1,2,3 and so on, 
with the lower numbers representing more shallow sediments and hence younger sediments. 

Microscopy 
Microscopy slides had already been prepared using the drop technique (cf. Bordiga 
et al., 2015). A total of 21 slides were selected for this study from Site U1464B, cores 
16 to 25. An automated LEICA DM6000B polarized light microscope was used at 
1000x magnification, using a 100x objective with immersion in oil and a SPOT Flex 
digital camera. Four slides were taken from shipboard core catcher samples (CC) of 
cores 16,18, 20 and 22, with approximately 17m spacing between samples. An 
additional 17 slides were selected from cores 23-25 with 7 slides from core 23 and 5 
slides from each of core 24 and 25 (Table 1). The goal was to find 30 fossil 
coccosphere specimens from each slide, but with a restraint of doing 5 full-length 
transects per slide as more transects was considered to be too time consuming and 
an indication for a much lower abundance of coccospheres in that sample. A circular 
polarized light (CP) setting was used for identifying coccospheres as the calcite in 
this setting is shown clearly (Figure 2). Pictures taken in inversed circular polarized 
light (CPI) were used for measuring the outer and inner diameter of each 
coccosphere. All encountered coccospheres were recorded, regardless of taxonomy. 
 
Measuring 
The software used for measuring was the public domain Java image processing 
program ImageJ. The microscope images had previously been calibrated using a 
micrometer slide. One pixel represents 0,061µm (16.38 pixels to represent 1Pm). 
This pixel resolution was applied when using a custom measuring macro called 
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‘Cocco4length’ in ImageJ (Henderiks, 2018, personal communication). The macro 
was used for convenient collection of four lengths per image, producing a text-file 
with the image name and measured values. The four measurements were made for 
each coccosphere going N-S and E-W in both measurements (Figure 3), including 
two of the internal diameter and two of the external diameter. The resolution of the 
original images was 2048x2048 pixels. The internal and external diameter represents 
the coccolithophore cell size and the coccosphere size respectively. 

 

 
Figure 2. Left: Coccosphere in Circular polarized light (CP). This setting was used for 
identification of the coccospheres. Right: Coccosphere in Inversed Circular Polarization 
(CPI). This setting was used for measuring sphere and cell diameter.  

  
Figure 3. Four measurements were done for each coccosphere. The external (1. & 2.) and 
internal (3. & 4.) diameter of the coccosphere, representing sphere diameter and cell 
diameter respectively. 
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Data Handling 
Raw Data 
The measurements were exported to Microsoft Excel where the average values were 
calculated for sphere- and cell diameter for each coccosphere. These values were 
inserted to a scatter plot to determine if there were any distinct populations, that is 
where points tend to show groupings. Using the pictures taken with CP, a species 
identification was made based on geometrically distinct features. The collected 
coccosphere data was then subdivided into three taxonomic groups: Small 
Reticulofenestra, Large Reticulofenestra, and Calcidiscus leptoporus. 

‘Past’ free software (Hammer, 2018) was used to construct histograms to 
graphically see the distribution of different diameters. This was done to further 
strengthen hypotheses of different (taxonomic and biometric) populations. 

 
Statistics 
For each individual sample, the total of included fossil coccospheres is reported, as 
well as the mean value, standard deviation, and standard error of sphere- and cell 
diameter measurements. These values were then collected in one table to be 
correlated with the depth of each sample (Tables 1 and 4). 

Results 
The number of coccospheres measured per sample varied between 3-33 
coccospheres with an average of 16 coccospheres per sample (Table 1). 
 
Table 1. Samples examined with corresponding core depth and number of spheres found. 

ID Depth (m CSF-A) Number of found 
coccospheres 

16HCC 145 26 
18HCC 163 26 
20HCC 180,1 27 
22HCC 196,6 3 
23H1W 199,65 8 
23H2W 201,15 7 
23H3W 202,65 17 
23H4W 204,15 7 
23H5W 205,65 5 
23H6W 207,15 26 
23H7W 208,45 22 
24H1W 209,15 10 
24H2W 210,65 13 
24H3W 212,15 27 
24H4W 213,65 6 
24H5W 215,15 17 
25H1W 218,65 33 
25H2W 220,15 26 
25H3W 221,65 25 
25H4W 223,15 5 
25H5W 224,65 5 
Total  341 
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A total number of 359 coccospheres were collected, out of which 341 were 
measured as some spheres were broken and thus hard to measure.  

The smallest sphere measured was 3,602µm. In every image, one pixel was equal 
to 0,061µm. With the resolution of the camera, the value of this could vary with 
~1,7%. 
 

,
,

∗ 100 1,69%       (4) 
 

In an initial analysis, the average values for sphere- and cell diameter were plotted 
in a scatter plot (Figure 4). This was done to see how both measures correlate, and if 
the collected data would show any distinct groupings that could represent the 
different species and/or other biometric subdivisions.  
 

Figure 4. Distribution of all coccospheres found in CC samples of cores 16-22 and cores 23-
25. The plotted sphere- and cell diameters are the average value of the two measurements 
done for sphere- and cell diameter. The graph was used to investigate if there were any clear 
populations, based on obvious size differences.  

 
When all data from all samples were combined, based on size alone, two groups 

could be identified. One ranging from ~3.5-9µm in average sphere diameter, another 
with diameters from 9.5 up to 19. As the data set in Figure 4 included the entire depth 
interval, and thus longest time interval investigated, the division into populations may 
not be entirely appropriate given size variability over time. Also, within this set of 
coccospheres, at least two genera and three species are plotted, seen by different 
size and morphology. Therefore, an attempt of dividing the coccospheres into 
separate species was also done to exclude change in size due to different species. 
The most abundant group is thus referred to as ‘smaller Reticulofenestra’ species. 
The three outlier data-points with sphere diameters >14µm in Figure 4 & Figure 6 
were identified as Calcidiscus leptoporus from the pictures taken in CP. The 
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coccospheres that are not small Reticulofenestra or C. leptoporus are referred to as 
‘larger Reticulofenestra’. 

In addition, similar size analyses were done for two groups of data: I. the older 
interval of cores 23-25, representing a shorter time interval but higher resolution time 
series of size variations and II. the younger interval covered by fewer CC-samples 
from cores 22-16 (Figure 5 & Figure 6).  
 

 

 
Figure 5. Distribution of all coccospheres found in samples from cores 23-25, Group I, 
representing the older interval. Obvious already is the presence of the three Calcidiscus 
specimens, but the graph also indicates a division between smaller and larger 
Reticulofenestra. This and the following graph was used to further investigate if there were 
any clear populations, based on size differences. 
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Figure 6. Distribution of coccospheres found in Group II, representing the younger interval 
with less samples examined and thus a lower resolution compared to Group I.  
 

When the older and the younger intervals are divided into separate graphs, the 
two Reticulofenestra populations (small and large) are more distinct. The broader 
size variations over the entire studied interval (Figure 4), may be interpreted as an 
overall size shifts of coccospheres over time, assuming they are indeed one evolving 
lineage. 

A subdivision into ‘smaller Reticulofenestra’ and ‘larger Reticulofenestra’ was 
made with these graphs (Table 2), based on most pronounced group in each graph. 
In the remainder of this report, further analysis and discussion is only focused on the 
smaller Reticulofenestra and their temporal variations in size. 

 
Table 2. Summary of size ranges after division into ‘small Reticulofenestra’, based on Figure 
5 & Figure 6. 

Small Reticulofenestra Cell diameter range (µm) 
Sphere diameter range 

(µm) 
Group I 1,986-5,537 3,602-7,799 
Group II 2,381-5,963 4,045-8,333 

 
For the measurements in Group I, the division was motivated by the fact that the 

gap within the Reticulofenestra was the largest between 8-8.5µm on the x-axis, and 
thus the three points at ~7.5µm were added to ‘small Reticulofenestra’. Based on the 
scatter plot for Group II, sphere- and cell size (Figure 5), three points deviate from 
the rest of the population. To further investigate if these points are to be considered 
to belong to the small Reticulofenestra or not, the distribution of sphere sizes was 
looked at in histograms. The same was done for Group I. The histograms in Figure 7 
through Figure 14 were constructed to support the subdivisions in Table 2. The blue 
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histograms represent sphere measurements, and the gray represent cell 
measurements. 

Figure 7. Distribution of coccospheres external diameter in Group I. The smaller 
Reticulofenestra between ~3.8-8µm seem to follow a normal distribution. 

 
Figure 8. Distribution of sphere diameters within smaller Reticulofenestra of Group I show a 
good fit to normal distribution curve. 
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Figure 9. Distribution of cell diameter in Group I. The distribution does not fit the normal 
distribution curve. 
 

 
Figure 10. Distribution of cell diameter in Group I, excluding cell diameters >6,5µm. The fit to 
the normal distribution line has increased, confirming the division into smaller and larger 
Reticulofenestra in Table 2. 
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Figure 11. Distribution of measurements in Group II. From this graph a gap is seen around 
9µm, as the spheres above 9µm appear to deviate from the normal distribution-curve (blue 
line). 

Figure 12. Distribution of sphere diameters in Group II, excluding spheres >9µm. The 
distribution does not seem to follow the normal distribution-curve very well. This could be due 
to the low resolution of samples in Group II. 
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Figure 13. Distribution of cell diameter measurements in Group II. From this graph a gap is 
seen at 6,5µm, where the cell diameters above 6,5 seem to deviate from the normal 
distribution curve. 
 

Figure 14. Distribution of cell diameter of small Reticulofenestra measurements in Group II, 
with cell diameter >6µm excluded. 
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The distribution of sphere diameters in Group II appears to fit the normal 
distribution better in Figure 11, without excluding the larger spheres. This rejects the 
hypothesis of the larger spheres belonging to a different population. Thus, in this 
case the division was not made. This means Group II measurements only consist of 
smaller Reticulofenestra. The distribution of cell size in Group II measurements show 
the same results, as would be expected as the sphere size and cell size correlate. 
The distribution of the spheres and cell diameters in the measurements of Group I, 
however, show an increasingly better fit to the normal distribution line when excluding 
the larger spheres. This confirms the division into larger and smaller Reticulofenestra 
in Table 2. Out of all coccospheres found, 27 spheres did not belong to ‘small 
Reticulofenestra’, and these were excluded from further analysis. The revised ranges 
of the small Reticulofenestra are shown in Table 3. The mean value for sphere and 
cell diameter for coccospheres belonging to smaller Reticulofenestra within each 
sample was listed together with number of spheres measured, standard deviation, 
standard error, and depth in core (Table 4). 

The average sphere and cell diameter of each sample was then correlated to 
depth of collection of the sample. This was done to get an overview over the change 
of mean sizes through time (Figure 15). 

 

 
Figure 15. Change of average cell- and sphere diameter of the smaller Reticulofenestra with 
depth. In each sample in Group I, measurements >8.3 µm (sphere) and >5.2 µm (cell) were 
excluded from this analysis. In Group II, no spheres were excluded, as they seemed to fit the 
small Reticulofenestra species. The error bars represent the standard error of each sample. 
The coccospheres found in older sediments, to the right in the graph, show a trend of being 
generally smaller, compared to coccospheres found in younger sediments (to the left). The 
four first points from the left are the CC-samples. The average diameter in Group II (CC) is 
persistently above 6µm and 4µm for sphere and cell respectively, whereas the diameters in 
Group I are consistently below.  
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When plotting sample means against depth, a change in mean diameter can be 
seen in both cell and sphere size. Group II reveals an overall larger mean diameter 
than the samples at depths >198 m below seafloor. This can be interpreted as an 
overall increase in size of ‘small Reticulofenestra’, starting at coccosphere sizes 
<6µm to a shift >6µm. Interestingly, coccolith census counts in the same samples 
show that the absolute abundance of small Reticulofenestra was highest in cores 24-
25 and much lower in cores 16-22 (Boris Karatsolis, unpublished data 2018). 
 
Table 3. Range of small Reticulofenestra as established by scatterplots and 
histograms. 

Small Reticulofenestra Cell diameter range (µm) 
Sphere diameter range 

(µm) 
Group I 1,986-5,537 3,602-7,799 
Group II 2,381-8,127 4,045-10,380 

 
Table 4. Summary of measurements and calculations of small Reticulofenestra with depth of 
collection in drill core, mean diameter, standard deviation and standard error. Values for 
sphere- and cell measurements and calculations are in µm. 

      Sphere      Cell     

ID Depth  
(m CSF-A) 

Total 
spheres 

Mean 
diameter

Standard 
deviation

Standard 
error 

Mean 
diameter

Standard 
deviation 

Standard 
error 

16HCC 145 25 6,779 0,881 0,176 4,442 0,566 0,113 
18HCC 163 26 6,165 1,119 0,219 4,223 0,949 0,186 
20HCC 180,1 25 6,131 1,020 0,204 4,282 0,869 0,174 
22HCC 196,6 3 7,156 0,595 0,344 4,894 0,506 0,292 
23H1W 199,65 8 5,620 0,930 0,329 3,790 0,638 0,226 
23H2W 201,15 7 5,734 0,537 0,203 3,848 0,648 0,245 
23H3W 202,65 16 5,809 0,971 0,243 3,857 0,802 0,200 
23H4W 204,15 7 5,239 0,822 0,311 3,332 0,572 0,216 
23H5W 205,65 5 4,968 0,666 0,298 3,392 0,685 0,306 
23H6W 207,15 25 5,449 0,832 0,166 3,505 0,634 0,127 
23H7W 208,45 21 5,602 0,563 0,123 3,663 0,502 0,110 
24H1W 209,15 8 5,540 0,834 0,295 3,740 0,606 0,214 
24H2W 210,65 11 5,427 0,965 0,291 3,673 0,832 0,251 
24H3W 212,15 21 4,720 0,843 0,184 2,961 0,643 0,140 
24H4W 213,65 5 5,589 0,847 0,379 3,730 0,670 0,300 
24H5W 215,15 11 5,923 0,805 0,243 4,038 0,787 0,237 
25H1W 218,65 32 5,424 0,633 0,112 3,318 0,553 0,098 
25H2W 220,15 24 5,784 0,628 0,128 3,688 0,414 0,085 
25H3W 221,65 25 5,388 0,556 0,111 3,315 0,488 0,098 
25H4W 223,15 5 5,365 0,175 0,078 3,269 0,267 0,120 
25H5W 224,65 4 5,913 0,458 0,229 3,753 0,379 0,189 
Total   314             
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Discussion 
Accuracy of Data 
The number of coccospheres collected from each sample varied considerably. This 
affects the certainty of the calculated mean size, as demonstrated by the standard 
error values (Figure 15). Some samples had as few as five coccospheres, and even 
one with 3. Still, all data were informative for both the longer and shorter-term 
variations in size. 

The resolution of the images impacts the accuracy of the measurements, as the 
measurements might vary with a maximum of 2% for each sample (0,061µm) as 
calculated from the smallest coccosphere found. This was not expected to affect the 
interpretations considerably. 

The research in this report was conducted only on complete fossil spheres, which 
may not represent the whole range of cell sizes within the taxa of that time. This 
problem could have been solved using coccoliths size rules presented by Henderiks 
(2008), relating individual coccolith sizes to the cell sizes measured in fossil spheres. 
The size range of individual Reticulofenestra coccoliths, which are far more abundant 
than fossil complete spheres, could also inform whether the sphere diameter range of 
3.8-8 µm is truly unimodal, as the data herein suggest, or not. Finding intact 
fossilized spheres is rare (Roth, 2006), and the data provided by each sphere found 
is valuable data in this type of paleobiologic investigation. 

The division into separate species using scatter plot and histograms is a simple 
method, which gave clear results considering Group I (older interval) but gave harder 
to interpret data concerning Group II (younger interval). The division of larger and 
smaller Reticulofenestra based on the scatter plot of Group II (Figure 6), was not 
supported by the histograms (Figure 11 through 14). This made it hard to define the 
different groupings. The divisions in Group I, however, were supported by the 
histograms showing bimodality in the sphere and cell diameter distributions.  

From the results in the histograms, the larger Reticulofenestra group seem to be 
absent in Group II, as no spheres had to be excluded from the population ‘smaller 
Reticulofenestra’. Further investigation (such as census counts of coccoliths) could 
be made to establish through what intervals the different species and size groups 
extend. 
 
Interpretation of Data 
The slides were selected to represent both a larger time interval over the Pliocene, 
covering a ca. 80m-thick coring interval (cores 16-25). The sampling resolution 
varied, with a more detailed view of temporal size variations represented by the more 
closely sampled interval in cores 23-25 and the more widely spaced core catcher 
samples from cores 16-22. The entire depth interval investigated represents ~1 
million years of climatic and evolutionary change (Gallagher et al., 2017; Henderiks, 
2018 personal communication). The intervals at which the Group I samples were 
taken was considered to represent a temporal resolution of ~25,000 years 
(Henderiks, 2018 personal communication) where cell size variations are not 
necessarily related to speciation events but may rather represent changes in 
environmental conditions.  

The samples for this report were all deposited within the ‘Humid interval’ of the 
early Pliocene (Christensen et al., 2017), which means that the variation in size 
observed in this report, represents smaller shifts within this climatic interval. Future 
studies, looking at a larger time interval, including the younger ‘Transition’ and ‘Arid’ 
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intervals (Christensen et al., 2017), would put this set of data in a bigger perspective 
of algal evolution. 

The results in Figure 15 show a distinct increase in mean size (~1µm) from the 
early to the later ‘Humid interval’ (from Group I to Group II). The fact that the largest 
shift is seen between Group I and Group II would make it interesting to increase the 
number of samples in that interval (core 22). 

The fact that coccolithophore cell size is correlated with growth conditions 
(Henderiks, 2008; Gibbs et al, 2013), may give an indication of the nutrient 
availability or other environmental conditions at the time the fossilized 
coccolithophores lived. A shift from smaller cell sizes to larger could indicate a 
decrease in nutrient availability which might have led the coccolithophores to 
decrease in growth and division rate, meaning that cells increase in size before they 
divide in stationary phase (Gerecht et al. 2018). It may also indicate a shift to a 
warmer climate as heat stress decreases the growth rate of coccolithophores as well 
(Gerecht et al., 2018). 

The change in growth conditions might have affected the coccolithophore blooms 
by either extending the exponential phase or the stationary phase (Gibbs et al., 
2013). The change to larger spheres might thus indicate a period with more dominant 
stationary phase, resulting from conditions that are less than optimal for the 
coccolithophore (Watabe & Wilbur, 1966; Gibbs et al., 2013; Gerecht et al., 2018) . 
This is also supported by currently ongoing research by Henderiks and Karatsolis 
(2018, personal communication) over the same interval concerning the abundance of 
coccoliths. The results have shown a decrease in abundance in the same interval as 
the coccospheres became larger.  

A change in water currents may have affected both the temperature and nutrient 
availability in the area, due to the tectonics of the area, as the water currents were 
constricted (Christensen et al., 2017) letting warmer waters stay over the area, and 
limiting the available nutrients, usually brought with deeper colder ocean water 
(Kämpf & Chapman, 2016).  

Numerous short-term experiments have been done in the laboratory but fewer 
experiments have used coccolithophores in their natural habitat and living conditions. 
This limits our understanding of what factors affect coccolithophores, but also to what 
extent they interact with the carbon cycling and climate. By studying the fossil record 
of coccolithophores, we can gain insights into these processes on larger time scales. 

If we know how the coccolithophores reacted to past climate change and how they 
have adapted, we can get a better view on how much they affect the carbon cycle 
and maybe even help reducing the effect of CO2 in the atmosphere. 

The degree of calcification of ancient coccolithophores could be estimated by 
measuring the diameter of the coccosphere and estimates of coccolith mass (cf. 
Beaufort et al., 2014). This could be part of future studies to estimate the calcification 
rates during this period. 

Conclusion 
During the ‘Humid interval’ in the Pliocene, the coccolithophores here referred to as 
‘small Reticulofenestra’ have shifted in size. This shift into a generally larger cell size 
might be indicative of less favorable living conditions for these algae, such as higher 
temperature and/or limited nutrients. The period of the observed coccospheres in this 
report only represents a part of the Pliocene humid interval, and thus a larger interval 
would have to be looked at to get the whole range of size variations. 
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