
129 
 Moore  / Mexican Journal of Biotechnology 2021, 6(1):129-155 
 

  

  

 

Saving the planet with appropriate biotechnology: 4. Coccolithophore 
cultivation and deployment 

Salvando el planeta con biotecnología apropiada: 4. Cultivo de 
cocolitóforos e implementación 

David Moore 

School of Biological Sciences, Faculty of Biology, Medicine and Health, The University 
of Manchester, UK (retired). 

 
*Corresponding author 
E-mail address: david@davidmoore.org.uk (D. Moore) 
 
Article history:  
Received: 12 October 2020 / Received in revised form: 10 December 2020 / Accepted: / 
23 December 2020 / Published online: 1 January 2021. 
https://doi.org/10.29267/mxjb.2021.6.1.129 

ABSTRACT 

Cultivating coccolithophore algae for carbon sequestration is discussed. Coccolithophores have 
been major calcium carbonate producers in the world’s oceans for about 250 million years. 
Today, they account for about a third of the total marine CaCO3 production by coating their 
single cells externally with plates of microcrystalline CaCO3. The possibility that these algae 
could be used to trap atmospheric CO2 with existing technology has not been widely 
considered. There is scope for both high technology cultivation in bioreactors and low 
technology cultivation in terraced raceway ponds or lagoons on tropical coastal sites. The latter 
could produce a sludge of pure CaCO3 as a feedstock for cement production in place of the 
fossilised limestone currently used (cement production accounts for around 8% of industrial 
fossil CO2 emissions). On the high seas coccolithophores naturally produce extensive blooms, 
which emit the volatile gas dimethyl sulfide to the atmosphere, where it promotes formation of 
clouds that block solar radiation. The vision is for aquaculture nurseries onboard factory ships, 
cultivating both coccolithophores and bivalve molluscs, creating and maintaining blooms of 
coccolithophores in the oceanic high seas to sequester carbon from the atmosphere and 
generate cloud cover to cool the immediate environment. 

Keywords: aquaculture, atmosphere remediation, bivalve farm, carbon dioxide, global warming, 
habitat restoration. 
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RESUMEN 

Se discute el cultivo de las algas cocolitóforos para el secuestro de carbono. Los cocolitóforos 
han sido los principales productores de carbonato de calcio en los océanos del mundo durante 
unos 250 millones de años. Hoy en día, representan alrededor de un tercio de la producción 
total de CaCO3 marino cubriendo sus celdas individuales externamente con placas de CaCO3 
microcristalino. No se ha considerado ampliamente la posibilidad de que estas algas puedan 
utilizarse para atrapar el CO2 atmosférico con la tecnología existente. Se puede llevar a cabo el 
cultivo empleando alta tecnología en biorreactores, así como el cultivo de baja tecnología en 
estanques o lagunas en terrazas en sitios costeros tropicales. Este último podría producir un 
sedimento de CaCO3 puro como materia prima para la producción de cemento en lugar de la 
piedra caliza fosilizada utilizada actualmente (la producción de cemento representa alrededor 
del 8% de las emisiones de CO2 procedentes de la actividad industrial y de los combustibles 
fósiles). En alta mar los cocolitóforos producen naturalmente extensas floraciones, que emiten 
el gas volátil sulfuro de dimetilo a la atmósfera, el que promueve la formación de nubes que 
bloquean la radiación solar. La visión es que los viveros de acuicultura a bordo de los buques 
factoría, cultiven tanto cocolitóforos como moluscos bivalvos, creando y manteniendo 
floraciones de cocolitóforos en alta mar oceánica para secuestrar carbono de la atmósfera y 
formar nubes para enfriar el ambiente inmediato. 

Palabras clave: acuicultura, remediación de la atmósfera, cultivo de bivalvo, dióxido de 
carbono,  calentamiento global, restauración del hábitat. 

1. Introducing calcifying algae 

The only publication that recognises the true potential for marine calcification to remove CO2 
from the atmosphere…’ is Steve Connor’s Science News article in The Independent newspaper 
entitled ‘Can seashells save the world?’ (Connor, 2008). In this article, Steve Connor explains 
that “… coccolithophores are microscopic marine plants that convert carbon dioxide into chalk. It 
was thought that rising CO2 and more acid oceans would curb their activity. Instead, they are 
booming - and fighting global warming …” and that “… these tiny photosynthetic organisms play 
a critical role in banking huge amounts of carbon by growing in huge numbers. Indeed, 
coccolithophore ‘blooms’ are so big they can even be seen from space …” (Connor, 2008). 

Connor (2008) quotes Paul Halloran of Oxford University, a co-author of Iglesias-Rodriguez et 
al. (2008) as stating that coccolithophores have thrived during the recent increases of 
atmospheric CO2 since the start of the Industrial Revolution; adding: "Our research has also 
revealed that, over the past 220 years, coccolithophores increased their mass of calcium 
carbonate by 40 per cent. These results are in agreement with previous observations of 
coccolithophores being abundant in a period of ocean acidification 55 million years ago."  

Connor’s final paragraph warns that “… The coming century could see carbon dioxide levels in 
the atmosphere rising to 600 parts per million and beyond – which is unprecedented in terms of 
the human timescale on this planet. So, the question of how marine calcifiers will cope with this 
change will be critical in terms of whether the earth’s oceans will continue to help us to deal with 
our carbon dioxide emissions …” 

This review offers a brief description of the nature and biology of coccolithophores and makes 
some suggestions about how they could be harnessed to save the world. Table 1 notes a few 
YouTube videos you might like to view. 
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2. The nature, biology and ecology of coccolithophores 

Coccolithophores are eukaryotic phytoplanktonic algae that are predominantly found as single, 
free-floating haploid or diploid cells (Geisen et al. 2004). Originally assigned to the kingdom 
Protista, they are now usually included in the subkingdom Hacrobia, phylum Haptophyta. 
Hacrobia is assigned to the Chromalveolate supergroup (though the status of this assemblage 
is uncertain as it may not be monophyletic). Haptophyte cells have two large golden-brown 
chloroplasts located on either side of the cell and surrounding the nucleus, mitochondria, golgi 
apparatus, endoplasmic reticulum, and other organelles. The cells have two slightly unequal, 
smooth flagella, and a unique organelle called a haptonema, for which the phylum is named. A 
haptonema is a threadlike organelle, that extends from a position between the bases of the two 
flagella. Superficially similar to a flagellum, it differs in the arrangement of microtubules. It is 
more than 100 μm long in some species, and a variety of functions have been demonstrated: 
attachment and gliding on a substrate, formation of food aggregates, food capture and 
transport, and reception of mechanical stimuli. The haptonema is capable of rapid coiling 
movements that occur within a few milliseconds following mechanical stimulation which is 
suggested to depend on Ca2+-binding microtubule-associated proteins (Nomura et al., 2019). 

 

Table 1. YouTube videos about coccolithophores 
CLICK 

LINK 

Coccolithophores and Calcium. From coccolithophores to the White Cliffs of Dover, 
physicist Helen Czerski explains the amazing cycle that makes Calcium her favourite 
element. [https://www.youtube.com/watch?v=EMNuYOEBOWI] 

LINK 

Aliza Fassler’s  Diatoms, Coccolithophores & Climate Change. This video is about 
how climate change will affect diatoms and coccolithophores. Changes in the 
abundance of diatoms and coccolithophores will affect carbon cycling and 
sequestration [https://www.youtube.com/watch?v=KfQz16LyPP4] 

LINK 

American Geophysical Union’s Giant algal bloom sheds light on formation of White 
Cliffs of Dover [https://www.youtube.com/watch?v=Ep5tcBXyFoE] 

LINK 

The majority of known haptophytes occur as marine coastal, or open oceanic, planktonic 
organisms, although a few species thrive in freshwater (Sáez et al. 2004). Many can form 
massive blooms, which in some cases are a hazard for commercial fisheries and other natural 
biota (Fig. 1). The best-known haptophytes are those that have an exoskeleton of calcareous 
plates called coccoliths; these are the coccolithophores and they account for 673 of the 762 
described species of haptophytes (Foissner, 2005). 

The distinguishing feature of coccolithophores is that the algal cell is enclosed by a cage of 
intricate calcium carbonate plates (or scales), which make up the enclosing structure, which is 
called a coccosphere. The coccoliths are constructed from nanocrystals of CaCO3, and are 
transparent so they do not shade the chloroplasts which need light for photosynthesis. In fact, 
the calcite in calcium carbonate allows coccoliths to scatter more light than they absorb, and this 
scattering enables satellite images to track coccolithophore blooms (Fig. 1). A high 
concentration of coccoliths increases the temperature of surface water and decreases the 
temperature of deeper waters; resulting in greater stratification of the water column and 
decreased vertical mixing. 

https://www.youtube.com/watch?v=EMNuYOEBOWI
https://www.youtube.com/watch?v=KfQz16LyPP4
https://www.youtube.com/watch?v=Ep5tcBXyFoE
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Fig. 1. LANDSAT Satellite image of Emiliania huxleyi bloom in the English Channel off the coast of 
Cornwall, 24th July 1999. What look like pale blue clouds in the water are, in fact, the reflected light from 
billions of coccoliths floating in the water-column. (Photo: NASA, text by Steve Groom, Plymouth Marine 
Laboratory; image source: https://commons.wikimedia.org/wiki/File:Cwall99_lg.jpg under Creative 
Commons license CC-BY-SA 3.0). 

However, recent estimates of the overall effect of coccolithophores on ocean temperatures is 
that it is less than that from anthropogenic sources (Morrissey et al., 2016). Consequently, 
rather than contributing to global warming, large blooms of coccolithophores cause a decrease 
in water column productivity in the deeper layers because less light penetrates to them. There 
seem to be no reports of coccolithophore toxicity, although closely related algae do produce 
haemolytic compounds that have been responsible for large fish kills and accumulate through 
the food chain. But toxicity tests in the laboratory with members of the oceanic coccolithophores 
Emiliania, Gephyrocapsa, Calcidiscus and Coccolithus, and the coastal genus Hymenomonas, 
showed them to be non-toxic. Though the coastal genera Pleurochrysis spp. and Jomonlithus 
spp., were both toxic to the brine shrimp Artemia (Houdan et al., 2004).  

One suggested function of the coccoliths is to act as lenses to focus illumination on the 
photosynthetic apparatus, enabling the cell to thrive in deeper zones where light levels are lower 
but nutrient levels higher than in surface waters, but several other potential functions have been 
suggested. These include isolating the intracellular environment from the marine; protection 
from osmotic, chemical and/or mechanical stress; protection from UV in sunlight; protection from 
predators among the zooplankton (coccolith appendages may hinder grazing by zooplankton); 
and it has also been proposed that coccoliths may allow the cell to control its buoyancy, 
perhaps enabling it to sink to deeper nutrient rich levels in the water while avoiding descent to 
dangerous depths (Irie et al., 2010; Young et al., 2009). 

Coccolithophores are almost exclusively marine and are found in large numbers throughout the 
sunlight zone of the world oceans and because of this production of calcite coccoliths, they are 
both (i) the largest atmospheric carbon sinks, and (ii) one of the largest primary producers on 
the planet, making them major contributors to global ocean calcification and long-term carbon 
fluxes. They can also form large amounts of lipids, especially long chain omega-3 
polyunsaturated fatty acids (LC-PUFA or ‘fish oils’), which have a high potential value as 
supplementary dietary nutrients. Consequently, in addition to their primary producer’s algal 

https://commons.wikimedia.org/wiki/File:Cwall99_lg.jpg
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photosynthesis and role as the ocean’s major resource for calcification, they could also serve as 
a renewable fuel and alternative food source (Moheimani et al. 2012). 

 

 

Fig. 2. Diversity of modern coccolithophores. All images are scanning electron micrographs of cells 
collected by seawater filtration from the open ocean. Species illustrated: (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. Image from Monteiro et al. (2016) under a Creative Commons 
Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/). 
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Fig. 3. Evolutionary history of coccolithophores. The top panel (A) shows species richness over time. Q, 
Quaternary; N, Neogene; Pal, Paleogene; E/O, Eocene/Oligocene glacial onset event; PETM, 
Paleocene/Eocene thermal maximum warming event; K/Pg, Cretaceous/Paleogene; OAE, oceanic anoxic 
event; T-OAE, Toarcian oceanic anoxic event; T/J, Triassic/Jurassic; P/T, Permian/Triassic; mass ext., 
mass extinction.  
Panel B summarises the fossil record of major coccolithophore biomineralisation innovations and 
morphological groups, including the first appearances of muroliths (simple coccoliths with narrow, wall-
like rims), placoliths (coccoliths with broad shields that interlock to form strong coccospheres), 
holococcoliths (coccoliths formed from microcrystals in the haploid life cycle phase), Braarudosphaera 
(pentagonal, laminated nannoliths forming dodecahedral coccospheres); Calciosolenia (distinct, rhombic 
murolith coccoliths), Coccolithus (long-ranging and abundant Cenozoic genus), Isochrysidales (dominant 
order that includes Emiliania, Gephyrocapsa, and Reticulofenestra). Significant mass extinctions and 
paleoceanographic/paleoclimatic events are marked as horizontal lines. Data from Bown et al. (2004); 
graphic from Monteiro et al. (2016) under a Creative Commons Attribution 4.0 International License 
(https://creativecommons.org/licenses/by/4.0/). 
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Morphologically, all coccolithophores share the same basic structure of a cell surrounded by the 
exoskeletal coccosphere, but coccosphere shapes range from spherical to cylindrical, with sizes 
ranging from about 3 to 30 µm. The number of coccoliths making up a coccosphere varies from 
as few as six to several hundred, in either one or many layers. The coccoliths themselves range 
from simple discs to those with elaborate ornamentations, including spines and other 
projections, and delicate grilles. All of this results in a remarkable morphological diversity within 
the group (Fig. 2). However, environmental DNA sequencing shows even greater diversity in the 
coccolithophores of the marine plankton, many of which sequences are likely to represent novel 
species and lineages. 

Coccolithophores are abundant in the marine phytoplankton, especially in the open ocean, and 
in the present day, sedimented coccoliths are a major component of the calcareous sediments 
that cover up to 35% of the ocean floor, being kilometres thick in some places (de Vargas et al., 
2007). This abundance and wide geographic distribution are preserved into the fossil record 
resulting in coccoliths being the main component of the Late Cretaceous Chalk, a rock formation 
which outcrops widely in southern England, forming the White Cliffs of Dover, and other similar 
rocks in many other parts of the world (Chimileski & Kolter, 2017). Species diversity is believed 
to have peaked in the past and their presence is documented in the fossil record back to the 
Triassic, approximately 225 million years ago (Fig. 3). Some of their biomolecules are 
extraordinarily resistant to decay and are thus used by geologists as sedimentary 
representations of past climatic conditions (Eikrem et al., 2017) 

The most abundant species of coccolithophore, Emiliania huxleyi (image E in Fig. 2) occurs in 
the plankton of almost all ocean ecosystems from the equator to sub-polar regions, and from 
nutrient-rich upwelling zones to nutrient-poor oligotrophic waters, which makes E. huxleyi an 
important primary producer at the root of a great many marine food webs around the world 
(Foissner, 2005). 

Emiliania huxleyi has been widely studied as a model organism to understand physiological, 
biogeochemical, and ecological processes in the oceans, because: 

• It is easily cultured in vitro and, in fact, was the fastest growing coccolithophore among the 
six laboratory cultures studied by Buitenhuis et al. (2008). 

• The extensive blooms it forms in nutrient depleted waters after the reformation of the 
summer thermocline (Chimileski & Kolter, 2017) have been studied using floating 
laboratories with sea enclosures (Egge & Aksnes, 1992). 

• Long-term trends in surface winter nutrients and summer oxygen concentration of the 
euphotic zone, as well as seasonal and interannual variability in surface chlorophyll a (chl 
a) have been investigated for different shelf regions (depths less than 50 m) of the western 
Black Sea (Yunev et al. 2007). They showed that decrease in the silica to nitrogen ratio, 
caused by the numerous dams constructed on the River Danube, provoked a shift towards 
greater non-siliceous phytoplankton blooms (that is, from diatom blooms to haptophyte 
blooms). Phytoplankton need sunlight and nutrients from the ocean to survive, so they 
thrive in areas with large inputs of nutrient rich water upwelling from the lower levels of the 
ocean. The ratios between nitrogen, phosphorus and silicate concentrations determines 
competitive dominance between different phytoplankton communities by favouring either 
diatoms or other phytoplankton, such as coccolithophores. A low silicate to nitrogen and 
phosphorus ratio allows coccolithophores to outcompete diatoms, when silicate to 
phosphorus and nitrogen ratios are high coccolithophores are outcompeted by diatoms.  

• Other sources of nutrients, such as inputs from shelf sediments and/or upwelling, and those 
related to the Danube River maximum discharge levels during spring, contributed to 



136 
 Moore  / Mexican Journal of Biotechnology 2021, 6(1):129-155 
 

seasonal variations in chlorophyll-a measurements (used as a measure of phytoplankton 
concentration). 

• It has been demonstrated that haptophyte pigments and C37–C38 alkenones (long-chain 
biolipids) are synthesised at the seawater layers of highest primary production and 
therefore the C37 alkenone record reveals the temperature for the highest primary 
productivity of shallow (5 m) or deep (1100 m) waters. Due to their high resistance to 
chemical and microbial degradation these alkenone molecules are commonly used by earth 
scientists studying global climate change as a means to estimate past sea surface 
temperatures (Bentaleb et al. 1999). 

• Today, coccolithophores contribute to ocean temperature regulation. They grow well in 
warm seas and algal blooms produce large amounts of dimethyl sulfide (DMS), a volatile 
gas that is emitted to the atmosphere, where it promotes formation of clouds that block 
solar radiation. As the oceans then cool, the coccolithophore populations decrease and 
cloud cover also decreases because of the reduced levels of DMS. A classic feedback loop 
maintaining the temperature equilibrium of the seas (Keller, 1989; Alcolombri et al., 2015). 

• Coccolithophores, as calcifiers, have been such an important component of the Earth’s 
carbon balancing system for hundreds of millions of years that they are naturally of 
particular interest for studies of contemporary global climate change. This is particularly true 
because of the widely expressed fear that as ocean acidity increases, coccolithophores 
may become less calcified. However, a detailed study of the most abundant 
coccolithophore species, Emiliania huxleyi, in the Bay of Biscay revealed a pronounced 
seasonality in the morphology of the individuals in the population. In summer, the heavily 
calcified morphology accounted for only 10% of the population, whereas in winter, when the 
waters were most acidic and CaCO3 saturations were at their lowest, the population shifted 
to be 90% of the heavily calcified form. In other words, the most heavily calcified 
morphotype dominates when conditions are most acidic, which is contrary to the earlier 
fears and predictions for a high-CO2 world, suggesting that even in more acidic conditions, 
coccoliths may be important as a carbon sink (Smith et al., 2012). 

More recent work suggests, though, that Emiliania huxleyi is not one species, but a family group 
of closely-related species (a species complex). Genomic analysis has shown that different E. 
huxleyi strains harbour extensive genome variability, implying that the strains are isolates from a 
species complex rather than a single species. The genome variability is reflected in the 
phenotypic variability, demonstrated as inter-strain variability in physiological and 
biogeochemical traits in strains maintained in different culture collections (Blanco-Ameijeiras et 
al., 2016), resulting from different metabolic capabilities that allow E. huxleyi to thrive in habitats 
ranging from the equator to the subarctic and enabling the ‘species’ to form large-scale episodic 
blooms under a wide variety of environmental conditions (Read et al. 2013) (and see 
PhycoCosm; the Algal Genomics Resource at this URL: 
https://mycocosm.jgi.doe.gov/Emihu1/Emihu1.home.html. 

Emiliania huxleyi is the most abundant coccolithophore species in the Atlantic Ocean, but it is 
not the only one. Umbellosphaera irregularis was the next most abundant species, particularly in 
surface waters of the tropics. Gephyrocapsa oceanica was observed at lower frequencies in 
both surface and mid-depth samples of the tropics and subtropics but was relatively 
cosmopolitan, though patchily distributed. Discosphaera tubifera, was more commonly seen in 
surface samples of the subtropics and in only a few cases in the waters of the deep chlorophyll 
maximum (DCM). In fact, diversity and species richness of coccolithophore cells was usually 
greater in surface populations than in the deep DCM. (Balch et al., 2019). The DCM is a 
subsurface layer, often located tens of metres below the surface, that is enriched in chlorophyll-
a. It forms near the nutricline and the bottom of the photic zone. Growth of phytoplankton in the 

https://mycocosm.jgi.doe.gov/Emihu1/Emihu1.home.html
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DCM is limited by both nutrient and light availability and the location and formation of the DCM 
also depends on the season. The DCM cannot be observed using satellite- based remote 
sensing methods (Fig. 1)(Balch, 2018; Moore et al., 2012). Estimates of primary productivity are 
often made using such remote sensing, which they obviously underestimate as they cannot 
detect the deepwater biomass. 

At the surface, the upper photic zone is low in nutrient concentrations but high in light intensity 
and light penetration, and usually higher in temperature. The lower photic zone is high in 
nutrient concentration but low in light intensity because of low penetration through the overlying 
water, and relatively cool (Jordan & Chamberlain, 1997). The abundance of deep-dwelling 
coccolithophore species is greatly influenced by nutricline and thermocline depths; increasing in 
abundance when the nutricline and thermocline are deep and decreasing when they are shallow 
(Kinkel et al., 2000; Boeckel et al., 2006). 

Balch et al. (2019) reported the lowest concentrations of coccolithophores in equatorial waters; 
the highest concentrations of cells and coccoliths were associated with temperate, sub-polar 
conditions. Coccolithophore species commonly found in deeper waters were: Calciosolenia 
murrayi (usually found at 40 to 100 m but also observed in several surface samples), 
Florisphaera profunda (at 50 to 200 m), Michaelsarsia adriaticus (in surface samples, otherwise 
seen between 50 to 130 m), Rhabdosphaera clavigera (also found in surface samples and 
otherwise between 40 to 200 m) and Umbellosphaera foliosa (at 50 to 200 m). Calcifier species 
in deeper waters are likely to be especially important for carbonate production at these depths. 
Although detached coccoliths were distributed to depths of about 300 m, coccolithophore cell 
concentrations in the subtropics were highest at less than 200 m depth in the South Atlantic and 
less than 100 m in the North Atlantic. 

Living coccolithophores are also distributed widely in the North and South Pacific (Okada & 
Susumu, 1973); indeed, they occur in all large bodies of water, such as the Mediterranean Sea, 
and in all oceans, including the Southern Ocean, from tropical to polar regions (Thierstein & 
Young, 2004; Winter & Siesser, 2006; Winter et al., 2006; Saavedra-Pellitero et al., 2014; 
Foissner, 2005; Chang & Northcote, 2016; Menschel et al., 2016; Balch, 2018). 

It has been demonstrated in laboratory experiments that the process of calcification is an 
important physiological trait for coccolithophores (Walker et al., 2018). Coccolith production is 
an intracellular process and has been enabled by modifications to cell ultrastructure and 
metabolism; surveyed by Taylor et al. (2017). “… In addition to calcification, which appears to 
have evolved with a diverse range of functions, several other remarkable features that likely 
underpin the ecological and evolutionary success of coccolithophores … include complex and 
varied life cycle strategies related to abiotic and biotic interactions as well as a range of novel 
metabolic pathways and nutritional strategies …” (Taylor et al., 2017). 

Though the benefits of calcification can be species specific there are some common features. In 
particular, production of coccoliths requires uptake of dissolved bicarbonate and calcium. 

Calcium carbonate and carbon dioxide are produced from calcium and bicarbonate ions by the 
following chemical reaction: 

Ca2+ + 2HCO3
− ⇌ CaCO3 + CO2 + H2O 

(Mackinder et al., 2010; Mejia, 2011; Monteiro et al., 2016). 
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It is important here to emphasise the Kantian philosophy that the end of the process has more 
value in itself than the means to achieve it. The calcification reaction releases CO2, as is shown 
in the reaction scheme above. This released CO2 will be fixed in photosynthesis. All of these 
processes require energy and that energy is supplied by respiration, which returns CO2 to the 
atmosphere. So, the means by which the calcification occurs involves release of CO2 to the 
atmosphere. However, the end of the process is that the bicarbonate ion that is converted to 
CaCO3 is now permanently removed from the atmosphere. When the cell dies, or the 
coccolith is shed, the crystalline CaCO3 will eventually sediment to the seafloor. In the fullness 
of time, the sediment will become a layer of limestone and will remain as such until subducted 
into the Earth’s mantle, through which the CO2 will be vented eventually as volcanic gas. 

Coccolithophores have been major calcium carbonate producers in the world’s oceans since the 
mid-Mesozoic era (Fig. 3). 

Increases in Ca2+ concentrations at the Precambrian/Cambrian boundary has been related to 
the evolution of calcification in protists and invertebrates, linking formation of CaCO3 to the need 
to detoxify excess calcium. It is argued that Ca2+ concentrations during the Precambrian era 
were a crucial promoter of the major steps in the evolution of early life such as photosynthesis, 
eukaryogenesis, multicellularity, origin of metazoans, etc; all of which require close homeostatic 
control over intracellular Ca2+ levels. Elevated seawater Ca2+ concentrations in the Cretaceous 
and Jurassic created a need to detoxify extracellular Ca2+ to avoid intracellular precipitation of 
phosphate ions and maintain cellular calcium homeostasis (Simkiss, 1977; Raven & Crawfurd, 
2012; Kazmierczak et al., 2013; Müller et al., 2015; Müller, 2019). Consequently, evolutionary 
selection towards a mechanism to achieve the biochemical benefits of intracellular calcium 
fixation into the biological inert form of CaCO3 also removed from the water and atmosphere the 
metabolic waste product and volcanic gas, CO2. Coccolith fossils dating back to the 
Palaeocene-Eocene Thermal Maximum of 55 million years ago (labelled PETM in Fig. 3) are 
particularly interesting because this period is thought to correspond most directly to the current 
levels of CO2 in the oceans (Lloyd et al., 2011; Self-Trail et al., 2012). 

The relevance of this historical diversion is that it explains why, in today’s oceans both 
calcification and primary production by coccolithophores are significantly increased by elevated 
CO2 partial pressures, even though this might be at variance with current simulation models 
(Krumhardt et al., 2019). Coccolithophore calcification accounts for about a third of the total 
marine CaCO3 production of today’s oceans. Evidence from the deep ocean indicates that over 
the past 220 years there has been a 40% increase in coccolith mass in the deep sea sediments 
(Iglesias-Rodriguez et al., 2008). Clearly, the coccolithophores have already reacted to the 
anthropogenic rise in atmospheric CO2 partial pressures by doing what they have done before: 
detoxifying their environment. The difference is, this time they are detoxifying atmospheric CO2.  

3. Why coccolithophores could be good for us and our planet 

Overall, coccolithophores exhibit characteristics that, if the fossil record is anything to go by, 
enable them to be a more effective and more dramatic engineer of this planet and its 
atmosphere than Homo sapiens. Of course, there is a difference in the timescale. H. sapiens 
makes things (good and bad) happen in a few years or decades; coccolithophore climate 
engineering occupies tens of millions of years. One way of looking at this is that these algae 
have a much longer track record in the climate engineering field than us. Maybe we should get 
together to do something about today’s atmosphere. 
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Much of the more recent literature on coccoliths has expressed concern about the effects of 
climate change and ocean acidification. Fox et al. (2020), for example, compared historic 
plankton collections made in 1872 to 1876 with those made in 2009 to 2016 to quantify the 
effect of acidification on planktonic calcifying organisms. A small proportion of the readily 
available literature even hints at the possibility of using coccolithophore algae for industrial 
purposes, and in some cases to sequester atmospheric CO2. Jakob et al. (2018) describe the 
successful development of a batch culture process (see below) suitable for the production of 
coccoliths of Emiliania huxleyi for industrial process developments in the many areas of industry 
(the cement industry, and potable water filtration, among many others) that depend on chemical 
reactions at the calcite-water-interface (Heberling et al. 2014). Currently, most industrial calcite 
(CaCO3) is made by crushing mined limestone. Ultrafine synthetic calcite is produced by 
bubbling CO2 into ‘lime milk’ (an aqueous solution of calcium hydroxide), when nanometre scale 
calcite particles precipitate. Jakob et al. (2017) demonstrate that coccoliths of Emiliania huxleyi 
are likely to be of value as industrial calcite particles. Skeffington & Scheffel (2018) go further by 
illustrating how coccoliths might be used as component parts of nanodevices (Figs 4 & 5). 
Coccolith calcite can be modified by the incorporation of metal ions or adsorption of enzymes to 
the surface, but Skeffington & Scheffel (2018) speculate that genetic modification of 
coccolithophores may permit the production of coccoliths with customised architectures and 
surface properties. 

 

 

Fig. 4. Coccoliths for nanodevices. Electron micrographs showing the coccoliths of (a) Calcidiscus 
leptoporus subsp. leptoporus, (b) Pontosphaera japonica, (c) Calyptrolithophora papilifera, (d) 
Scyphosphaera porosa, (e) Michaelsarsia elegans, (f) Umbilicosphaera sibogae, (g) Discosphaera 
tubifera, (h) Pleurochrysis carterae, and (i) Emiliania huxleyi. Inset in c shows the hexagonal array 
packing of the simple-shaped crystallites in these holococcoliths. S. porosa (d) produces dimorphic 
coccospheres with vase-like ‘lapodoliths’ (L) and oval casserole-like body coccoliths (*). Inset in g shows 
the narrow end of the trumpet-like spine which is hollow. Inset in h shows high-magnification image of the 
complex-shaped calcite crystals of which these coccoliths are composed. Scale bars: 1 μm. Images a–g 
by Jeremy Young, University College London, London, UK. From Skeffington & Scheffel (2018) under a 
Creative Commons license (CC BY-NC-ND 4.0). 
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For carbon sequestration, Jiao et al. (2010) detail the role of ocean-dwelling microorganisms in 
the generation of a pool of long-lived carbon, using a new concept they call the microbial carbon 
pump. They set out one hypothetical scenario as: “… the concurrent elevation of pCO2 and 
ocean temperature could increase microbial activity, channelling a greater fraction of the fixed 
carbon into recalcitrant dissolved organic matter …”. 

Perrin et al. (2016) used light- and nutrient-limited batch photobioreactors to simulate conditions 
in the lower photic zone and study the physiological of Emiliania huxleyi in the oligotrophic gyres 
of the South Pacific. They were able to reproduce the in situ conditions of light and nutrient 
(nitrate and phosphate) limitation, showing that E. huxleyi growth in that zone is probably limited 
by availability of light and nitrate.  Another example dealing specifically with prospects for 
carbon sequestration is the project AlgaCO2 (entitled: Industrial cultivation of microalgae as a 
green strategy for atmospheric CO2 sequestration) a research programme of the Portuguese 
Marine And Environmental Sciences Centre (MARE) funded by Fundação para a Ciência e a 
Tecnologia (FCT), which is the Portuguese national funding agency for science, research and 
technology [https://www.mare-centre.pt/en/proj/algaco2]. 

 

 

Fig. 5. Cartoon diagram showing the potential applications of coccoliths that might be produced by 
genetic modification of coccolithophores aimed at creating coccoliths with customised architectures and 
surface properties. From Skeffington & Scheffel (2018) under a Creative Commons license (CC BY-NC-
ND 4.0). 

Vicente et al. (2019), who are researchers in this AlgaCO2 Programme, state that because 
microalgae “… remove CO2 from the atmosphere through photosynthesis, their efficient 
industrial production may represent a sustainable technology for carbon sequestration …” They 
identify coccolithophores as useful candidates among the phytoplankton because their calcite 
coccoliths have many potential uses in nanotechnology (Jakob et al. 2017, 2018; Skeffington & 
Scheffel, 2018) (Figs 4 & 5). Industrial cultivation of coccolithophores, on which all of these 
potential uses depend, will be explored in the next section. 

4. Coccolithophore cultivation 

Any of the interventions just mentioned are likely to require in vitro cultivation of 
coccolithophores as starter cultures/inocula. The laboratory culture of marine planktonic 
organisms is not challenging and was first reviewed by Allen & Nelson (1910), and there are 
many insights that are still worth reading in this publication despite its more than 100-year age. 

https://www.mare-centre.pt/en/proj/algaco2
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Guillard, 1975 published a collection of “… relatively simple and reliable methods for the culture 
of marine phytoplankton species useful for feeding marine invertebrates…” and applied the 
methods for production “… of sterile cultures of considerable density in volumes up to 18 litres , 
in commercially available 5 gallon borosilicate glass carboys (Siegelman & Guillard, 1971). 

Keller et al. (1987) described a seawater‐based medium which was found suitable for a wide 
range of phytoplankton, giving its important aspects as the addition of selenium, the inclusion of 
both nitrate and ammonium, an increased level of chelation and a moderate level of pH 
buffering. A more recent review of laboratory culture specifically of coccolithophores was 
published by Probert & Houdan, (2004). They point out that laboratory culture experiments have 
focused on two easily cultured species, Emiliania huxleyi and Pleurochrysis carterae, and there 
is a lack of comparative data for culture of other coccolithophore species, especially those from 
oligotrophic oceanic habitats. Nevertheless, they suggest ways of culturing these species, such 
as reducing concentrations of macro- and micro-nutrients in culture media, and the possible use 
of organic nutrients in place of mineral nutrients. More general guidance can be found in Lavens 
& Sorgeloos (1996), Helm et al. (2004), Rincon et al. (2017) and Jerney & Spilling (2018). 

5. Large-scale cultivation of coccolithophores 

Vicente et al. (2019) isolated coccolithophores from Portuguese coastal waters (strains of 
Emiliania huxleyi and Coccolithus braarudi) for cultivation under laboratory conditions, using 
batch cultures and a standard laboratory medium (‘Guillard’s F/2’ (Guillard & Ryther, 1962; 
Guillard, 1975); a commercially available Marine Water Enrichment Solution) and an industrial 
medium to mimic conditions of an industrial unit. 

There is a considerable industry devoted to large scale production of microalgae, and there is 
no shortage of knowhow because the commercial farming of microalgae goes back to the 
middle of the twentieth century (Borowitzka, 2013). Kurano & Miyachi (2004) pointed out that 
microalgal photosynthesis is efficient enough to fix CO2 from the atmosphere and from 
industrially discharged gases, representing a possible future alternative for CO2 reduction in 
both [and see [https://www.powermag.com/breakthrough-carbon-capturing-algae-project/].  

According to Borowitzka & Moheimani (2013): “… Microalgae are currently probably the most 
studied potential source of biofuels, and in the US alone there are some 30+ companies 
working in the area and total investment in R&D is in excess of several billion $US worldwide … 
One of the key attractions of microalgae is the high lipid content of some species …, and the 
production … of biodiesel from these …”. 

Biodiesel is prepared from algal lipids by esterifying free fatty acids or trans-esterifying 
triacylglycerol fatty acids by reacting them with an alcohol, usually methanol or ethanol. 
Compared to oilseed crops of terrestrial plants, autotrophic microalgae are capable of achieving 
very high conversion efficiencies of solar energy into biomass and oil. But as well as their high 
lipid and/or sugar content, another feature of microalgae that makes them attractive sources of 
renewable biofuels (‘green diesel’) is that they can be grown using saline water on land that is 
not suitable for agriculture (Borowitzka, 2010; Torrey, 2010; Davis et al., 2011; Ullah et al., 
2014). Davis et al. (2011) claim that “… It is well-established that microalgal-derived biofuels 
have the potential to make a significant contribution to the US fuel market…”. And, of course, 
every litre of biodiesel that is used saves the use of a litre of fossil fuel; merely cycling present 
day CO2 through the atmosphere rather than adding long fossilised CO2 to our present day 
atmosphere. 

https://www.powermag.com/breakthrough-carbon-capturing-algae-project/
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Another example of a successful microalgal industry is the product known as Spirulina, which is 
actually the dried biomass of a photosynthetic bacterium (cyanobacterium) Arthrospira 
platensis, which was once classified in the genus Spirulina, which is maintained as the common 
name for the commercial product. Spirulina is protein-rich and used widely as a niche health 
food. Dried Spirulina typically contains 5% water, 24% carbohydrates, 8% fat, and about 60% 
protein, together with numerous vitamins and minerals. It has the distinction of being advocated 
by both NASA and ESA (the European Space Agency) for cultivation on long-term space 
missions as food for astronauts travelling to Mars. As it requires less land and water than farm 
animals to produce and has a much lesser impact on the carbon balance of the environment 
than farm animals and their demands for feed, this nutritious protein and energy food is gaining 
wide use on Earth to supplement human diets and as an alternative feed for animals in 
agriculture and aquaculture (Sachdeva et al., 2004; Tuomisto, 2010; Alexander et al., 2017). 
Spirulina is also rich in bioactive substances that have bio-modulatory and immuno-modulatory 
activities (Khan et al., 2005), and although the evidence is not yet sufficient to endorse Spirulina 
supplement as treatment for any human disorder, some of those bioactive substances are 
potent antioxidant and anti-proliferative agents and have been shown to decrease the 
proliferation of experimental pancreatic cancer (Koníčková et al., 2014). 

As a potential ‘superfood’ there is plenty of advice on the Internet for ‘home grown’ cultivation of 
Spirulina. An example is the YouTube video Smart Microfarms - Algae Growing Systems for 
Home & Backyard [https://youtu.be/XZW0NpvxTH8]; and compare this with the commercial 
production process which is shown at this URL: http://www.aurospirul.com/production-
process.html]. Much more basic methods of cultivating home-grown algae aimed at aquarists is 
shown at: https://www.wikihow.com/Grow-Algae and https://bitesizebio.com/27998/open-closed-
two-ways-grow-algae/; and you can buy your Spirulina starter cultures from Amazon 
[https://www.amazon.co.uk/HealthAlgae-Spirulina-platensis-living-culture/dp/B07F93L1C7]. 

On the commercial scale there are a number of production technologies in use and under 
development that fall into two basic types: 

• Open ponds (raceways). 

• Closed, illuminated, ‘fermentation’ tanks, usually called photobioreactor (PBR) systems. 

The common feature of all technologies is maximisation of algal growth for production of the 
desired industrial product(s) (fuel, chemicals/pharmaceuticals, biomass or, in our case, CaCO3). 
Therefore, apart from the intended end-product, the most suitable approach to employ depends 
on location, available work force and, of course, economics and finance 
[http://biomassmagazine.com/] 

Davis et al. (2011) established the baseline economics for using microalgae to produce biofuels 
using either open pond cultivation or closed photobioreactor (PBR) systems. They found that to 
achieve a 10% return on investment the cost of production of diesel (including hydrogenation of 
algal oils to produce a ‘green diesel’ blend stock) was $9.84 gallon-1 for open ponds and $20.53 
gallon-1 of diesel. Which makes the open pond approach the one to use, providing the location 
and othere negative factors permit.  

Open-culture systems rely on natural light for illumination and are inexpensive to install and run. 
They may be based on natural small ponds, lakes or lagoons; or be entirely artificial ponds, 
containers or tanks. The most popular open pond system is the artificial raceway pond in which 
nutrients, algae, and water flow along a circular path, the circulation being maintained by a 
paddlewheel (Fig. 6). 

https://youtu.be/XZW0NpvxTH8
http://www.aurospirul.com/production-process.html
http://www.aurospirul.com/production-process.html
https://www.wikihow.com/Grow-Algae
https://bitesizebio.com/27998/open-closed-two-ways-grow-algae/
https://bitesizebio.com/27998/open-closed-two-ways-grow-algae/
https://www.amazon.co.uk/HealthAlgae-Spirulina-platensis-living-culture/dp/B07F93L1C7
http://biomassmagazine.com/articles/3618/open-ponds-versus-closed—bioreactors
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Ponds vary in size from 0.5 m2 to 100 m2; a single paddlewheel can provide sufficient mixing for 
a 5 ha (50,000 m2) cultivation area. Being outdoor facilities, open-culture systems suffer from 
several outdoor-related problems: 

• As the cultures are usually not axenic, photosynthetic contaminants (algal, cyanobacterial) 
can out-compete the desired species. 

• Contaminating algal predators (and that grouping might include flocks of water birds!) can 
graze the culture, causing significant crop losses. 

• Weather conditions can cause evaporative losses if too warm, while rainfall dilutes the 
growth medium and reduces light intensity; all of which make proper control of nutrients, 
light intensity, and CO2 levels challenging.  

• Uncontrolled changes in water temperatures can inhibit high production; for this reason, 
geographical locations where temperatures range higher than 15°C are favoured for open-
culture systems. 

 

 

Fig. 6. Diagrammatic plan view of a raceway pond and its water circulation (redrawn after Xu et al., 
2009). 

Closed photobioreactors, in contrast, allow control of all these features. But in their case the 
technical challenge starts with making the bioreactors axenic, and then proceeds to providing 
mechanisms to control temperature, nutrients, gas exchange and adequate mixing, just like any 
other fermenter-style bioreactor. By their very nature, closed reactors allow better and more 
immediate control of culture conditions than open systems. 

Unfortunately, they are also usually more expensive to install, but the biggest design challenge 
is to provide illumination for the photosynthetic microorganisms, generally using fluorescent or 
LED lighting rigs. Photobioreactors used for cultivation of microalgae vary in their architecture 
and include flat-plate, horizontal, inclined or vertical, and serpentine tubular airlift 
photobioreactors (Fig. 7), and biofilm reactors, where the algal cells are immobilised onto 
surfaces within the reactor (Qureshi et al. 2005; Ugwu et al., 2008; Xu et al., 2009; Ketheesan & 
Nirmalakhandan, 2012; Narala et al., 2016; Acién et al., 2017; Rincon et al., 2017). 

Xu et al. (2009) published comparisons of the characteristics of open and closed systems, 
shown in Table 1. They state that “… In view of potential applications, development of a more 
controllable, economical, and efficient closed culturing system is needed. Further developments 
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still depend on continued research in the design of photobioreactors and break-throughs in 
microalgal culturing technologies…”. 

 

Fig. 7. Schematic of an airlift photobioreactor (redrawn after Xu et al., 2009). 

 

Table 2. A comparison of the levels of risk of open and closed systems for microalgae. 

Characteristic Open systems Closed systems 

Contamination risk High Low 

CO2 losses High Low 

Evaporative losses High Low 

Light use efficiency Poor Excellent 

Area/volume ratio Low High 

Area required High Low 

Process control Difficult Easy 

Biomass productivities Low High 

Investment costs Low High 

Operation costs Low High 

Harvesting costs High Relatively low 

Scale‐up Easy Difficult 

From Xu et al., 2009. 
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Narala et al. (2016) developed a two-stage hybrid cultivation system using a marine species 
of the green microalga Tetraselmis (Chlorophyta), which may have future use in biofuel 
production. The hybrid system gave significantly higher yields of algal lipids than either single 
stage system; it combined an initial exponential biomass production in air lift photobioreactors, 
with a second high-lipid induction phase in nutrient depleted open raceway ponds. Nutrients 
were added only to the closed photobioreactors, greatly improving biomass yields; while the 
open raceway ponds had turnovers of only a few days, which reduced crop losses due to 
microalgal grazers. 

There remain a few particular problems related to the biology of microalgae. One is the matter 
of the fragility of microalgal cells which can have adverse effects on production in closed 
photobioreactors. Cell damage results in a reduced growth rate, but the cause is the 
hydrodynamic stress resulting from the vigorous pumping and mixing needed to ensure 
turbulent flow of the culture, which is necessary to optimise the light regime. Factors influencing 
hydrodynamic stress (bioreactor geometry, type of pump, and morphology and physiology of 
algal cells) are discussed by Gudin & Chaumont (1991). 

Another problem, applying specifically to the diploid phase of the life cycle of coccolithophores, 
particularly Emiliania huxleyi, is their susceptibility to a lytic infection caused by giant DNA-
containing viruses, known as E. huxleyi viruses or EhVs. EhVs infect the coccosphere and 
induce programmed cell death of the diploid algal cell (Vardi et al., 2012). 

Long-term cultivation of the coccolithophore Pleurochrysis carterae in outdoor raceway ponds 
has been reported by Moheimani & Borowitzka (2006). The experiments on this calcifying 
marine haptophyte alga were carried out because of the likely impact of their blooms in nature 
on the carbon cycle. The coccolithophore was grown “… semi-continuously in paddlewheel-
driven outdoor raceway ponds over a period of 13 months in Perth, Western Australia.” The 
biomass yield achieved was 0.19 g l−1 d−1 (dry weight), of which cell lipid amounted to 33% and 
CaCO3 to 10%. 

Overall, aggregate productivity of P. carterae biomass averaged an annual total of 60 tonnes 
ha−1 y−1, representing 21.9 tonnes ha−1 y−1 total lipid and 5.5 tonnes ha−1 y−1 calcium carbonate. 
On a molar mass basis, carbon represents 12% of the mass of calcium carbonate; 
consequently, each hectare (10,000 m2) of raceway pond devoted to cultivation of the 
coccolithophore Pleurochrysis carterae removes 0.66 tonnes of carbon from the atmosphere 
each year. 

The Intergovernmental Panel on Climate Change Special Report of 2018 (IPCC, 2018) 
suggested that an increase of 1 billion hectares of forest will be necessary to limit global 
warming to 1.5°C by 2050. There seems to be wide acceptance that we should contemplate 
that remedy, even though it is becoming increasingly clear that planting trees for carbon capture 
is, at best, only a temporary sequestration (Moore et al., 2021). But before that endeavour 
becomes a done-deal, should we not at least consider creating 1 billion hectares of 
coccolithophore bloom in the open ocean and/or raceway ponds in appropriate locations? That 
amount of coccolithophore cultivation could permanently remove 0.66 billion tonnes of carbon 
from the atmosphere each year, which is equivalent to about 7% of our annual global carbon 
emissions from fossil fuel. 

The area of the Pacific Ocean is 16 billion hectares; there’s probably enough space there to 
generate coccolithophore algal blooms that would make a serious dent in the atmosphere’s 
carbon load. If anybody could be bothered to make it happen. 
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6. What we might do 

In the bullet points below are suggested the actions that could be taken to exploit fully the 
potential for cultivation of coccolithophore algae on such large scales that (a) their carbon 
sequestration will contribute to detoxifying our present day atmosphere; (b) they will provide 
today’s CaCO3 that will free the cement industry from its use of long-fossilised CO2; (c) their 
cellular biomass will provide lipids and biofuels to replace fossil fuel usage, as well as other 
bioactive substances with potential pharmaceutical uses; and (d) they will provide tailor-made 
coccoliths for developments in the nanotechnology industries. 

All of these features are currently known as ecosystem services, which are defined as “… the 
benefits provided by ecosystems that contribute to making human life both possible and worth 
living …” [http://uknea.unep-wcmc.org/Home/tabid/38/Default.aspx]. It may be unlikely that any 
one installation could provide all of these services. For example, a large terrace of raceway 
ponds intended to supply crystalline CaCO3 to the cement industry is unlikely to be able to 
provide the nanoscale engineering needed by nanotechnology industries. Nevertheless, all of 
these services are available from a human-enhanced coccolithophore ecosystem; we just need 
to find the human get-up-and-go to DO it. 

There is one other ecosystem service that very large-scale deployment of coccolithophores in 
the oceanic high seas could provide, which is to contribute to cloud brightening in the 
expectation that this would produce an atmospheric cooling effect by reflecting solar radiation 
back into space before it reaches the Earth’s surface which it would otherwise warm and re-
radiate infrared that greenhouse gases then trap in the atmosphere. This has been suggested 
as a geoengineering technique that might use sub-micrometre sea water particles injected into 
the atmosphere in sufficient number to enhance cloud droplet formation (Latham et al., 2012), 
although “… altering the Earth’s radiative energy budget …” may not be an entirely reliable step 
(Lawrence et al., 2018). However, I remind you of the paragraph above describing how algal 
blooms produce the volatile gas dimethyl sulfide (DMS), which itself promotes cloud formation 
(Keller, 1989; Alcolombri et al., 2015). So, here is potential ecosystem service (e): promote 
formation of clouds that reflect solar radiation, which cools the ocean by altering the radiative 
energy budget, consequently, reducing coccolithophore activity, thereby reducing levels of 
DMS; in a classic, self-regulating feedback loop. 

The actions I suggest we should take to exploit the potential of coccolithophore algal cultivation 
and deployment are as follows. 

• A tropical agriculture solution, using ponds, raceways or terraces (Schwab et al., 1996; 
Baryła & Pierzgalski, 2008) on tropical (desert?) coastlines continuously filled with ocean 
water (pumped by solar-energy), and continuously trickling downhill into successively lower 
terraces during the day and left to settle at night. The sludge of insoluble crystals of calcium 
carbonate being dredged from the lowest terraces, providing a renewable feedstock of 
quicklime for cement production in place of the fossiliferous limestone that is currently used. 
Our way of life uses a lot of cement and cement production is the source of about 8% of the 
world’s CO2 emissions (Lehne & Preston, 2018). 

• A biotechnology solution, cultivating coccolithophore algae in large industrial LED-
illuminated fermenters (photobioreactors) operating in continuous-culture mode (powered 
by renewable energy sources), which, again, could yield a continuous harvest of insoluble 
crystals of calcium carbonate, providing a renewable feedstock for cement production to 
replace the fossil limestone that is currently used to make quicklime. Additionally, the closer 
control and greater sensitivity of closed photobioreactors would allow arrays of such 

http://uknea.unep-wcmc.org/Home/tabid/38/Default.aspx
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devices to be used for the development, using gene-editing technology, and production of 
‘designer coccoliths’ for use in nanodevices. 

A high seas solution, by creating an artificial upwelling of nutrient-rich waters using a Perpetual 
Salt Fountain as advocated by Heilweck & Moore (2021) “… This can be made to work where 
you have a warm and salty water mass above a colder and fresher one. The technique is to 
insert a vertical duct between these two layers, and then pump it out until the pipe is filled with 
the deep water. You can then stop pumping. The upflow from the lower layer will last 
perpetually, without any other external energy expenditure … it is the density difference caused 
by the salinity difference that drives the upward flow…”. This could be done either using the sea 
mount installations described by Heilweck & Moore (2021) or by the use of floating processing 
plants or ‘factory ships’ [https://en.wikipedia.org/wiki/Factory_ship]. These would be similar to 
those used to process oceanic capture fishery catches but these would instead have ‘factories’ 
capable of cultivating both suitable species of coccolithophores and suitable species of bivalve 
molluscs in aquaculture nurseries onboard ship during their open ocean cruises. The ships 
would also be able to produce biodegradable floatation devices already spawned with fixed 
juvenile bivalve molluscs that could be released into the ocean currents and ocean gyres far 
away from shipping lanes and commerce routes. The ships would also be equipped to create 
Perpetual Salt Fountains (Heilweck & Moore, 2021) to bring deep water nutrient streams closer 
to the surface into which coccolithophore algae, cultivated in photobioreactors onboard, could 
be released to create and maintain blooms of coccolithophores in the oceanic high seas.  
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