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Resumen 

Esta tesis se desarrolló en el marco del proyecto Europeo Mediterranean Sea Acidification 

in a changing climate (MedSeA) (http://medsea-project.eu) con el fin de estudiar los 

efectos de la limitación por fósforo (P) y el incremento en la presión parcial de dióxido de 

carbono (pCO2) sobre diferentes aspectos de la biología y ecología de los cocolitóforos. 

Tanto la concentración de nutrientes en los océanos como la pCO2 están sujetos a 

variabilidad espaciotemporal natural. Sin embargo, los cambios climáticos globales 

antropogenicamente inducidos influirán fuertemente en estos dos parámetros. Las muestras 

de campo y las cepas de cocolitóforos usadas en los experimentos de cultivo provienen del 

Mar Mediterráneo, el cual es uno de los mares más pobres en P. Según las proyecciones 

sobre el cambio climático para diferentes escenarios, el Mar Mediterráneo es considerado 

un “hot spot” debido al rápido incremento en temperatura atmosférica y del agua marina y 

la reducción en precipitaciones en algunas regiones. Adicionalmente, en este mar posee 

una alta alcalinidad y un corto tiempo de residencia de sus aguas, lo que promueve una 

mayor absorción de CO2, cambiando la química de las aguas (acidificación oceánica). 

 

Esta tesis combina diferentes aproximaciones metodológicas, desde experimentos de 

cultivo y mesocosmos hasta observaciones de campo, para responder preguntas a 

diferentes escalas, de especies a comunidades. Los capítulos 2 y 3 se basan en 

experimentos de cultivo realizados con la especie Emiliania huxleyi, la más abundante de 

las especies actuales. Se investigaron los impactos de la limitación por P y la acidificación 

oceánica en cultivos monoclonales de E. huxleyi. Los parámetros analizados incluyen: tasa 

de crecimiento, densidad celular máxima, cuota celular de carbono orgánico e inorgánico, 

de fósforo y de nitrógeno y la morfología de sus coccolitos (Capítulos 2 y 3). En el 

Capítulo 2, los posibles impactos de la limitación por P se investigan en 6 cepas de la 

especie E. huxleyi, 4 de ellas aisladas en el Este del Mediterráneo (ultra-oligotrófico) y 2 

en el oeste (oligotrófico a mesotrófico). Se demuestra que dichas cepas no representan 

ecogenotipos establecidos según la disponibilidad de P. Así mismo, que la limitación por P 

produce un sobre-consumo de carbono y no causa malformaciones de los coccolitos. El 

Capítulo 3 presenta los resultados de un segundo experimento diseñado para examinar los 

efectos de la  acidificación oceánica en aguas pobres en P sobre una de las cepas de E. 

http://medsea-project.eu/


 

 

huxleyi usadas en el experimento previo. Se demuestra que la combinación de dichos 

factores estresantes puede afectar negativamente las poblaciones de E. huxleyi ya que la 

cantidad de P que las células toman  aumenta con el incremento en pCO2, lo que disminuye 

la densidad celular máxima si el P es limitante. También se demuestra que la acidificación 

oceánica causa malformaciones en los coccolitos sin relación a la concentración externa de 

nutrientes. El Capítulo 4 presenta los resultados de dos experimentos de mesocosmos 

realizados en Córcega y Villefranche-sur-Mer (Francia). Estos se enfocan en cuantificar y 

entender los impactos de la acidificación oceánica en dos comunidades de cocolitóforos, 

ambas habitando aguas pobres en P. Los resultados de estos experimentos son: 1) Cambios 

en la pCO2 no desencadenaron una sucesión en el fitoplancton, 2) La estructura de la 

comunidad de cocolitóforos no cambió bajo una elevada pCO2. Sin embargo, un posible 

efecto de los nutrientes no puede ser excluido, como tampoco que los cambios sean de 

orden fenológico. 3) Altos niveles de CO2 no causaron ningún efecto en la morfología de 

los coccolitos de E. huxleyi ni en su grado de calcificación. Entonces, en regiones 

oligotróficas, los nutrientes o cambios en la fenología de las  diferentes especies pueden 

tener un mayor impacto sobre la comunidad de cocolitóforos que la pCO2. Finalmente, el 

Capítulo 5 presenta los resultados del análisis de 81 muestras colectadas entre los 0 – 100 

m de profundidad, en diferentes puntos del mar Mediterráneo, incluyendo un transepto de 

este a oeste (Meteor Research Vessel, campaña M84-3, Abril 2011). Los datos adquiridos 

proveen una descripción de la distribución de los cocolitóforos durante primavera, lo cual 

se relacionó con una amplia serie de variables ambientales medidas in situ. Estas 

observaciones sugieren un posible rol de parámetros relacionados con la química de 

carbonatos y también de la concentración de fosfatos en la distribución de los 

heterococolitóforos, fase del ciclo de vida que es la más abundante en el océano actual. Los 

holococolitóforos, por otra parte, se relacionaron con la concentración de nutrientes pero 

no con la química de los carbonatos, lo cual refuerza  la importancia de considerar las dos 

fases separadamente  cuando se analizan cambios en los ensamblajes de especies y de 

diversidad. 

  

Se concluye que la limitación por P amplifica la respuesta a la acidificación oceánica dado 

que disminuye la densidad celular máxima que los cocolitóforos pueden alcanzar. Juntos, 

los resultados referentes a la limitación por P (Capítulo 2) y de otros estudios referentes a 

la acidificación oceánica (Meyer & Riebesell 2015) sugieren que E. huxleyi puede, en un 



 

 

futuro océano limitado por nutrientes y acidificado, contribuir muy poco a la exportación 

de carbono inorgánico relativa a la exportación total de materia. Esto favorecería la 

remineralización en lugar del secuestro a largo tiempo de carbono.  

 

Contrario a una hipótesis previa (Okada & Honjo 1975, Young & Westbroek 1991), la 

limitación por P no induce malformaciones en los coccolitos de E. huxleyi (Capítulos 2 y 

3). Esto es también cierto para C. leptoporus (Langer et al 2012), pero el caso de C. 

pelagicus demuestras que dicha afirmación no puede ser generalizada (Gerecht et al 2014, 

2015). Sin embargo, bajo una exposición prolongada a una elevada pCO2 y en ausencia de 

selección entre clones, la acidificación oceánica causa malformación de los coccolitos 

irrespectivamente de la [P].  

 

 

  



 

 

Summary 

This thesis was conducted in the framework of the European Mediterranean Sea 

Acidification in a changing climate (MedSeA) project (http://medsea-project.eu). It studies 

the effects of phosphorus limitation and increased partial pressure of carbon dioxide 

(pCO2) on different aspects of the biology and ecology of coccolithophores, an abundant 

and ubiquitously distributed group of calcifying phytoplankton. Both, oceanic nutrient 

levels and pCO2 are subject to natural spatiotemporal variability, but the anthropogenic 

forcing in the world’s climate are likely to have strong impacts on these two parameters. 

Field samples and the coccolithophore clones used in the culture experiments originate 

from the Mediterranean Sea, which is one of the most phosphorus (P) poor seas in the 

world. The Mediterranean is one of the most responsive regions to climate change and 

based on the results from global climate change projection scenarios is considered a “hot 

spot” for climate change with rapid increases in atmosphere and seawater temperature and 

decreased precipitation in some regions. It also has a high alkalinity, and the short 

residence time of surface water trigger a high absorption of anthropogenic CO2, changing 

the water chemistry (ocean acidification).  

 

The thesis combines different approaches from culture to mesocosm experiments and field 

observations, aiming to solve questions at different scale from species to community level. 

Chapters 2 and 3 are focussing on culture experiments performed on the most abundant 

modern coccolithophore species, Emiliania huxleyi. The experiments investigate the 

impacts of phosphorus limitation and ocean acidification on monoclonal E. huxleyi 

cultures. Parameters analysed include growth rate, maximum cell densities, cellular 

organic and inorganic carbon quotas, cellular nitrogen and phosphorus quotas, and 

coccolith morphology (Chapters 2 and 3).  In Chapter 2 the possible impacts of P limitation 

are investigated on 6 E. huxleyi clones, 4 of them isolated in the eastern Mediterranean 

(ultra-oligotrophic) and 2 in the western Mediterranean (oligotrophic to mesotrophic). It is 

shown that no E. huxleyi ecogenotypes are established upon environmental phosphate 

availability in these clones. It is also shown that P limitation leads to an increase in cellular 

carbon quotas and does not cause coccolith malformation. Chapter 3 presents the results of 

a second culture experiment designed to test the combined effects of seawater acidification 

http://medsea-project.eu/


 

 

under P limitation in one of the E. huxleyi clones used in the previous experiment. It is 

shown that the combination of these stressors may negatively affect E. huxleyi populations 

because the cellular P quota, i.e. the P requirement, increases with increased pCO2. These 

higher cellular P quotas decrease maximum yield cell densities under P limitation 

conditions. It is also shown that ocean acidification causes coccolith malformation 

irrespectively of the seawater phosphate concentration. Chapter 4 presents the work 

performed in two mesocosm experiments conducted off Corsica and Villefrance sur Mer 

(France). They focussed on the quantification and understating of the impacts of ocean 

acidification on two different coccolithophore communities inhabiting P poor waters, and 

coccolithophore abundance in relation to diatoms and silicoflagellates. The results are: 1) 

A pCO2 driven phytoplankton succession did not occur in the studied areas, 2) The 

coccolithophore community structure did not change with elevated pCO2,  an effect from 

nutrient concentrations can not be ruled out 3) Elevated pCO2 had no effect on E. huxleyi 

coccolith morphology. Thus, in oligotrophic regions, nutrients or phenological trends in the 

different species may impose more constrains on the coccolithophore community structure 

than pCO2 does. Finally, Chapter 5 elaborates on field data from 81 samples collected at 

depths from 0 – 100 m on an east to west transect in the Mediterranean Sea (Meteor 

Research Vessel, M84-3 cruise, April 2011). The acquired data are used to describe the 

spring-time coccolithophore distribution in the Mediterranean Sea, which was related to a 

broad set of in situ measured environmental variables. These observations suggest a 

possible role of seawater carbonate chemistry, but also [PO4
3-

] in determining the 

distribution of heterococcolithophores, the most abundant coccolithophore life phase. 

Holococcolithophores, on the other hand, thrived in oligotrophic areas and were not related 

to carbonate chemistry, which emphasizes the importance of considering holo- and 

heterococcolithophores separately when analyzing changes in species assemblages and 

diversity. 

 

It is concluded that oligothrophy (i.e. P limitation) amplifies the response to ocean 

acidification in terms of maximum cell densities. That is, further decreases maximum cell 

densities. Results on P limitation (Chapter 2) and from other studies in ocean acidification 

(Meyer & Riebesell 2015) allowed to conclude that E. huxleyi might, in a future P-poor 

and acidified ocean, contribute relatively little inorganic carbon to exported matter, which 

would in turn favour remineralization over long term burial at depth. 



 

 

 

Contrary to an older hypothesis (Okada & Honjo 1975, Young & Westbroek 1991), P 

limitation does not induce coccolith malformations in E. huxleyi (Chapters 2 and 3). While 

this is true for C. leptoporus as well (Langer et al 2012), the case of C. pelagicus shows 

that this finding cannot be generalized (Gerecht et al 2014, 2015). However, under a long 

time exposure to enhanced pCO2 and the absence of clone selection, ocean acidification 

causes coccolith malformation irrespectively of the [P]. 
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Chapter 1.  

 

Introduction 

1.1 The problem 

There is no doubt that atmospheric concentrations of gases that produce a greenhouse 

effect have all increased since the industrial revolution due to human activity. Gases such 

as carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) increased by 40%, 

150%, and 20%, respectively, in relation to pre-industrial levels (year 1750) and now 

substantially exceed the highest concentrations recorded in ice cores during the past 

800,000 years (Stocker et al. 2013). Green-house gases absorb infrared thermal radiation 

emitted by the earth and also radiate some of this energy back to space, thus, they help 

regulating terrestrial climate by recycling solar energy in the atmosphere. From these 

gases, CO2 is one of the major contributors to global climate change because it is present at 

a higher concentration with respect to other green-house gases (with the exception of water 

vapour) and it has a relatively long life-time in the atmosphere with respect to the most 

abundant water vapour. Then, its capacity to warm up the earth’s surface is one of the 

highest (Stocker et al. 2013). 

 

Atmospheric CO2 levels, over the last 800,000 years as indicated by the ice-core data from 

Antarctica have fluctuated between 170 and 300 parts per million by volume (ppmv), 

corresponding with conditions of glacial and interglacial periods. In the Northern 

hemisphere. The highest pre-industrial value recorded in 800,000 years of ice-core record 

was 298.6 ppmv, in the Vostok core, around 330,000 years ago (Augustín et al. 2008, 

Zeebe & Caldeira 2008) . In industrial times atmospheric CO2 levels have increased 

drastically averaging 399 ppm in 2014 (Keeling et al. 2015). Nevertheless, emissions from 

fossil fuel combustion and cement production continue to increase: 9.5 [8.7 to 10.3] GtC 

yr
–1

 in 2011, which is 54% above the 1990 level (Stocker et al. 2013). Even further the 

mean rates of increase in atmospheric concentrations over the past century are 

unprecedented in the last 22,000 years (Stocker et al. 2013). 
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The rapid increased in atmospheric CO2 affects the ocean in three main ways,: 1. CO2 

enters and leaves the ocean surface by molecular diffusion, once the gas dissolves in 

seawater, a series of chemical reactions modify the seawater carbonate chemistry 

decreasing its pH (Figure 1) and, in turn, it modifies other acid-base systems in seawater 

affecting the chemical speciation of some nutrients. 2. the global warming associated to 

anthropogenic CO2 accumulation in the atmosphere is enhancing heat transfer to the sea 

surface. The ocean warming increases stratification in the water column, thus, reducing the 

input of nutrients into the upper photic productic layer. The first two process are further 

detailed in sections 1.1.1 and 1.1.2. respectively. 3. Ocean deoxygenation, i.e. the loss of 

dissolved oxygen (O2) from the ocean which is bound to occur in a warming and more 

stratified ocean (Gruber 2011, Keeling et al. 2010). 

 

Figure 1.1 A. Atmospheric concentrations of carbon dioxide (CO2) from Mauna Loa, Hawaii (in red) and 

South Pole (89°59’S, 24°48’W – in black); B. partial pressure of dissolved CO2 at the ocean surface (blue) 

and in situ pH (green). Measurements are from three stations in the Atlantic (dark blue and dark green); and 

the Pacific Oceans (light blue and light green). Coordinates are specified in Stocker et al. (2013) from where 

the image has been taken and modified. 

 

1.1.1 Carbonate chemistry modification: “Ocean acidification” 

The ocean inventory of anthropogenic CO2 represents ∼45 – 50 % of fossil fuel CO2 

emissions over the industrial period (Sabine 2004, Khatiwala et al. 2013) or about  ∼30 % 
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of total human emissions and it is 

very likely that the global ocean 

inventory of anthropogenic carbon 

increased from 1994 to 2010 (Rhein 

et al. 2013). It is then clear that until 

now the ocean has been buffering 

the increase in atmospheric CO2, 

and thus, climate change, by 

absorbing and sequestering carbon 

as CO2. However, this up-take 

brings consequences to the ocean 

chemistry and ecosystems. Once 

atmospheric CO2 dissolves into 

seawater, it forms carbonic acid 

(H2CO3) (Eq. 1.1). This unstable 

acid dissociates in bicarbonate 

(HCO3
-
) and hydrogen ions (H

+
) 

(Eq. 1.2), the former continues to 

disassociate in carbonate ions (CO3
-
) 

and protons (Eq. 1.3). 

CO2 + H2O → H2CO3  (Eq. 1.1)  

H2CO3 → H
+
 + HCO3

–
 (Eq. 1.2)  

HCO3
–
 → H

+
 + CO3

2–
  (Eq. 1.3) 

 

As a result, the distribution of the different carbon species are changed: [CO3
2-

] decreases 

while, [HCO3
–
] and [H

+
] increase. The release of hydrogen ions translates into decreased 

pH which is the reason why the process has been called “ocean acidification” (Figure 1.2). 

Ocean acidification also occurs from other chemical additions or subtractions in the ocean 

such as depositions of sulphur and nitrogen compounds from the atmosphere during rain 

(Gattuso & Hansson 2011). However, in the open ocean, the ocean acidification produced 

Figure 1.2 Trends in partial pressure of CO2, pH and 

carbonate ion concentrations at three different ocean time 

series (BATS, Bermuda Atlantic Times Series; ALOHA 

time sieries at Hawaii; and the ESTOC, North-east Atlantic  

time series at 100 km north of the Canary islands). Taken 

from (Rhein et al. 2013). 
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by sulphur and nitrogen compounds is very small (< 2%) when compared to the 

acidification produced by the ocean uptake of CO2 (Doney et al. 2007, Bates & Peters 

2007). 

 

The pH of ocean surface water has decreased by 0.1 since the beginning of the industrial 

era, corresponding to a 26% increase in hydrogen ion concentration (Orr et al. 2005; Feely 

et al. 2009) and the trend is expected to continue in the future (Ciais et al. 2013). Earth 

System Models project that by the year 2100, the decrease in surface ocean pH reaches 

0.30 to 0.32 for RCP8.5 scenario (Figure 1.3) (Stocker et al. 2013). This equals a ~100 % 

increase in proton concentration and implies that average surface ocean pH will be lower 

than it has been for more than 50 million years (Pearson & Palmer 2000). 

 

 

Figure 1.3 pH projections under two of the IPCC scenarios for the artic, southern ocean and the tropics 

[Taken from Rhein et al. (2013)] 

 

The decrease in pH and parallel changes in the carbonate chemistry of seawater alters 

seawater chemical speciation and biogeochemical cycles of many elements and compounds 

(Doney et al. 2009). Here only the effects to calcium carbonate minerals and 

macronutrients (i.e.: phosphate) will be mentioned. Both, pose constrains for marine 

organisms to growth.  

 

The fitness of organisms that use calcium carbonate (CaCO3) and magnesium calcite to 

build up their skeletons or shells may be threatened by ocean acidification. The reasoning 

behind is that the dissolution and precipitation of these minerals are a function of the 

saturation state of seawater with respect to the particular mineral X (ΩX). The saturation 

state of X is the product of the particular ions that form the mineral (i.e. for calcite and 
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aragonite: calcium and carbonate ion) divided by  the solubility product which equals the 

equilibrium constant of the dissolution equilibria in seawater [see Zeebe and Gladrow 

(2001) for a detailed explanation]. It can be calculated according to: 

 

ΩX = [Ca
2+

][CO3
2–

]/KspX; (Eq. 1.4) 

 

Ocean acidification decreases the concentration of CO3
2– 

in surface seawater, thus making 

more likely that ΩX <1. In such case, the seawater is under-saturated with respect to the 

mineral phase and then, the dissolution of that mineral is thermodynamically favourable 

while the formation is not.  

 

1.1.2 Several factors may promote phosphorus limitation in the future oceans 

Nitrogen (N), phosphorus (P) and silicon are considered the major oceanic nutrients 

because primary producers (i.e.: phytoplankton and cianobacteria) consume these elements 

in the euphotic zone to assimilate them into carbon rich macromolecules. These nutrients, 

required in several metabolic processes, can be depleted from the ocean surface and then 

limit the growth of phytoplankton. Although N is believed to be the main limiting nutrient 

of ocean’s productivity, large regions such as the subtropical north pacific (Karl 1999, Karl 

et al. 2001, Kim et al. 2014) have turned P limited in few decades. Even further, the 

sources of nitrogen to the ocean are expected to increase in relation to the input of 

phosphorus. For instance, atmospheric deposition of bioavailable N to the open ocean has 

tripled since 1860 (Moore et al. 2013) and atmospheric fluxes will likely become 

increasingly enriched in N relative to both iron and phosphorus (Moore et al. 2013). The 

projected increasing CO2 emissions and enhanced stratification of the oceans may lead to 

an increase in global N fixation (Karl et al. 2001, Hutchins et al. 2007, Levitan et al. 2007). 

Even if species-specific (Hutchins et al. 2013), these changes in N fixation and 

atmospheric depositions could indirectly (i.e. biologically mediated) decrease P 

concentrations in the surface of the ocean. 

 

Ocean acidification is also expected to alter the bioavailability of P for phytoplankton. This 

is because the acid-base equilibrium of the seawater is altered by the ocean´s uptake of 
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CO2, affecting not only the carbonate acid-base system but many other compounds. 

Among them, the phosphoric acid-base system (Eq. 1.5) will be altered in a way that 

phosphate (PO4
3–

) concentrations are expected to decrease (Figure 1.4).  

H3PO4 = H
+
 + H2PO

4–
 = 2H

+
 + HPO4

2–
 = 3H

+
 + PO4

3–
 ; (Eq. 1.5) 

 

 

 
Figure 1.4 The concentrations of some of the different species in the phosphoric acid system that might be 

influenced by decreasing seawater pH, including phosphate (PO4
3-

). Modified from Zeebe and Gladrow 

(2001). 

 

Oceanic phosphate concentrations are predicted to experience a further decline not only by 

the abovementioned chemical effects of enhance CO2 uptake, but also because of the 

enhanced stratification of surface waters caused by increased heat content in the upper 

layers of the ocean. The globally averaged temperature difference between the ocean 

surface and 200 m increased by about 0.25ºC from 1971 to 2010 (Levitus et al., 2009). 

This change corresponds to a 4% increase in density stratification (Rhein et al. 2013). 

Although, global trends in oceanic nutrient concentration are not available due to the lack 

of long-time series data, thermal stratification is thought to explain the global trends to 

decreased net primary production  and chlorophyll concentration (Figure 1.5) because it 

blocks the input of nutrients from the deeper layers, specially at low latitudes (Behrenfeld 

et al. 2006, Polovina et al. 2008, Irwin & Oliver 2009). 

 

 

 



20 

 

 

Figure 1.5 Annual monthly mean area with surface chlorophyll ≤ 0.07 mg Chl m
-3

 between 5º and 45º N/S 

latidude. Straight lines are the linear terms from the Generalized Additive Models. Taken from Polovina et al. 

(2008). 

 

The expected increase in N fixation, the enrichment of N relative to P of the atmospheric 

depositions, the predicted changes in the phosphoric acid system of seawater and the 

thermal stratification of the water column bring the potential consequence of increasing P 

stress for phytoplankton. Decreased phosphate concentrations can be of great importance 

in areas which are already poor in P such as the North Pacific subtropical gyre (Karl 1999), 

the Western North Atlantic Ocean (Wu et al. 2000, Ammerman et al. 2003) or the 

Mediterranean Sea (Krom et al. 1991, Moutin & Raimbault 2002, Thingstad et al. 2005). 

 

1.2 The subject under study 

1.2.1. Coccolithophores 

Marine phytoplankton contributes to ~ 40 – 50 % of the global primary production 

(Falkowski et al. 1998, Field 1998) and it is responsible for the functioning of the ocean 
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being at the base of the food web and a sink for atmospheric CO2.  Phytoplankton is 

divided into functional groups based on their impact on biogeochemical cycles (Iglesias-

Rodríguez et al. 2002, Anderson 2005). The most studied functional groups of marine 

phytoplankton are usually nitrogen fixers (cyanobacteria), silicifiers (diatoms) and 

calcifiers (coccolithophores and some dinoflagellates).  Coccolithophores (Haptophyta) are 

unicellular calcifying phytoplankton producing producing calcareous plates, called 

coccoliths interlocked to cover the cell  (coccosphere).  These organisms represent ~10% 

of global phytoplankton biomass (Tyrrell & Young 2009) and dominate in regions of 

moderate turbulence and nutrients.  Coccolithophores evolved in the mid-Triassic period, 

but it was later, during the Cretaceous and throughout the Cenozoic, that coccoliths 

calcification accounted for up to 80% of the total marine CaCO3 (Fabry 1989). Nowadays, 

coccolithophores contribute about half of the modern worldwide marine pelagic CaCO3 

sedimentation (Frenz et al. 2005, Broecker & Clark 2009). Given their high affinity for 

phosphate when compared to other phytoplankton groups (Riegman et al. 2000) they are 

particularly important in regions with low [P], where coccolithophores are a seasonally 

dominant group of the phytoplankton community (Siokou-Frangou et al 2010). Together 

with their dual contribution to the carbon cycle (section 1.2.2), and the possible detrimental 

effect of ocean acidification on the production of coccoliths, this make them one of the 

most interesting phytoplankton groups to study the combined effects of ocean acidification 

and P limitation. 

 

Coccolithophores undergo a haplo-diploid life cycle, where both phases are capable of 

asexual reproduction (de Vargas et al. 2007). During the haploid phase holococcoliths, a 

type of coccoliths comprised of minute crystals (ca. 0.1 μm), are produced. During the 

diploid phase another type of coccolith, the heterococcoliths, are produced. They are 

comprised of a radial array of complex crystal-units (Young et al. 2003). However, many 

species do not calcify during part of their life cycle and certain species such as Isochrysis 

galbana or Dicrateria inornata probably do not calcify at all (de Vargas et al. 2007).  

 

Currently, there are approximately 280 different morphologically defined coccosphere 

types (Young et al. 2003) (examples in Figure 1.6). The species quantification, however, is 

difficult to attain because the different life phases are heteromorphic. Coccolithophore 

have developed different growth strategies. Some species are typical of oligotrophic 
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conditions while others are “opportunistic”, bloom according to nutrient inputs (Ziveri et 

al. 2004, de Vargas et al. 2007). Emiliania huxleyi is the most abundant extant 

coccolithophore (Paasche 2002) and together with Gephyrocapsa oceanica, the only 

species known to form large seasonal blooms. 

 

 

Figure 1.6 Coccolithophores from the Mediterranean Sea. Heterococcolithophores (A, C, E) and 

holococcolithophores (B, D, F). A, the species Syracosphaera molischii, Gephyrocapsa oceanica and 

Emiliania huxleyi; B, Coronosphaera mediterranea HOL hellenica-type; C, Helicosphaera pavimentum; D, 

C. leptoporus ssp. quadriperforatus HOL, E, Syracosphaera prolongata; and F, Calyptrolithophora 

papillifera. 
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1.2.2 The role of coccolithophores in biogeochemical cycles 

There are three main mechanisms by which carbon is exported to the deep sea and remove 

in sedimentary record, the biggest reservoir of carbon. These mechanisms are called 

“carbon pumps” and can be divided into a physical and two biological pumps. The 

physical one, called “solubility pump” is based on the fact that colder waters of the bottom 

can hold more CO2 at equilibrium with the atmosphere. The solubility pump accounts for 

approximately one-third of the total carbon exported to the sea bottom (Passow & Carlson 

2012). The two biological ones are often called the “organic carbon pump” and the 

“carbonate pump” because the former refers to the sinking of particulate organic carbon 

(POC) from the surface ocean and the latter to the sinking and dissolution, in deep waters, 

of CaCO3 particles. Together, they account for the other two thirds of the carbon exported 

to the sea-bottom, with the organic carbon pump exporting about 10 times more carbon 

than the carbonate pump (Sarmiento et al. 2002). 

 

Coccolithophores contribute to the two biological carbon pumps by producing particulate 

inorganic carbon (PIC, i.e.: CaCO3) through calcification and by producing POC via 

photosynthesis. Moreover, coccolithophore CaCO3 can enhance sinking velocities of 

biogenic organic aggregates up to 100% (Ziveri et al. 2007, Lombard et al. 2013) and thus, 

even if coccolithophores are small phytoplankton whose cells might not contribute as much 

as larger phytoplankton cells to the POC sinking, their shells contribute greatly through the 

ballasting effect. 

 

Coccolithophores are a main producer of dimethylsulphoniopropionate (DMSP), and have 

some of the higher cellular quotas found in phytoplankton (Keller 1989). DMSP can be 

converted into the volatile gas dimethylsulphide (DMS). The latter may form aerosol 

particles and contribute to clouds nucleation (Franklin et al. 2010), thus, scattering 

incoming radiation back into space and diminishing the greenhouse effect. 

 

1.2.3 Coccolithophore responses to Ocean Acidification and P limitation 

Under enhanced pCO2, photosynthesis, and likely particulate organic carbon (POC) 

production are thought to be stimulated in species with poorly efficient carbon 
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concentration mechanisms,  such as coccolithophores, were photosynthesis is not saturated 

at present pCO2 (Paasche 1964, Buitenhuis et al. 1999, Rost et al. 2003, 2008, Bach et al. 

2013). Observations from culture experiments showed that this statement cannot be 

generalized. On the other hand, it is clear that low PO4
3-

 concentration limits 

coccolithophore growth whether by reducing exponential (i.e.: maximal) growth rate or by 

reducing the time cells can divide at maximum rate. For instance, a [PO4
3-

] of 0.009 ± 

0.007 mol L
-1

 limited coccolithophore growth in the eastern Mediterranean Sea (Kress et 

al. 2005). How the interaction of these two factors can act upon coccolithophore growth is 

still an open question. The available data suggest that under P limitation E. huxleyi cells 

can maintain its growth rate when passing from ~360 to 2000 atm pCO2 (Leonardos & 

Geider 2005) and at lower pCO2 levels (Borchard et al. 2011, Engel et al. 2014). In the 

third Chapter of this work, the same aspect is analyzed for a strain isolated from the 

Mediterranean Sea. 

 

While ocean acidification is expected to disrupt calcification (PIC production) through 

either the decrease in pH or the increase in CO2 (Langer and Bode 2011, Bach et al. 2012), 

P limitation was suggested to enhance calcification (Paasche & Brubak 1994, Paasche 

1998). It has been hypothesized that coccolithophores may increase their calcification rates 

when nutrients become limited. This could be related to calcification generating protons 

that can be used in exchange for nutrient ions (McConnaughey & Whelan 1997) or to the 

reduction of cytosolic free Ca
+
 ions that otherwise could precipitate PO4

3-
 (Degens & 

Ittekkot 1986). Would that mean that the detrimental effects of enhanced pCO2 on 

calcification would be attenuated in P poor waters? Current evidence suggest that the 

answer to this question is no. For instance, PIC production in two chemostat experiments 

running under low [P] decreased at the highest pCO2 level tested (900 atm) (Borchard et 

al. 2011) or did not change within the rage 180 to 750 atm (Engel et al. 2014). These 

observations  point towards a stronger effect of pCO2 on calcification. This inference 

tallies well with recent results of P-limitation culture experiments showing that P-

limitation does not lead to an increase in calcification rate (Langer et al 2012, 2013, 

Gerecht et al. 2015).  
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How the uptake of PO4
3-

 may be affected by the combination of ocean acidification and P 

limitation is not obvious. Clearly, particulate organic phosphorus production (POPp) is 

expected to decrease with P limitation. However, in relation to ocean acidification this 

response is less clear. It has been hypothesized (Beardall & Giordano 2002) that increased 

pCO2 reduces the need for carbon concentrating mechanisms (CCMs) which consume P, 

and in turn, it reduces the stress caused by nutrient limitation. So far, the experimental 

evidence to support or reject this hypothesis in the case of coccolithophores is not 

conclusive. So far, the results of two studies can be compared: In the study of Borchard et 

al. (2011) decreased POP quotas coupled with increased yield cell densities may indicate 

less stress from P limitation when the cells are exposed to the combination of P limitation 

and ocean acidification. This is consisted with the abovementioned hypothesis. On the 

other hand, in the study of Rouco et al. (2013) the combination of the two environmental 

factors caused no change in POP quotas. However, no data on maximum cell densities or 

growth rate is available which makes it difficult to estimate whether the stress caused by P 

limitation was reduced or not. 

 

Coccolith morphology, which might be more instrumental in evolutionary success of 

coccolithophores than calcification rate (Langer et al. 2011), has been suggested to change 

due to ocean acidification, mostly by producing thinner coccoliths (Cubillos et al. 2007, 

Triantaphyllou et al. 2010, Beaufort et al. 2011, Meier et al. 2014) or by increasing the 

number of malformed coccoliths in culture experiments (Riebesell 2004, Langer et al. 

2006, 2009, Rickaby et al. 2010, Bach et al. 2011) and in the field (Meier et al. 2014). 

PO4
3-

 limitation has also been suggested to cause malformations (Okada & Honjo 1975, 

Kleijne 1990, Young & Westbroek 1991). Does that mean that high pCO2 and low PO4
3-

 

will synergistically hamper coccolith morphogenesis? The question remains open. 

 

Among coccolithophores, species-specific sensitivities of calcification rate and coccolith 

morphology to ocean acidification exist (Langer et al., 2006). Even further, 

coccolithophore species have different growth strategies (i.e.: specialized vs opportunistic; 

as exposed in section 1.2.1). These differences could affect the species distribution, 

assemblage composition and in turn, the biogeochemical contribution of coccolithophores 

to the different element cycles. Coccolithophore assemblage composition changes due to 

pH, in the North Sea and the Atlantic Ocean (Charalampopoulou et al. 2011). Experimental 
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manipulation of the seawater carbonate chemistry during mesocosm studies focused on E. 

huxleyi and little is known about how the coccolithophore community could respond to 

ocean acidification. All these experiments have been performed in eutrophic conditions or 

with nutrient additions and thus, nothing is known on how the coccolithophore community 

could respond to ocean acidification in a P limitation environment. 

1.3 Research questions 

In view of the predicted decrease in PO4
3-

 concentrations (see section 1.1) three general 

questions are addressed in Chapter 2:  

1) Can phosphorus limitation decrease E. huxleyi populations and affect their 

contribution to biogeochemical cycles? 

2) Does phosphorus limitation affect the morphogenesis of coccoliths? 

3) Are the strains isolated in P poor waters more resilient to P-limitation than strains 

isolated in areas with higher [P]?  

Considering the combination of P limitation and ocean acidification, this work addresses 

(in Chapter 3) the following questions: 

1) Will seawater acidification affect E. huxleyi population growth in P poor areas?  

2) In P poor areas of the ocean, will seawater acidification affect the morphogenesis of 

E. huxleyi coccoliths?  

Regarding the mesocosm carbonate chemistry manipulations performed to study the effects 

of ocean acidification on the phytoplankton community in an oligotrophic region (Chapter 

4), the questions are:  

1) Would coccolithophore growth still be enhanced by elevated pCO2 under 

oligotrophic (i.e.: P poor) conditions? If so, would this lead to a dominance of 

coccolithophores over other phytoplankton groups? 

2) Will community responses to elevated pCO2 change depending on the initial 

coccolithophore assemblage?  I compare the summer (Bay of Calvi, France) and 

the winter-spring (Bay of Villefranche-sur-Mer, France). 

3) Will seawater acidification affect the coccolith morphogenesis of natural 

populations of E. huxleyi living in P poor waters? 
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Regarding the distribution of coccolithophores along natural environmental gradients 

(Chapter 5): 

1) Is there any relationship between the coccolithophore species distribution and the 

carbonate chemistry or [PO4
3-

] of sea water? 

 

1.4 The Mediterranean Sea: an ideal place for testing the effects of ocean 

acidification under P limitation conditions 

The semi-enclosed Mediterranean Sea is an ideal place for exploring the questions posed in 

section 1.3 because: 

1.4.1 The Mediterranean Sea features a strong gradient in PO4
3- concentration 

Due to its anti-estuarine circulation, nutrients are washed away towards the Atlantic Ocean. 

This generates a meso-  to oligotrophic status in the western basin and an ultra-oligotrophic 

status in the eastern basin, with a gradient in PO4
3-

 that goes from 0.05± 0.05µM in the 

west (Moutin & Raimbault 2002) to below detection limit in the east (≤ 0.01 µM, Krom et 

al. 1991, Moutin & Raimbault 2002). The later concentrations are considered among the 

lowest worldwide (Dugdale and Wilkerson, 1988). These conditions are maintained by the 

geological features of the sea, where the Sicilian Strait prevents deep-water exchange 

between the two basins.  

 

In more detail: macro-nutrients mainly enter the Mediterranean Sea by river and 

groundwater discharges, atmospheric deposition and, in a lower extent, exchanges through 

the Straits of Gibraltar and of Bosphorus [The MerMex group (2011) and ref. therein). In 

the western Mediterranean, the more energetic air–sea exchanges and convection are 

believed to induce a more effective nutrient refueling of the euphotic zone than in the 

eastern basin where thermal stratification increases (The MerMex group 2011). 

Additionally, a part of the nutrients that are regenerated in the eastern basin are exported to 

the western basin by deep waters crossing the Sicily Channel (Béthoux et al. 1998, 

Schroeder et al. 2010). The western basin also exports nutrients via its intermediate water 

flow towards the Atlantic Ocean (Béthoux et al. 1998). In this thesis the PO4
3-

 gradient that 

characterizes the Mediterranean Sea has been used to: 1) test whether E. huxleyi 
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ecogenotypes are established upon environmental phosphate availability in the selected 

strains, and 2) to sample different coccolithophore assemblages along an east to west 

transect in this sea and explore the relationship between the observed patterns and [PO4
3-

]. 

 

1.4.2 The Mediterranean Sea can buffer more atmospheric CO2 than most oceans 

The Mediterranean Sea is characterized by high alkalinity levels with a west to east 

increasing gradient that can be explained by the progressive evaporation and thus, 

increasing salinity, of the surface waters that flow west to east, as well as from the Black 

Sea inflow (Schneider et al. 2007). Together with river discharges, this constitutes the main 

contribution to total alkalinity (Schneider et al. 2007). The high alkalinity together with the 

active overturning circulation cells (Lee et al. 2011), permits to buffer more CO2 than other 

oceans. In consequence, the water column inventory of anthropogenic CO2 in the 

Mediterranean Sea is considerably higher than that for the Atlantic and the Pacific Oceans 

in the same latitude band, and higher than the actively ventilating East/Japan Sea 

(Schneider et al. 2010, Lee et al. 2011). Anthropogenic CO2 is found throughout the entire 

water column of the Mediterranean Sea (Schneider et al. 2010). 

 

An increasing west to east gradient exists for pCO2 during all seasons (D’Ortenzio et al. 

2008, Taillandier et al. 2012). Based on modelled satellite-data of the upper-mixed layer, 

these two studies locate minimum pCO2 values in the Alboran Sea and maximum in the 

northern Ionian Sea and Levantine basin. Accordingly, the western basin acts as a sink for 

atmospheric CO2 while the eastern acts as a source. Taillandier et al. (2012) further 

compared the periods 1979-1983 with the period 1998-2001 and showed that the western 

basin atmospheric CO2 sink increased, whereas the eastern basin CO2 source to the 

atmosphere weakened. Even further, the Mediterranean Sea as a whole, had apparently 

passed from acting as a net CO2 source to the atmosphere in the1980s to be close to 

equilibrium with the atmosphere in the 2000s (slight sink of about 0.2 Gt C y
-1

). 

 

An estimate by Touratier and Goyet (2011) indicates that all water masses in the 

Mediterranean Sea are already acidified (0.14 to 0.05 pH unit). When compared to the 

typical value of 0.1 for the surface waters of the world ocean, the Mediterranean Sea 
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appears to be one of the regions that are the most impacted by acidification (The MerMex 

group 2011). 

1.4.3 Coccolithophores are conspicuous in the Mediterranean Sea 

 

Finally, coccolithophores are conspicuous all along the Mediterranean Sea 

(Knappertsbusch 1993, Ignatiades et al. 2009), and in its coastal waters (Dimiza et al. 

2008, Garrido et al. 2014), which ensures sampling material for the field-based studies. 

Even further, coccolithophores contribution to the biogeochemsty of the Sea is important, 

especially in the eastern basin. Here these algae are the main contributor of biogenic 

CaCO3 precipitation throughout the year (Knappertsbusch 1993, Ziveri et al. 2000, 

Malinverno 2003) and possibly explain high organic matter fluxes in the Ionian Sea 

through its ballasting effect (Malinverno et al. 2014). 
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Chapter 2. 
 
Effect of phosphorus limitation on 
coccolith morphology and element 
ratios in mediterranean strains of the 
coccolithophore Emiliania huxleyi. 

 

Published as: Oviedo AM, Langer G, Ziveri P (2014) Effect of phosphorus limitation on 

coccolith morphology and element ratios in Mediterranean strains of the coccolithophore 

Emiliania huxleyi. J Exp Mar Biol Ecol 459:105–113 

 

Abstract 

Six Emiliania huxleyi strains isolated in the Mediterranean Sea were grown under 

phosphorus limitation and replete (control) conditions in batch culture. We tested the 

hypothesis that increasing phosphorus limitation, resulting from ocean warming, will affect 

coccolithophores and change their contribution to the PIC:POC ratios. Four strains were 

isolated in the oligotrophic Algerian basin (western Mediterranean), and two strains in the 

extremely oligotrophic and often phosphorus depleted Levantine basin (eastern 

Mediterranean). Samples for particulate inorganic carbon, PIC; particulate organic carbon, 

POC; particulate organic phosphorus, POP; and total particulate nitrogen, TPN, were taken 

at equal cell densities in phosphorus limited and control culture conditions (harvesting in 

exponential and stationary phases respectively). Different morphological features of 

coccoliths were analyzed. Phosphorus limitation was inferred from: 1. a decrease in growth 

rate between 22% and 34% compared to phosphorus replete cultures; 2. a reduction in final 

cell density from ca. 2 × 10
6
 cells/ml to ca. 8 × 10

4
 cells/ml, and 3. markedly lower POP 

quotas of the limited cells. Differences in the phosphate uptake machinery are suggested 

based on the fact that three western Mediterranean strains decreased the phosphate 

concentration in the culture media until the detection limit in the first 3 experimental days 
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while 4–5 days were necessary for the other strains. Cellular carbon quotas increased in all 

strains under phosphorus limitation in comparison to their respective control cultures. The 

increase in POC quotas ranged between 179% and 260% and in PIC quotas between 43% 

and 201%. TPN quotas increased under phosphorus limitation between 31% and 86% in 

five out of six strains. POC:TPN increased in all strains, which suggests a change in the 

molecular composition of the cells when exposed to phosphorus limitation. Strain specific 

responses were also observed in the PIC:POC ratio, which decreased in five strains and did 

not change in another. Phosphorus limitation did not lead to malformations. However, 

morphological changes of coccoliths occurred, also in a strain specific way, namely the 

percentage of over-calcified coccoliths was altered by P limitation, but we observed all 

signs in the responses among different strains. Nevertheless, this morphological feature 

does not reflect the changes in calcite production (PICp nor PIC:POC). Strain specific 

responses were not related to the isolation location, suggesting that the isolated western 

and eastern strains do not represent distinct eco-genotypes featuring different phosphorus 

usage strategies. 

2.1 Introduction 

Coccolithophores (Haptophyta) are unicellular calcifying phytoplankton producing a shell 

comprised of calcareous plates, so called coccoliths. Coccolithophores are one of the most 

abundant phytoplankton, contributing ca. 10% to total global phytoplankton biomass 

(Tyrrell & Young 2009). Emiliania huxleyi (Lohmann 1902) Hay & Mohler in Hay et al. 

(1967) is among the most common bloom forming species (Brand 1994) and the most 

abundant coccolithophore in the modern oceans (Paasche 2002). This species is present in 

conspicuous numbers in both the western and the eastern Mediterranean (Knappertsbusch 

1993, Malinverno et al. 2003).  Coccolithophores play an important role in the carbon 

cycle, influencing the carbonate system of seawater by two types of effects: a production-

effect and an export-effect. The former is brought about by the immediate effect of the CO2 

consumption (through photosynthesis, resulting in particulate organic carbon, POC, 

production) and CO3
2−

 consumption (through calcification, resulting in particulate 

inorganic carbon, PIC, production). The export-effect rests on the ratio of calcite to organic 

carbon which sinks to depth (the so called rain-ratio). The sinking to depth of calcite, as 

opposed to organic material, substantially increases the portion of carbon which gets 

buried in the sediments and therefore potentially enters geological cycles (Klaas & Archer 
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2002, Van Cappellen 2003, Ziveri et al. 2007). Hence, a higher PIC:POC ratio of 

coccolithophores increases the probability of long term carbon burial. Apart from this 

biogeochemical role, coccolithophore calcite (i.e. coccoliths) probably has significance for 

the organism and its ecological/evolutionary success (Henriksen et al. 2003, Langer et al. 

2011), although coccolith function remains unknown (Brownlee & Taylor 2004, Young 

1994). The morphology of coccoliths is immensely sophisticated and its morphogenesis is 

known to be susceptible to environmental disturbances (e.g. Bach et al. 2012; Langer et al. 

2006, 2010, 2011). It was hypothesized that macronutrient (nitrogen, N, and phosphorus, 

P) limitation represents an important disturbance resulting in the malformation of 

coccoliths (Okada & Honjo 1975, Kleijne 1990, Young & Westbroek 1991). In the future, 

the supply of nutrients (i.e. P and N) to the euphotic layer is predicted to decrease due to 

climate change induced stratification of surface waters (Behrenfeld et al. 2006, Bopp et al. 

2013) and changes in ocean mixing and ventilation (Bopp et al. 2013). This poses two 

general questions: first, will P limitation affect the morphogenesis of coccoliths? Second, 

will P limitation alter coccolithophore cellular carbon quotas and therefore its contribution 

to overall PIC:POC of sinking matter? A particular aspect that can be used for testing the 

first question is the occurrence of malformed coccoliths. Using data from a mesocosm 

experiment, Båtvik et al. (1997) suggested that P limitation might lead to an increase in the 

percentage of malformed coccoliths in E. huxleyi. However, differences between 

treatments were lower than 8% and no associated error is shown. Paasche (1998), in a 

culture experiment, found little evidence to support the conclusion that nutrient limitation 

induces malformations. The selection of different genotypes can be a serious obstacle in 

finding a generic answer because strain-specific responses might occur. The latter were 

discovered with regard to salinity change (Brand 1984) and to change in carbonate 

chemistry of seawater (Langer et al. 2009, 2011). The reason for strain specific responses 

is a matter of current debate and a prevailing notion is that the particular environmental 

conditions the strains experienced in their natural habitat has shaped their response patterns 

with respect to changes in environmental parameters. This notion certainly fits the 

observation of Brand (1984) that coastal strains of E. huxleyi are more tolerant to salinity 

changes than open ocean strains. However, no relationship between the response patterns 

of different strains to carbonate chemistry changes and the particular carbonate chemistry 

of the sites of strain isolation could be observed (Langer et al. 2009, 2011). In the case of P 

limitation, the Mediterranean Sea provides an ideal testing ground for the hypothesis that 
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strain-specific responses can be traced back to features of the location of strain isolation. In 

the Mediterranean Sea, the average P concentration decreases from mesotrophic to 

extremely oligotrophic along a west–east gradient (Krom et al. 1991). Phosphorus 

concentrations in the Eastern basin are often below detection limit (<0.01 μM, Krom et al. 

1991; Moutin & Raimbault 2002) and among the lowest worldwide (Dugdale & Wilkerson 

1988). In the eastern Mediterranean, coccolithophores have been shown to be P limited 

(Kress et al. 2005). Similar data do not exist for the western Mediterranean. However, 

given the relatively higher nutrient concentrations in the western Mediterranean compared 

to the Eastern basin, it can be hypothesized that strains isolated in the Eastern basin are 

more resilient to P limitation than strains isolated in the Western basin. We compare two 

strains of E. huxleyi isolated in the Eastern basin to four strains isolated in the Western 

basin. Regarding the second general question posed above, namely will P limitation alter 

coccolithophore contribution to PIC:POC ratios of sinking matter?, different results have 

been observed. Borchard et al. (2011) and Langer et al. (2012a) using culture strains of E. 

huxleyi and Calcidiscus leptoporus (Murray and Blackman 1898) Loeblich and Tappan 

(1978) respectively, found no change in PIC:POC ratios under P-limitation, while in three 

other studies using E. huxleyi an increase of the PIC:POC ratio was reported in response to 

P limitation (Paasche & Brubak 1994, Paasche 1998, Riegman et al. 2000). These disparate 

results could stem from strain-specific responses, because different strains were used. On 

the whole, a direct comparison of the responses of different E. huxleyi strains to P 

limitation is obviously needed. 

 

2.2 Methods 

2.2.1 Strain selection 

E. huxleyi strains were obtained from the Roscoff culture collection, isolated from the 

BOUM cruise in September 2008. We selected 2 strains from the Levantine basin in the 

eastern Mediterranean (33°37′N, 32°39′E): RCC1813 and RCC1817, and 4 strains from the 

south-western Mediterranean (39°6′N, 5°21′E): RCC1827, RCC1830, RCC1833 and 

RCC1812. Additional information about the strains can be found at: http://www.sb-

roscoff.fr/Phyto/RCC/index.php?option=com_dbquery&Itemid=24. 

 

http://www.sb-roscoff.fr/Phyto/RCC/index.php?option=com_dbquery&Itemid=24
http://www.sb-roscoff.fr/Phyto/RCC/index.php?option=com_dbquery&Itemid=24
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2.2.2 Batch cultures 

Six culture strains were grown under P limited and repleted (control) conditions in 

triplicate. Cultures developed in 2.3 l glass bottles and incubated in a climate cabinet 

(Rubarth Apparate GmbH, Germany) at 20 °C culture media consisted of 64% artificial 

seawater, ASW, (modified from Kester et al. 1967) and 36% natural North Sea seawater. 

Nutrients followed F/2 concentrations (Guillard & Ryther 1962), except for the no addition 

of P in the limited cultures. All culture media were then sterile-filtered through a 0.2 μm 

pore size cartridge. 

 

Pre-experiments were done using 2 strains (RCC1813 and RCC1827) to test for the ideal 

initial P concentration which allowed for a cell density of ca. 1 × 10
5
 cells/ml at stationary 

phase, later used in the experiments for P limitation treatments. This cell density provided 

sufficient sampling material for the selected analyses and prevented large changes in the 

culture media carbonate chemistry. P concentrations tested in the pre-experiments were: 0 

μM (below detection limits), 0.14 μM, 0.35 μM, 0.50 μM and 35.18 μM. These 

concentrations were both, assumed from the performed dilutions as well as measured; the 

data presented here is the measured. During the experiment, all strains were grown at 0.2 

μM for P limitation cultures and 35.0 μM [P] for control cultures. 

 

Cell density at inoculation was 400 cells/ml. Limited cultures were sampled in stationary 

phase at ca. 1 × 10
5
 cells/ml. Controls for each strain were harvested during the 

exponential phase, at the same cell density yielded by the respective limited culture. A 

small volume of each control was grown until the maximum yield to prove absence of 

limitation. Cell density and size were monitored daily (Multisizer III Coulter counter). 

Growth rates were calculated from exponential regression up to and including harvest day. 

Averages of triplicates and SD were used in tables and figures. Nutrients (PO4
3−

 and NO3
−
) 

were also monitored on a daily basis using an Autoanalyzer Evolution III (Alliance 

Instruments) with detection limits of 0.1 μM for PO4
3−

 and 0.3 μM for NO3
−
. 

 

2.2.3. Carbonate chemistry 

Alkalinity samples were filtered (Whatman GFF filter, 0.6 μm pore size), stored in 300ml 

borosilicate flasks at 4 °C, and measured in duplicate by potentiometric titration. Total 

alkalinity was calculated from linear Gran plots (Gran 1952). DIC samples were sterile-
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filtered (0.2 μm pore size cellulose-acetate syringe filters) and stored in 13 ml borosilicate 

flasks free of head space and stored at 4 °C for 1 to 4 weeks until they were measured, in 

triplicate, using a Shimadzu TOC 5050A. The carbonate system was calculated from 

alkalinity, pH, PO4
3−

, and temperature, using the program CO2SYS (Lewis & Wallace 

1998). Equilibrium constants of Mehrbach et al. (1973) refitted by Dickson & Millero 

(1987) were chosen.  

 
Figure 2.1. Example micrographs of the different coccolith classes: A. normally developed coccolith, B. 

normally developed but over-calcified coccolith, C. malformed coccolith (note the asymmetrical distal shield 

elements, shorter on the down-left side of the image and the deformed external rim) and D. incomplete 

coccolith (external rim missing). Scale bars represent 1 μm. 

 

2.2.4. Coccolith morphology and coccosphere size 

25 ml of culture was filtered onto polycarbonate filters (Sartorius, 0.25 μm) and dried at 

60°C for 24 h. A piece of each filter was placed on aluminum stubs and sputter coated 

using a EMITECH K550X. Imaging was performed in a JEOL JSM 6300 SEM. At least 

300 coccoliths per sample (Langer & Benner 2009) were analyzed (distal shield) and 

classified using captured images into: normal (inner tube circle, external rim and all distal 

shield elements were well formed and the latter were of the same size and symmetrically 

distributed around the inner tube circle); malformed (when two or more distal shield 

elements were asymmetrical) or incomplete coccoliths (when the external rim was not 

formed or only the inner tube circle was present). Normal coccoliths were sub-classified in 

over-calcified (when distal shield elements were thicker to the point that half or more were 

fused, usually but not always the inner tube circle was also thicker), and normally calcified 

coccoliths (when individual distal shield elements clearly displayed the space between 

them). Examples are given in Fig. 2.1. Although subjective by nature, our analysis of 

coccolithophore morphology provides robust, unbiased results which tally well with an 

objective biometrical classification (Bach et al. 2012; Langer et al. 2012b). Coccosphere 
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size was recorded from the Multisizer III Coulter counter data and from the same SEM 

images used to count and classify single coccoliths, in this case ca. 100 complete 

coccospheres per sample were measured (diameter) using the program GIMP v2.6. The 

two size data sets were compared. 

 

2.2.5. Particulate organic and inorganic carbon and particulate nitrogen  

Samples for total particulate carbon, TPC; total particulate nitrogen, TPN; POC and 

particulate organic phosphorus, POP, were filtered onto pre-combusted (500 °C; 12 h) GFF 

filters and placed in pre-combusted petri dishes (500 °C; 12 h). TPC and POC samples 

were then oven dried (60°C overnight) and stored until analysis at −20 °C. Before analysis, 

POC filters were treated with 230 μl of HCl (0.1M) to remove the inorganic carbon and 

oven-dried again. TPC, POC, and TPN were then measured on a Euro EA Analyzer 

(EuroVector). PIC was calculated as the difference between TPC and POC. Filters for POP 

were stored at −20 °C until analysis. Right before the analysis the samples were oven-dried 

for an hour, dissolved in a mixture of 35 ml Milli-q water and potassium peroxide and 

autoclaved (120 °C, 30 min) and left overnight in the autoclave. Samples were centrifuged 

after the addition of ascorbic acid and a mixture of reagents (sulphuric acid, ammonium 

heptamolybdate-tetrahydrate, potassium antimonyl-tartrate and distilled water). The 

absorbance of the resuspended samples was measured at 882 nm by colorimetric analysis 

of dissolved PO4 3− (Hansen & Koroleff 1999). Production of PIC, POC and POP was 

estimated from cellular inorganic and organic carbon contents and population growth rates 

according to the following equations. 

PIC production = (PIC/cell)μ 

POC production = (POC/cell)μ 

POP production = (POP/cell)μ 

where μ is the growth rate calculated from the growth curve until harvest day. 

 

2.2.6. Statistics 

Differences between the control and P limited cultures in each strain were assessed by 

ANOVA (α = 0.05). Coccolith morphology data was transformed (log10X) to achieve a 

normal distribution of frequencies. Differences between coccosphere size by Coulter 

counter and by SEM measurements were assessed by T test. 
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2.3. Results 

2.3.1. Population growth  

Already in the pre-experiments 

(growing two strains at different P 

concentrations), differences were 

evident between the two strains: the 

eastern strain RCC1813 did not grow 

when no P was added while RCC1827 

did (Fig. 2.2). During the experiment 

(six strains growing under P limited and 

control condition), [P] in the culture 

media decreased concomitantly with 

the increase in cell densities (Fig. 2.3). 

P limited cultures reached the 

stationary phase after 7 or 8 days in 

culture, depending on the strain. 

Control cultures reached similar cell 

densities at day 5 or 6. The stationary 

phase in control cultures was reached after 9 to 12 days. Limitation was evident by 1: a 

decrease in growth rate between 22% (RCC1817) to 37% (RCC1830), from 0.99–1.23 d
−1

 

in controls to 0.66–0.82 d
−1

 in limited cultures (Table 2.1); 2: a reduction in final cell 

density from ca. 1.6 ×10
6 

– 2.0 x 10
6
 cells/ml in controls to ca. 8 × 10

4 
–1 × 10

5
 cells/ml in 

P limited cultures (Fig. 2.3) and 3: up to 88% lower POP quotas in relation to controls 

(Table 2.1). All P limited cultures consumed the available P by the end of the experiment. 

However, the two eastern strains RCC1813 and RCC1817 took 5 days to reach the 

detection limit of the measurements, the western RCC1812 strain took 4 days and the other 

western strains took 3 days. In control cultures, [P] decreased from 35 μM to ≈17–23 μM 

in all strains but RCC1813. For the latter strain [P] in the culture media decreased until ≈10 

μM (Fig. 2.3). 

 

Figure 2.2 Cell densities at different [P] in the culture 

media during the pre-experiment. The lowest point was 

assumed to completely lack P, and the measurement was 

under detection limit (B. detection). 
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Figure 2.3 Mean cell density (dotted line) and [P] in the culture media (solid line), during the experiment. A, 

shows the data from the P limited cultures, until harvest day and B, the data from control cultures, which 

extents, beyond harvest day, until stationary phase (at day 9 to 12 depending on the strain). The first two 

strains at the left were isolated in the eastern Mediterranean Sea, while the others were isolated in the western 

Mediterranean. 
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Table 2.1 Elemental quotas and coccosphere size at harvest day, population growth rate and calculated 

elemental production, under phosphorus limited and control conditions. 

 

 

Changes in TA or DIC between the initial and final carbonate chemistry were close or 

smaller than 10% under replete conditions and roughly 20% under limitation 

(Supplementary material). The difference in TA between P limited cultures and controls at 

the end of the experiment ranged between 9% (RCC1813) and 15% (RCC1833). 

 

2.3.2. Coccolith morphology and coccosphere size 

P limitation did not cause malformations. In fact, in 4 strains the percentage of malformed 

coccoliths slightly decreased (F from 11.11 to 80.73, p = 0.05) and in RCC1817 and 

RCC1833 it did not change (F =0.50, p = 0.552 and F = 1.19, p = 0.332 respectively) 

(Table 2.2). We do not take this to mean that P limitation is beneficial for coccolith 

morphogenesis, though. The percentage of incomplete coccoliths increased in one strain 

(RCC1827, F = 23.66, p = 0.008), and it did not change significantly in the other 5 strains. 

The percentage of normal developed but over-calcified coccoliths increased significantly in 

RCC1827 (F =9.41, p = 0.037) and in RCC1830 (F = 9.05, p = 0.040); it decreased in 

RCC1833 (F= 17.22, p= 0.014) and it did not change in the others (F b 5.81, p N 0.05). 

Coccosphere diameter at harvest day was between 21% and 44% higher under P limitation 

according to Counter coulter data and ca. 21% according to the measurements from SEM 

images. For all samples, SEM derived sizes were between 0.6 and 1.5 μm larger (t=−15.94, 

p= 0.000). 
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Table 2.2 Percentage of coccoliths in the different morphological classes and standard deviation of triplicate 

incubations. 

 

 

2.3.3. Element quotas and ratios 

POC and PIC per cell increased in all strains (F from 124.02 to 3594.92, p < 0.05 for POC 

and F from 33.20 to 3610.39, p < 0.05 for PIC); often, the increase in POC was up to 260% 

(Fig. 2.4). The increase in PIC per cell ranged between 43% and 201%. PIC:POC 

decreased between 19% and 54% relative to the control in five strains (F from 13.39 to 

718.80, p < 0.05) and it did not change in RCC1813 (F = 1.20, p = 0.335) (Fig. 2.4). An 

increase in TPN between 31% and 86% was observed in five strains (F from 13.29 to 

399.68, p < 0.05) while no change was observed in RCC1833 (F = 4.43, p = 0.103) (Fig. 

2.5). POC:TPN and TPN:POP largely differed from Redfield ratios when cells were P 

limited. These ratios increased in all strains (F from 14.20 to 3909.05, p < 0.05) under P 

limitation (Fig. 2.5). POC production increased in all strains (F > 88.69, p < 0.05), while 

PIC production increased in 5 strains (F > 28.74, p < 0.05) and did not change in RCC1830 

(F = 1.16, p = 0.342). TPN production increased in two of the tested strains RCC1813 and 

RCC1827 (F = 120.42, p =0.000 and F = 16.24, p = 0.16 respectively) and did not change 

in the others (F between 0.25 and 5.02, p > 0.05). 
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Figure 2.4 Mean POC and PIC quotas and B, mean PIC:POC ratio at harvest day under phosphorus limited 

and replete (control) conditions. Error bars represent the standard deviation. The first two strains from down 

to up were isolated in the eastern Mediterranean Sea, while the upper 4 strains were isolated in the western 

Mediterranean. 

 

 

Figure 2.5 A, Mean TPN quotas; B, mean POP quotas; C, mean cellular POC:TPN ratio, and D, mean cellular 

TPN:POP ratio at harvest day under phosphorus limited and replete (control) conditions. Error bars represent 

the standard deviation. The first two strains from down to up were isolated in the eastern Mediterranean Sea, 

while the upper 4 strains were isolated in the western Mediterranean. 
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2.4. Discussion 

2.4.1. Population growth 

In the six E. huxleyi Mediterranean strains, the stationary phase was reached at markedly 

lower cell densities under P limitation than the one achieved under control conditions 

(Figs. 2.2 and 2.3). Final PO4
3−

 concentrations as well as the final cell densities differed in 

the tested strains (Fig. 2.3). The strains RCC1813, RCC1817 and RCC1812 took from 4 to 

5 days to draw down the PO4
3− 

concentration under detection limits, while the other strains 

took 3 days (Fig. 2.3). RCC1817 and RCC1812 also displayed considerably lower final 

cell densities (ca. 80% of the average of the other four strains). Taken together, these two 

observations might indicate that both RCC1817 and RCC1812 are unable to use PO4
3−

 as 

efficiently as the other strains. Interestingly, RCC1812was isolated in the western 

Mediterranean and RCC1817 in the Eastern basin, refuting the hypothesis that strains 

isolated in the Eastern basin are more resilient to P limitation (at least in terms PO4
3−

 

usage, we will discuss other data below). The latter inference is further supported by the 

pre-experiment data shown in Fig. 2.2. In this experiment different initial PO4
3−

 

concentrations were tested for two strains and we observed that the eastern RCC1813 did 

not grow when no PO4
3−

 was added (only ASW) while the western RCC1827 did. Based 

on our data we cannot tell what the reason for the different PO4
3−

 usage efficiencies is but 

the findings of Riegman et al. (2000), who observed two different types of alkaline 

phosphatase (PAse) kinetics under P limitation in E. huxleyi (one constitutively and the 

other inducible at low growth rates) might be suggestive in this context. It remains to be 

tested whether the observed differences in P usage efficiency are based on different PAse 

activities. 

 

2.4.2. Coccolith morphology and coccosphere size 

Coming back to the question whether P limitation will affect the morphogenesis of 

coccoliths in E. huxleyi (referred in Section 1) we start off with a discussion of 

malformations and test the possibility that eastern Mediterranean strains are more resilient 

to P limitation than western strains. Malformations indicate a disturbance of the coccolith 

shaping machinery (Young & Westbroek 1991, Langer et al. 2010) and it was argued that 

such a disturbance has negative consequences for coccolithophores in terms of 

evolution/ecology (Henriksen et al. 2003, Langer et al. 2011). Although malformations 
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occur more frequently in culture samples than in field samples (Langer et al. 2006, 2012b), 

they can be conspicuous in the field (Okada & Honjo 1975, Kleijne 1990). Based on field 

data the latter authors suggested macro-nutrient limitation to be the main cause for 

malformations and so did Young & Westbroek (1991) based on data obtained from 

cultures. However, the latter hypothesis could not be confirmed in a batch culture study 

using C. leptoporus (Langer et al. 2012a). Båtvik et al. (1997), contrarily, suggested that 

their mesocosm-derived E. huxleyi morphology data support the nutrient-hypothesis 

(Okada & Honjo 1975, Kleijne 1990). A closer inspection of their morphology data, 

however, reveals that the effect is so small that they cannot serve to support the notion of a 

detrimental effect of nutrient limitation. 

 

In accordance with this re-interpretation of the Båtvik et al. (1997) data, Paasche (1998), in 

a thorough experimental study using E. huxleyi, found no evidence for an increase in 

malformations due to P limitation. Since the latter author used only one strain of calcifying 

E. huxleyi, the question remained whether other strains might have reacted differently. Our 

own data strongly suggest that this is unlikely, because we did not observe an increase in 

malformations due to P limitation in any of the six strains tested (Table 2.2). This 

observation, on the one hand, does not entail that there are no strains which show such an 

increase. On the other hand, it implies that a susceptibility of E. huxleyi morphology to P 

limitation is a rare phenomenon, if it exists at all. The term “insensitive morphogenesis” 

here specifically refers to the normal shaping (i.e. absence of tetratological malformation, 

Young & Westbroek 1991) of coccoliths. Taken together with the available data on C. 

leptoporus (Langer et al. 2012a), our data points to the notion that coccolithophore 

morphogenesis is insensitive to macro-nutrient limitation suggested by the latter authors.  

 

Although coccoliths continued to be normal in shape, P limitation caused other 

morphological features to change. One of them was coccosphere size. We measured 

complete spheres by two ways: using the Multisizer III Coulter counter and measuring 

them from SEM images. In both cases, P limitation was observed to increase the size of 

coccospheres in five out of six strains (F > 88.69, p < 0.05 for both measurement types). 

However, SEM derived sizes were between 0.6 and 1.5 μm larger (t=−15.94, p = 0.000). 

We argue that this is due to the fact that the Coulter counter registers only the cell size and 

not the coccosphere size. The Coulter counter measures the change in resistance imposed 
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by the particles, on the assumption that these particles are non-conducting; which is not the 

case of calcite. It is possible that, in a coccosphere, the coccoliths arranged in different 

layers facilitate the penetration of electrolyte solution into the coccosphere. This layer of 

intricate coccoliths and spaces in between would then have a lower resistance than the 

cells. The coulter counter could possibly read this as background electrolyte solution. 

Instead, a single coccolith, solid in the proximal shield, might have a higher resistance than 

its surrounding electrolyte solution. Iglesias-Rodriguez et al. (2008) also found that Coulter 

counter coccosphere volume data were smaller when compared to flow cytometry derived 

data, they could not determine the cause for this difference. Comparing coulter counter 

with light microscope derived measurements or measuring the same culture with and 

without coccoliths, is needed to test this hypothesis. 

 

Another morphological feature that changed with P limitation is coccolith over-

calcification (see Section 2.4 for definition). The latter parameter did increased 

significantly in RCC1827 (F = 9.41, p = 0.037) and in RCC1830 (F = 9.05, p = 0.040); 

displayed a marked decrease in RCC1833 (F = 17.22, p = 0.014) and it did not change in 

the others (F < 7.61, p > 0.05). While this observation clearly suggests the importance of 

strain-specific responses, the strain specificity cannot be traced back to the location of 

strain isolation. P limitation induced an increase in over-calcified coccoliths, accompanied 

by an increase in the calcium content per coccolith, in another E. huxleyi strain (Paasche 

1998), not originating from the Mediterranean Sea. However, considering our results the 

increase in over-calcification in response to P limitation cannot be regarded as a common 

phenomenon in E. huxleyi, but rather as a strain-specific feature. 

 

2.4.3. Element quotas and ratios 

An interesting question is whether morphological features of coccoliths, such as over-

calcification, can be related to calcite production. If so, there might be the possibility to 

establish a morphology based PIC production proxy, which would help assessing past 

coccolithophore PIC production (Beaufort et al. 2011). In the context of carbonate 

chemistry induced changes in calcification it was, for instance, shown that coccolith weight 

and calcite production (i.e. PIC production) are positively correlated (Bach et al. 2012). In 

the study by Paasche (1998) several calcification related parameters increased due to P 
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limitation, namely percentage of over-calcified coccoliths, coccolith calcium (i.e. PIC) 

quotas, cellular PIC quotas, and PIC:POC ratio. Interestingly, PIC production did not 

change. Hence the relationship reported by Bach et al. (2012) does not hold for P limitation 

in the E. huxleyi strain investigated by Paasche (1998). The question whether the latter 

relationship holds for the six strains investigated in our study is not easily answered. The 

reason for this is not only that we did not analyze coccolith weight, but also that our 

determination of PIC production under P limitation is not accurate. Briefly, under nutrient 

limitation the batch approach as employed by us necessarily leads to an incorrect 

determination of growth rate at harvest day and therewith production (please refer to 

Langer et al. (2012a) for a detailed reasoning). However, we can analyze the relative 

change between PIC and POC production, the PIC:POC ratio (please note that growth rate 

cancels here). In both RCC1827 and RCC1830 the PIC:POC ratio decreases in response to 

P limitation but the decrease is more pronounced in RCC1830 (F = 91.24, p = 0.001 and F 

= 718.80, p = 0.000 respectively). It can therefore be concluded that these two strains 

display similar responses with respect to over-calcification, but strain RCC1830 shows a 

stronger decrease in PIC production when normalized to POC production than does strain 

RCC1827 (Fig. 2.4). It is also conspicuous that five out of six strains decrease the 

PIC:POC ratio in response to P limitation (Fig. 2.4). Out of these five only RCC1833 

displays a decrease in over-calcified coccoliths, while the others show an increase or no 

change. Taken together, these observations support the findings of Paasche (1998), that 

there is no correlation between the change in the percentage of over-calcified coccoliths 

and the change in PIC production. 

 

There is no uniform trend in the change in PIC:POC ratio due to P limitation. As already 

mentioned, in our study only strain RCC1813 showed no change in PIC:POC ratio, while 

in all other strains it decreased. Hence the response is clearly strain-specific. The strain 

specificity could be the reason why results of other studies are discrepant. Paasche (1998) 

and Riegman et al. (2000) reported an increase in the PIC:POC ratio, while Borchard et al. 

(2011) showed a constant PIC:POC ratio. The fact that every possible trend (increase, no 

change, decrease) was already observed, although less than a dozen strains were 

investigated (Table 2.3) clearly suggests that the variability in response patterns is high in 

E. huxleyi. It is consequently impossible to make any predictions concerning the change in 

E. huxleyi's PIC:POC ratio under putatively more severe P limitation in the future. In case 
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of the C:N ratio (Fig. 2.5), however, the response pattern seems to be uniform. All six 

strains studied here, as well as the ones studied by Borchard et al. (2011), Riegman et al. 

(2000) and even one C. leptoporus strain (Langer et al. 2012a) increased the C:N ratio in 

response to P limitation (Table 2.3). The stark difference between the response patterns of 

PIC:POC and C:N ratios could stem from the fact that the production of (in)organic C-

compounds is less affected by P limitation than the production of organic N-compounds. 

Within the C-compound (including calcite) producing pathways it seems that it is highly 

variable whether PIC or POC production is more affected. It should also be mentioned that 

the C:P and N:P ratios markedly increased under P limitation, which is to be expected 

because P is the element in short supply. On the whole, C:N and N:P ratios of E. huxleyi 

change under P limitation in a consistent manner, while the PIC:POC ratios show a great 

strain specific variability in response patterns. 

 
Table 2.3 Summary of coccolithophore responses to phosphorus limitation in different batch or continuous 

(including also semi-continuous) experiments.   The horizontal arrow symbolizes no change in the variable; 

while the pointing up and pointing down arrows symbolize an increase and a decrease, respectively. A 10% 

of difference threshold was set to define a significant increase or decrease in the data from other studies. In 

Müller et al., 2008 control values were compared to early stationary phase values. In Borchard et al., 2011 

the 900pCO2 treatments were not taken into account. 

 

Finally, although E. huxleyi strain-specific responses to P limitation were observed in: 

PO4
3−

 usage, TPN quotas, PIC production, PIC:POC, in the degree of coccolith 

calcification and other morphological features, none of these differences between strains 

can be attributed to the strain isolation location. The absence of a pattern among the inter-

strain response variability indicates that no E. huxleyi ecogenotypes are established upon 
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environmental P availability in these strains. Supplementary data to this article can be 

found online at http://dx.doi.org/10.1016/j.jembe.2014.04.021. 

2.5. Supplementary data  

Table 2.4. Supplementary data on carbonate chemistry calculated from measured TA and pH in the culture 

media at harvest day. Shift in CO2, TA and DIC were calculated as the difference between the carbonate 

system measured on day 0 and the one on harvest day. 
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Chapter 3.  
 
Ocean acidification and phosphorus 
limitation alter cellular P content and 
lead to lower maximum cell densities in 
a Mediterranean strain of Emiliania 
huxleyi. 

 

Article in preparation 

 

Abstract 

The Emiliania huxleyi strain RCC1827, isolated in the Mediterranean Sea, was grown in 

batch culture to test the effects of the combined increase in seawater pCO2 and phosphorus 

limitation on population growth, cellular C, N and P quotas and coccolith morphology. 

Maximum cell densities decreased due to phosphorus limitation at all pCO2 levels 

indicating that all cultures were P limited. However pCO2 further decreased maximum cell 

densities only if cultures were also P limited. Growth rate deceased with pCO2 in both 

nutrient conditions (36% and 47% in P limited and replete conditions respectively). At all 

pCO2 levels, P replete cultures reached higher cell densities than P limited cultures. This 

results were linked to an increase in cellular P storage with increasing pCO2. The low PO4
3-

 

concentration in P limited cultures and higher increased P demand resulted in lower 

maximum cell densities in these cultures. It is concluded that under nutrient replete 

conditions E. huxleyi is more resilient to changes in pCO2 than when P stressed. Increased 

pCO2 caused malformation of coccoliths, though malformations occurred irrespectively of 

the P availability. Increased pCO2 did not affect the degree of calcification of coccoliths 

(i.e.: under-calcified, normaly-calcified or over-calcified). This suggests that in 

oligotrophic regions the degree of calcification, as seen in SEM images, is not a good 

proxy for carbonate chemistry parameters. 
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3.1. Introduction 

Approximately 30% of current CO2 emissions are being absorbed by the ocean (Rhein et 

al. 2013). As a result, the ocean´s carbonate chemistry is altered. That means, the pH, 

carbonate ion (CO3
2-

) and calcium carbonate saturation state (Ω) of seawater decrease 

while bicarbonate ion (HCO3
–
) increases. This phenomenon has been called “Ocean 

Acidification” (Caldeira & Wickett 2003). Estimates indicate that by the year 2100, the 

average surface ocean pH could be lower than it has been for more than 50 million years 

(Pearson & Palmer 2000). In parallel to these changes, rising surface seawater temperature, 

another consequence of enhanced CO2 emissions, obstructs the input of nutrient rich water 

from the deeper ocean into its surface, reducing phytoplankton growth (Behrenfeld et al. 

2006). In the case of nitrogen, this could be partially compensated by an increase in 

nitrogen fixation expected to occur as a response to enhanced column water stratification 

and increased pCO2 (Karl et al. 2001, Hutchins et al. 2007, Levitan et al. 2007) and the 

increase in nitrogen enriched atmospheric depositions (Moore et al. 2013). Thus, the 

abundance of phosphate relative to nitrogen is expected to decrease. Additionally, ocean 

acidification itself decreases phosphate concentrations, throughout modification of the 

phosphoric acid system with decreased pH [for details see Zeebe & Gladrow (2001)].  

 

Within phytoplankton, coccolithophores are a group of particular interest with respect to 

the combined effects of ocean acidification and P limitation. On the one hand, they cover 

their cell with plates (coccoliths) made of calcium carbonate whose production and 

durability is believed to be hampered by the ongoing ocean acidification. On the other 

hand, Given their high affinity for phosphate when compared to other phytoplankton 

groups (Riegman et al. 2000) they are particularly important in regions with low [P], such 

as the Mediterranean Sea, where coccolithophores are a seasonally dominant group of the 

phytoplankton community (Siokou-Frangou et al. 2010). Coccolithophores contribute 

about half of the modern worldwide marine pelagic CaCO3 sedimentation (Frenz et al. 

2005, Broecker & Clark 2009), which in turn contributes to ballasting organic carbon 

(Lombard et al. 2013). Therefore, a reduction in their abundance or in the amount of calcite 

in coccoliths may largely influence the global carbonate cycle and reduce the organic 

carbon export [Meier et al. (2014) and references therein]. Emiliania huxleyi  (Lohmann 

1902) Hay & Mohler in Hay et al., (1967) is the most abundant coccolithophore species in 

the modern oceans (Paasche 2002) and thus, one of the species that contribute the most to 
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coccolithophore carbon export, with the caveat that in mixed populations, other larger or 

heavier calcified species may become more important in term of carbon export (Daniels et 

al. 2014).  

 

Under enhanced pCO2, photosynthesis and ultimately population growth are thought to be 

stimulated in species with poorly efficient carbon concentration mechanisms,  such as 

coccolithophores, were photosynthesis is not saturated at present pCO2 (Paasche 1964, 

Buitenhuis et al. 1999, Rost et al. 2003, Bach et al. 2013). Low seawater [PO4
3-

], precisely 

0.009 ± 0.007 mol L
-1

, limited coccolithophore growth in the eastern Mediterranean Sea 

(Kress et al. 2005). How the interaction of high CO2 and P limitation will act upon 

coccolithophore growth is still an open question. It has been hypothesized (Beardall & 

Giordano 2002) that increased pCO2 reduces the need for carbon concentrating 

mechanisms (CCMs) which consume P, and in turn, it reduces the stress caused by nutrient 

limitation. So far, the experimental evidence in support of this hypothesis is inconclusive. 

In the study of Borchard et al. (2011) decreased POP quotas coupled with increased 

maximum cell densities may indicate less stress from P limitation when the cells are 

exposed to the combination of P limitation and ocean acidification. This is consistent with 

the abovementioned hypothesis. On the other hand, in the study of Rouco et al. (2013) high 

pCO2 alone caused an increase in POP quotas but the combination of high CO2 and P 

limitation caused no change of P requirement. However, no data on maximum cell 

densities or growth rate are available which makes it impossible to judge whether the stress 

caused by P limitation was reduced or not. 

 

Most probably, the degree of calcification of a coccolith has biogeochemical implications, 

because coccolithophores with over-calcified coccoliths are expected to have a higher 

PIC:POC ratio and this increases the probability of long term carbon burial (Klaas & 

Archer 2002, Ziveri et al. 2007). On the other hand, coccolith morphology might be more 

instrumental in evolutionary success of coccolithophores than calcification rate (Langer et 

al. 2011). The combined effects of phosphorus limitation and ocean acidification on 

coccolith morphogenesis have not yet been tested in laboratory.  However, when tested 

separately, ocean acidification produces thinner and malformed coccoliths in some 

cultured strains (Riebesell 2004, Langer et al. 2006, 2009, Rickaby et al. 2010, Bach et al. 
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2011). On the contrary, P limitation does not result in the malformation of coccoliths in the 

majority of species and strains tested  (Langer et al. 2012, Oviedo et al. 2014) while it 

increases the degree of calcification in most of the tested strains (Oviedo et al. 2014). Here 

we tested the effect of seawater acidification and P limitation on population growth, P 

requirement, and coccoliths morphology of E. huxleyi. 

3.2. Methods 

3.2.1 Strain selection 

Emiliania huxleyi strain RCC1827 was obtained from the Roscoff culture collection, 

isolated during the BOUM cruise in September 2008. RCC1827 was isolated from the 

south-western Mediterranean (39º 6'N, 5º 21'E). Additional information can be found on: 

http://www.sb-roscoff.fr/Phyto/RCC/index.php?option=com_dbquery&Itemid=24.   

 

3.2.2 Culture media preparation 

The culture media consisted of 68% natural North Sea seawater and 32% artificial 

seawater (Kester et al. 1967). Replete cultures were enriched to F/2 levels (Guillard & 

Ryther 1962) while no phosphate was added to the limited ones. In this way, PO4
3-

 

concentrations were ~0.2M for the limited cultures versus 35.0M in the replete cultures. 

The small amount in the limited cultures was calculated from the carryover of the stock 

cultures at inoculation. Phosphate was measured using an Autoanalyzer Evolution III 

(Alliance Instruments) with detection limits of 0.1M. Salinity was adjusted to 38 to 

mimic Mediterranean surface seawater conditions. All culture media was then sterile-

filtered through a 0.2m pore size cartridge into the culture glass bottles of 2.3 l. A 

minimum head-space was conserved. 

 

pCO2 manipulations were done by changing total Alkalinity (TA) with acid (HCl, 1M) and 

base (NaOH, 1M) additions. Target pCO2 were: 200 (LGM), 750 (~ year 2100), 1500 (in 

the upper range of the worst IPCC scenario), and 2150 (extreme value). Measured initial 

and final carbonate system parameters are shown in Table 1. Alkalinity samples were 

filtered (Whatman GFF filter, 0.6 m pore size), stored in 300 ml borosilicate flasks at 4 

ºC, and measured in duplicate by potentiometric titration. TA was calculated from linear 
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Gran plots (Gran 1952). Dissolve inorganic carbon (DIC) samples were sterile-filtered (0.2 

m pore size cellulose-acetate syringe filters) and stored in 13 ml borosilicate flasks free of 

head space and stored at 4ºC for 1 to 5 days until they were measured using a Shimadzu 

TOC 5050A. pH was determined potentiometrically (electrode IOline, Schott Instruments, 

pH meter WTW 340i)  on the NBS scale and converted to total scale using Certified 

Reference Materials (Tris-based pH reference material, Batch No. 2, Scripps Institution of 

Oceanography, USA).  Samples and standards were measured at 20ºC.  For each culture 

bottle, TA, DIC and pH samples were measured in duplicate. The carbonate system was 

calculated from TA, pH, phosphate, and temperature, using the program CO2Sys (Lewis & 

Wallace 1998). Equilibrium constants of Mehrbach et al. (1973) refitted by Dickson & 

Millero (1987) were chosen. 

 

3.2.3 Batch cultures development and harvest 

Batch cultures were kept in an incubator (Rubarth Apparate GmbH, Germany) at 20°C on 

a 16/8 L/D cycle and an irradiance of 300 - 380 mol photons s
-1

m
-2

. Cell density at 

inoculation was ~400 cells ml
-1

. Limited cultures were allowed to grow to stationary phase, 

which was reached at cell densities below ~100 x 10
3
 cells ml

-1
. P-replete cultures for each 

strain were harvest during the exponential phase, trying to match the cell density yielded 

by the respective limited culture. Cell density and size were monitored, initially every 

other day and then daily until harvest day, using a coulter counter (Beckman Multisizer 

III).  A small volume of each P-replete culture was grown until cell densities approached 1 

x 10
6
 cells ml

-1 
or a decrease was observed. Growth rates were calculated by means of 

exponential regression using all data points until harvest day.  

 

3.2.4 Response variables 

3.2.4.1 Element cellular quotas 

The protocol for measurements of particulate organic nitrogen (PON), total particulate 

carbon (TPC), particulate organic carbon (POC) and particulate organic phosphorus (POP) 

were the same as in Oviedo et al. (2014). Briefly, samples for all cellular quotas were 

filtered onto pre-combusted (500 ºC; 12 h) GFF filters. Samples for carbon and nitrogen 

determination were oven dried (60 ºC overnight). Filters for POC were treated with 230 l 
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of HCl (0.1 M) to remove all the inorganic carbon and oven-dried again. POC, TPC and 

PON were measured on a Euro EA Analyser (Euro Vector). PIC was calculated as the 

difference between TPC and POC. Filters for POP were oven-dried for an hour, dissolved 

in a mixture of 35 ml Milli-q water and potassium peroxide and autoclaved (120ºC, 30 

min). Samples were centrifuged after the addition of ascorbic acid and a mixture of 

reagents (sulphuric acid, ammonium heptamolybdate-tetrahydrate, potassium antimoyl-

tartrate and distilled water). The soluble reactive phosphorus determined photometrically 

following (Hansen & Koroleff 1999).   

 

3.2.4.2 Coccolith morphology and coccosphere size 

A small volume of culture (between 15 and 70 ml depending on yield cell densities) was 

filtered onto polycarbonate filters (Sartorius, 0.25 m) and dried at 60ºC for 24 hours. A 

piece of each filter was placed on aluminum stubs and sputter coated using an EMITECH 

K550X. Imaging was performed in a ZEISS-EVO MA10 scanning electron microscope 

(SEM). Between 360 and >1000 coccoliths forming coccospheres were analyzed per 

sample on its distal view. Coccoliths were classified using captured images in: normal 

(inner tube circle, external rim and all distal shield elements were well formed and the 

latter were of the same size and symmetrically distributed around the inner tube circle); 

malformed (when the coccolith was asymmetrical) or incomplete coccoliths (when all the 

external rim was absent or only the inner tube circle was present). Te degree of 

calcification (qualitatively from SEM images) was evaluated in normal coccoliths, which 

were sub-classified in over-calcified (when distal shield elements were thicker to the point 

that half or more were fused, usually but not always the inner tube circle was also thicker), 

normally calcified coccoliths (when individual distal shield elements clearly displayed the 

space between them and the inner tube circle was wider than distal shield elements) and 

under-calcified coccoliths (visibly thin coccoliths with a wide space between distal shield 

elements and thin inner tube circle). See examples in Figure 2.1 of Chapter 2. Coccosphere 

size was recorded from the Multisizer III coulter counter data. 

 

http://plankt.oxfordjournals.org/content/31/6/583.full#ref-25
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3.2.5 Statistics 

One way ANOVAs followed by Tukey´s post-hoc tests were conducted for each P 

treatment to examine the differences between the 4 pCO2 levels. This was done with the 

software SPSSv19. 

 

3.3. Results 

From the beginning to the end of the experiment, pCO2 changed from to 1% to 25% (the 

latter in the 1500 pCO2 - P limitation treatment). Variation in pH was close to ±1%. TA 

varied between 0,5% and 20%, the latter value in the 750 pCO2 -P limitation treatment. 

Ωcalcite at harvest day was always higher than 1.3 (Table 3.1) which is unfavorable for 

calcite dissolution. On the other hand, phosphorus limitation was evident by the decrease 

in maximum cell densities, growth rate and POP quotas (Table 3.2). 

 
Table 3.1. Carbonate chemistry in the culture media at the beginning of the experiment (initial) and at 

harvest day (final).  DICc stands for calculated DIC and DICm for measured DIC.
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Table 3.2. Average element quotas and cell density in cells exposed to two P regimes and 4 different pCO2 

levels. Standard deviation (SD) of triplicates is shown.  

 

 

3.3.1 Population growth 

Maximum cell densities decreased in one order of magnitude due to phosphorus limitation 

(Table 3.2). In response to enhanced pCO2, maximum cell densities of P limited cultures 

decreased up to 80% (Figure 3.1, A), from ~112 x 10
3
 cells ml

-1
 at 200 atm pCO2 to ~23 

x 10
3
 cells ml

-1
 at 2150 atm pCO2. On the contrary, Maximum cell densities of P replete 

cultures reached several thousand cells per ml (Table 3.2) in all pCO2 treatments. Growth 

rate was always higher in P replete cultures and decreased with pCO2 in both nutrient 

conditions (up to 36% and 47% in limited and replete conditions respectively). At pCO2 

levels between 200 and 1500 atm P limitation also caused a decrease in growth rate 

which was less pronounced (23 ± 4 %) than the one caused by increased pCO2.. At 2150 

atm pCO2, both, P limited cultures and P replete cultures, grew at similar rates (Figure 

3.1, B).  Nevertheless, P replete cultures at this pCO2 level could continue growing slowly 

for 15 days while the limited cultures could not grow beyond day 9, which led to much 

lower cell densities in P limited cultures (Figure 3.1, A). 
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Figure 3.1. Cell density evolution from inoculation (day 0) until stationary phase for E. huxleyi strain 

RCC1827, under P limited conditions (A). Growth rate calculated from the cell density evolution for each 

strain under P limited and replete conditions (B). 

 

3.3.2 Element quotas 

Although a tendency towards increasing POC quota with increased pCO2 can be observed 

in P replete cultures, this was only significant between 200 and 1500 atm pCO2 (p= 

0.015). In P limited cultures, POC quota initially increased when passing from 200 atm to 

750 atm pCO2 (p<0.001). Further increase in pCO2 decreased POC quota with respect to 

200atm (p<0.001). POC increased with P limitation but this increase was attenuated at 

high pCO2 (Figure 2). Cells were able to produce calcite (i.e. PIC) at all tested pCO2, under 

both, P limited and P replete conditions. In P replete cultures, PIC and the PIC:POC ratio 

showed a tendency to decrease with enhanced pCO2 (Figure 3.2), however, for PIC quota 

this was only statistically significant between the extreme treatments (p= 0.024 between 

200 and 2150 atm). No linear pattern was observed in P limited cultures.  Under both, P 

replete and P limitation conditions, cells stored more POP at higher pCO2 (up to 410% in P 

limited cultures and 350% in P replete cultures, respect to 200 atm pCO2). The total PO4
3-

 

assimilated per culture, however, did not change with pCO2 (Figure 3.2).  
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Figure 3.2. Cellular element quotas of: A, particulate organic carbon (POC); B, particulate inorganic carbon 

(PIC); C, PIC:POC ratio; D, particulate organic phosphorus (POP) and  E, the POP assimilated by limited 

(upper panel) and replete (lower panel) cultures, at different pCO2 conditions. 

 

From inoculation to harvest day, coccosphere size showed an increasing trend in P limited 

cultures and decreased or did not change in P replete cultures. In P limited cultures, after 7 

days of experiment, the increase in coccosphere size was less pronounced in cultures with 

enhanced  pCO2 levels (Figure 3.3). 

 

Figure 3.3. Coccosphere size evolution from inoculation (day 0) until stationary phase for E. huxleyi strain 

RCC1827, under P limitation, A; and P replete conditions, B. 

 

3.3.3 Coccolith morphology 

The percentage of malformed coccoliths increased significantly in response to increased 

pCO2 until 1500 atm. Further increase in pCO2 did not augment malformations (Figure 
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3.4A). The degree of calcification of normal coccoliths did not change with increased 

pCO2 (Figure 3.4B-D). The percentage of incomplete coccoliths was neglectible in all 

treatments (<5%).  

 

 

Figure 3.4. A, percentage of malformed coccoliths; and degree of calcification in normal developed 

coccoliths (B to D), at different pCO2 conditions. 

 

3.4 Discussion 

3.4.1 Population growth 

CO2 assimilation has as constrain that the enzyme mediating carbon fixation, the Rubisco, 

has a low affinity for its substrate, CO2 (Morell et al., 1992, Badger et al., 1998). Carbon 

concentrating mechanisms (CCMs) help then to overcome this constrain by increasing the 

concentration of CO2 at the site of carboxylation (Rost et al. 2008 and references therein). 

Thus, it has been hypothesized that species with inefficient CCMs may directly benefit 
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from the increase in CO2 (Rost et al., 2008). This seems to be the case of E. huxleyi,  

whose photosynthesis is not saturated at present pCO2 (Paasche 1964, Buitenhuis et al. 

1999, Rost et al. 2003, 2008, Bach et al. 2013).  Given that photosynthesis is the starting 

point of the processes that lead to growth, it is conceivable that if photosynthesis is sensitive to 

[CO2], growth will be as well. Nevertheless, at ambient [CO2], growth of E. huxleyi is 

apparently saturated (Clark & Flynn 2000) and it is not clear how the species growth rate could 

be affected if pCO2 further increases. 

 

The decrease in  and maximum cell densities with increasing pCO2 in P limited cells 

indicates that our results cannot be interpreted in terms of carbon limitation. Even further, 

Blach et al. (2013) suggested that CO2 is the principal factor responsible for growth 

inhibition below a [CO2] of ~ 7.5 mol/Kg. We tested this strain under [CO2] as low as ~ 6 

mol/Kg and still inhibition of growth only occurred with increased [CO2] and not the 

opposite. The decrease in  observed in P replete cultures shows that changes in the 

carbonate chemistry alone are capable to affect E. huxleyi physiology, but the potential 

implication for population size are mostly seen in combination with P limitation. 

 

Regarding the combination of P limitation and OA, the available data suggest that P limited 

E. huxleyi cells can maintain its growth rate when passing from ~360 to 2000 atm pCO2 

(Leonardos & Geider 2005) and at lower pCO2 levels (Borchard et al. 2011, Engel et al. 

2014). This, however doesn´t mean that maximum cell densities are equally maintained, as 

an increase, decrease and no change was observed in these experiments respectively. In the 

Mediterranean E. huxleyi strain used here, P limitation and increased pCO2 decreased µ 

and the maximum cell densities yield by each culture. The decrease observed in P limited 

cultures under high pCO2 points out to a high susceptibility of this strain under the 

combination of P limitation and ocean acidification. Which is the mechanism by which 

carbonate system modification (e.g.: pH or other parameter) reduced E. huxleyi cell 

densities in these cultures? What implications would there be for P limited cells? We 

propose that the effect of pCO2 on POP quotas caused the decrease in maximum cell 

densities. 
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3.4.2 Element quotas and ratios 

How P cellular requirement may be affected by the combination of ocean acidification and 

P limitation is not obvious from previous experiments. Clearly, particulate organic 

phosphorus production (POP) is expected to decrease with P limitation. However, in 

relation to ocean acidification this response is less clear. It has been hypothesized (Beardall 

& Giordano 2002) that increased pCO2 reduces the need for carbon concentrating 

mechanisms (CCMs) which consume P.  A down-regulation of CCM´s by enhanced pCO2, 

would allow the cells to economize P that could help to cope with the effects of P 

limitation. Some of these effects are carbon overconsumption; low POP quotas and finally 

decreased reproduction. In a chemostat study by Borchard et al. (2011) enhanced pCO2 

alone or in combination with P limitation, slightly decreased POP quotas. This was 

probably due to the increased maximum cell densities, which is not observed under P 

limitation alone. This indicates decreased P requirements in benefice of cell division, 

which is consisted with the hypothesis of (Beardall & Giordano 2002). In a batch culture 

experiment (Leonardos & Geider 2005) lowest cell densities were reached under the 

combination of ocean acidification and P limitation, and it was only under these conditions 

that all PO4
3-

 in the media was consumed. The latter results may be indicative of an 

amplification of the detrimental effects of P limitation when, in addition, cells are exposed 

to high pCO2, which opposes the above mentioned hypothesis and the results of Borchard 

et al. (2011). 

 

The results of our experiment suggest that, if a down-regulation of CCMs occurs at high 

pCO2, this one does not attenuate the effects of P limitation. For instance, carbon 

overconsumption occurred at pCO2 levels ≤ 1500 atm. and maximum cell densities 

decreased already when passing from 200 to 750 atm. How can these responses be 

explained?  

 

In E. huxleyi RCC1827, high pCO2 increases the cellular P requirement/storage, as 

evidenced by the increase in POP quotas and decrease in maximum cell densities. Total P-

assimilation (i.e.: POP per liter), however, was constant through all pCO2 levels. This 

means that ocean acidification does not affect P-uptake, but makes the cells invest in POP 

quota rather than cell division. If P is a limiting nutrient in their natural environment, their 
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higher requirement will make them consume the available P faster than at lower pCO2. 

This will translate into lower population size, which means that cells under this 

combination of environmental factors will be less competitive in the field. 

 

While ocean acidification is expected to disrupt calcification (PIC production) through 

either the decrease in pH or the increase in CO2 (Langer and Bode 2011, Bach et al. 2012), 

P limitation apparently enhances calcification (Paasche & Brubak 1994, Paasche 1998). It 

has been hypothesized that coccolithophores may increase their calcification rates when 

nutrients become limited. This could be related to calcification generating protons that can 

be used in exchange for nutrient ions (McConnaughey & Whelan 1997) or to the reduction 

of cytosolic free Ca
+
 ions that otherwise could precipitate PO4

3-
 (Degens & Ittekkot 1986). 

Would that mean that the detrimental effects of enhanced pCO2 on calcification would be 

attenuated in P poor waters?. Current evidence suggest that the answer to this question is 

no. For instance, PIC production in two chemostat experiments running under low [P], 

decreased at the highest pCO2 level tested (900 atm) (Borchard et al. 2011) or did not 

change within the rage 180 to 750 atm (Engel et al. 2014), which points towards a 

stronger effect of pCO2 on calcification. In our study, PIC quotas and production in P 

limited cultures had a maximum at ~1500 atm pCO2, after which they decreased. Thus, 

although at CO2 values predicted for the end of this century calcification may not be 

negatively affected in this Mediterranean strain growing under P limitation conditions, at 

extreme CO2 values the detrimental effect is clear. However, P limited cultures had, 

generally, lower PIC quota, which means there was no compensatory effect from P 

limitation. 

 

PIC:POC ratio is > 1 only in P replete cultures ≤ 750 atm pCO2. A decrease in 

calcification rate relative to photosynthesis favors the role of E. huxleyi populations as a 

CO2 sink in the ocean in a short time scale. Thus, in a P poor environment, at short time 

scales, the role of E. huxleyi populations may be that of a CO2 sink. This result implies that 

depending on the nutrient status, the role of some E. huxleyi populations can change from 

source to sink. But that this can also occur if pCO2 levels go beyond the levels expected for 

the end of the century. 
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3.4.3 Coccolith morphology 

The earlier hypothesis that macro-nutrient limitation is the main cause for coccolith 

malformations (Okada & Honjo 1975, Young & Westbroek 1991) could not be confirmed 

by experimental studies (Langer et al., 2012a, Oviedo et al., 2014). However, high pCO2 

alone is thought to result in thinner and malformed coccoliths in culture experiments 

(Riebesell et al. 2000, De Bodt et al. 2010, Langer et al. 2011, Bach et al. 2012), with some 

exceptions depending on the strain used (see Langer et al. 2011). Other exceptions come 

from mesocosm experiments: Engel et al. (2005) in Norway, and Oviedo et al., (submitted) 

in the Mediterranean Sea observed no increase in malformations in E. huxleyi coccoliths 

with enhanced pCO2. The Mediterranean experiment was carried out under P depleted 

conditions (~10nM) and thus, phytoplankton cells were under similar stressors as those 

imposed during this study. In the present culture experiment, were the population grew 

actively from ~400 cell L
-1

 to ~1x10
5
 cells L

-1
, high pCO2 increased the percentage of 

malformed coccoliths in both nutrient regimes (Figure 3.4). During the mesocosm 

experiment the population was in decline and no information on the E. huxleyi coccolith 

production rates was achieved. It is possible that the duration of the mesocosm experiment 

was too short (12 days) in relation to the production of new coccoliths, to allow observing 

any impact on coccolith morphology. As mentioned above, most experiments performed to 

test effects of ocean acidification with pCO2 showed a disruption in the coccolith 

morphogenesis. Our experiment further confirms this notion. Increased coccolith 

malformation with enhanced pCO2 suppose a disruption of the coccolith production 

process which likely will have a negative impact in the “fitness” of the cell(s) carrying 

malformed coccoliths. 

 

Regarding the degree of calcification, sediment samples around the globe apparently 

record a positive correlation between placolith mass (for which the degree of calcification, 

as observed by SEM, may be an approximation) and Ωcalcite (Beaufort et al. 2011). The 

degree of calcification of normal coccoliths did not change with increased pCO2 (Figure 

3.4). This does not mean that high pCO2 did not caused any change in coccolith calcite 

mass. Indeed, it is possible that the approximation we used (degree of calcification as 

observations of coccolith SEM images) does not reflect the calcite content of a coccolith 

(there was no relationship with PIC quotas). Thus, in oligotropic regions the degree of 
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calcification, as observed by SEM images, is not a good proxy for carbonate chemistry 

parameters, or for the estimations of PIC quotas. 

 

3.5 Conclusions 

i) An important conclusion of this research is that oligothrophy (i.e. P limitation) 

amplifies the response to ocean acidification in terms of fitness (measured as maximum 

yield cell densities). The mechanism by which this happens involves an increase in P 

demand (or storage) with increased pCO2. Under a P limited supply, accomplishment of 

these higher quotas decreases maximum yield cell densities. Even if cells living under this 

combination of environmental conditions may contain more TPC and more POP, the 

exported material may decrease due to strong limitation of the population growth. Would 

this mean that the contribution of coccolithophores to the export of carbon will decrease 

under the combination of P limitation and OCEAN ACIDIFICATION? Or that their role as 

a sink or source of CO2 to the atmosphere can change? This depends on the relative 

abundance of coccolithophores to other phytoplankton groups in the different regions and 

on changes in the PIC:POC ratio.  

ii) The PIC:POC ratio was found > 1 only in P replete cultures under a pCO2 ≤ 750 

atm. Thus, our results imply that depending on the nutrient status, the role of some E. 

huxleyi populations can change from source to sink of atmospheric CO2. 

iii)     It is also shown that ocean acidification causes coccolith malformation irrespectively 

of the external nutrient concentration. 
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Chapter 4.  
 
Coccolithophore community response to 
increasing pCO2 in Mediterranean 
oligotrophic waters 

 

Article submitted:  Oviedo A, Ziveri P, Gazeau F (in review) Coccolithophore response to 

increasing pCO2 in Mediterranean oligotrophic waters. Estuarine, Coastal and Shelf 

Science. 

 

Abstract 

The effects of elevated partial pressure of CO2 (pCO2) on plankton communities in 

oligotrophic ecosystems were studied during two mesocosm experiments: one during 

summer 2012 in the Bay of Calvi, France, and another during winter 2013 in the Bay of 

Villefranche, France. Here we report on the relative abundances of coccolithophores versus 

siliceous phytoplankton, coccolithophore community structure, Emiliania huxleyi coccolith 

morphology and calcification degree. A pCO2 mediated succession of phytoplankton 

groups did not occur. During both experiments, coccolithophore and diatom abundances 

and the coccolithophore community structure varied with time independently of pCO2 

levels. The abundance and species composition patterns were partly explained by the 

concentration in phosphate during the winter experiment. During the summer experiment, 

it could not be related to any of the parameters measured. Day by day analysis showed that 

while E. huxleyi, that dominated the coccolithophore community in winter, was not 

affected by elevated pCO2 at any time. In contrast, the abundance of Rabdosphaera 

clavigera, the dominant species in summer, increased with time and this increase was 

affected at elevated pCO2. Finally, elevated pCO2 had no traceable effect on E. huxleyi 

(type A) coccolith morphology or on the degree of coccolith calcification. Our results 

highlight the possibility that, in oligotrophic regions, nutrient availability might exert 
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larger constrains on the coccolithophore community structure than high pCO2 does solely. 

They also show that a differently coccolithophore community response based on species-

specific sensitivities to pCO2 is likely. 

4.1. Introduction 

Ocean pH has decreased by 0.1 units since the industrial revolution as a consequence of the 

absorption by the ocean of CO2 originating from anthropogenic activities (Feely et al. 

2009). If CO2 emissions continue following the “ business as usual” scenario 

(Representative Concentration Pathway; RCP8.5), the projected further decrease in pH for 

the end of the century is of 0.43 units and will imply a reduction of 56% in carbonate ion 

concentration (Gattuso et al. 2014).  

 

Marine phytoplankton fixes nearly half of the total primary productivity on Earth (Field et 

al., 1998).  This carbon accounts for approximately two-thirds of the vertical gradient of 

carbon in the ocean, the rest is attributed to the “solubility pump” (Passow and Carlson 2012 

and references therein). The effects of ocean acidification on phytoplankton would likely 

depend on the group considered (Rost et al. 2008). On one hand, photosynthesis, and thus 

particulate organic carbon (POC) production is thought to be stimulated in species with 

poorly efficient carbon concentration mechanisms, such as coccolithophores (Paasche 

1964, Buitenhuis et al. 1999, Rost et al. 2003, Bach et al. 2013), whereas in diatoms, 

photosynthetic carbon fixation rates are probably close to their maximum at present day 

CO2 levels (Rost et al. 2003, Rost & Riebesell 2004). On the other hand, the 

phytoplanktonic groups producing calcareous crystals and plates covering the cell (e.g. 

coccolithophores, calcareous dinoflagellates) are expected to be strongly affected by ocean 

acidification through the decrease in carbonate ions (van de Wall et al. 2013, Meyer and 

Riebesell 2015). 

 

Calcification is a process that releases CO2 back to the atmosphere, but also favours the 

export of carbon as calcium carbonate (CaCO3). Worldwide, coccolithophores 

(Haptophyta) contribute about half of the modern marine pelagic CaCO3 sedimentation 

(Broecker & Clark 2009, Frenz et al. 2005) Furthermore, coccolithophore CaCO3 can 

enhance sinking velocities of biogenic organic aggregates up to 100% (Lombard et al. 
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2013; Ziveri et al. 2007). Therefore, this important process can favour the export of 

inorganic and organic carbon to the deep ocean. 

 

The state of knowledge on the impacts of elevated partial pressure of CO2 (pCO2) on 

coccolithophores is mainly derived from laboratory culture experiments on few species 

(mostly Emiliania huxleyi) and few genotypes within these species (see comprehensive 

review of Meyer & Riebesell 2015). In order to assess the effects of changing seawater 

carbonate chemistry on natural phytoplankton communities, with different genotypes that 

co-exist and with intra- and inter-specific competition, pCO2 manipulations in large 

seawater volumes entrapping entire communities are necessary if we are to understand the 

effects on food webs, carbon export and other attributes of the pelagic ecosystem 

functioning. Mesocosms, that are defined as experimental enclosures from one to several 

thousands of litres that maintain natural communities under close-to-natural conditions 

(Riebesell et al. 2008, 2013), have been increasingly used in both aquatic and terrestrial 

ecology (Stewart et al. 2013). Mesocosms offer the possibility to study the effects of 

environmental and/or anthropogenic disturbances on a large variety of chemical and 

biological processes.  

 

Past studies (in ship-board and large mesocosm experiments) have shown increased 

coccolithophore abundances (mostly E. huxleyi) under elevated pCO2 conditions (Riebesell 

et al. 2000; Engel et al. 2005; Paulino et al. 2008; Feng et al. 2009) or showed maximum 

values at present day pCO2 (Engel et al. 2008). While most studies showed a stimulation of 

organic growth, calcification has been shown to decrease (Riebesell et al. 2000; Delille et 

al. 2005) or to remain unchanged (Bellerby et al. 2008, Feng et al. 2009) under elevated 

pCO2 conditions.  

 

As shown above, most previous mesocosm experiments agree with the theoretical 

expectations that account for the effects of CO2 on photosynthesis and calcification. It must 

be stressed, that, during these experiments, phytoplankton blooms were induced by nutrient 

additions. This is a common approach because it allows smaller sample volumes and does 

not impose nutrient limitation stress to the organisms in a close system. However, more 

that 60% of the ocean is oligotrophic (Longhurst et al. 1995). In these regions, 

coccolithophores generally dominate the phytoplankton community (Rost et al. 2003, 
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Baumann et al. 2004). In addition, it has been hypothesized that coccolithophores may 

increase their calcification rates when nutrients become limited; this is counterintuitive but 

could be related to the calcification generating protons that can be used in exchange for 

nutrient ions (McConnaughey & Whelan 1997).  Therefore, some important questions 

arise, specifically to low nutrient low chlorophyll areas: How will coccolithophore 

calcification be affected if nutrient limitation and increased pCO2 have, in theory, opposite 

effects? Would coccolithophore growth still be enhanced by elevated pCO2 under 

oligotrophic conditions? If so, would this lead to a dominance of coccolithophores over 

other phytoplankton groups? 

 

Among coccolithophores, species-specific sensitivities of calcification and growth rate to 

ocean acidification exist (Langer et al. 2006). These differences could affect these two 

processes at the community level. Even further, coccolithophore species have different 

growth strategies. Some species are typical of oligotrophic conditions while other 

“opportunistic”, bloom according to nutrient inputs (Ziveri et al. 2004, de Vargas 2007). 

These specific differences raise an additional question: will the responses to elevated pCO2 

at the community level, change according to the initial coccolithophore assemblage?  

 

The semi-enclosed Mediterranean Sea is an ideal place for exploring these questions 

because, due to its anti-estuarine circulation, nutrients are washed away towards the 

Atlantic Ocean maintaining a meso- to oligotrophic status in the western basin and an 

ultra-oligotrophic status in the eastern basin. Coccolithophores are conspicuous all along 

the Mediterranean Sea (Knappertsbusch 1993; Ignatiades et al. 2009, Oviedo et al. 2015), 

and in its coastal waters (Dimiza et al. 2008, Garrido et al. 2014). In the Eastern 

Mediterranean Sea, coccolithophores are the main contributor of biogenic CaCO3 

precipitation throughout the year (Knappertsbusch 1993, Ziveri et al. 2000, Malinverno et 

al. 2003). Its ballasting role (Klaas & Archer 2002, Ziveri et al. 2007) is suggested to 

explain the high organic matter fluxes in the Ionian Sea (Malinverno et al. 2014). 

 

In the framework of the European Mediterranean Sea Acidification in a changing climate 

(MedSeA) project (http://medsea-project.eu), the effect of ocean acidification on plankton 

community has been investigated based on mesocosm experiments conducted in two 

http://medsea-project.eu/
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different sites of the Northwestern Mediterranean Sea, during two contrasting seasons 

(summer vs. winter). Here we report on the results on coccolithophore community 

structure, coccolith morphology, apparent degree of calcification in E. huxleyi, and the 

relative abundances of coccolithophores versus siliceous-phytoplankton main groups. 

 

4.2. Methods 

4.2.1. Experimental design 

Fully described in Gazeau et al. (submitted), the experimental design consisted in a 

gradient of elevated pCO2 levels (perturbation treatments; P1 to P6) and a triplicated 

control under ambient conditions (controls; C1 to C3). Nine mesocosms were deployed in 

June 2012 in the Bay of Calvi (BC; Corsica, France; 42°34’48” N, 8°43’33” E) and in 

February 2013 in the Bay of Villefranche (BV; France; 43°41’49” N, 7°18’43” E). 

Ambient pCO2 levels in the two sites and seasons were different (i.e., ~ 450 vs. 350 μatm 

in BC and BV, respectively). As a consequence, the targeted elevated pCO2 levels were 

also different. In BC, these were P1: 550, P2: 650, P3: 750, P4: 850, P5: 1000 and P6: 

1250 μatm. In BV, the levels were P1: 450, P2: 550, P3: 750, P4: 850, P5: 1000 and P6: 

1250 μatm. 

 

The mesocosm structure (fully described in Guieu et al. 2014) consisted of large 

polyethylene-vinyl acetate bags of 0.5 mm thickness (HAIKONENE KY, Finland). They 

were 2.3 m in diameter and 12.5 m in height for the cylindrical, upper part, and 2.2 m for 

the conical part at the bottom (total volume of ~50 m
3
). The cylindrical bags were ballasted 

and filled with ambient seawater. A 5 mm mesh screen covering the bottom plates 

excluded larger organisms. In order to avoid atmospheric deposition, the tops of the 

mesocosms were covered with UV-transparent ETFE roofs. These covers were elevated to 

~10 cm above the top of the structure, allowing air to circulate. They were partially opened 

during sampling. pCO2 levels were modified by adding various volumes of filtered (5 mm 

mesh) CO2 saturated seawater. A diffusing system was used to ensure a better mixing of 

this CO2 saturated seawater inside the mesocosms. In order to minimize the stress induced 

by the addition of large quantities of acid water, the acidification of the mesocosms was 

performed over 4 days (for more details see Gazeau et al. submitted). In BC, the 
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experiment lasted 20 days (June 24
th

, 2012 = day 0 to July 14
th

, 2012 = day 20) while, in 

BV, the experiment was stopped after 12 days (February 21
st
, 2013 = day 0 to March 5

th
, 

2013 = day 12) as a consequence of bad weather conditions (see Gazeau et al. submitted). 

 

4.2.2. Environmental parameters 

Conductivity-temperature-depth (CTD) casts were performed on a daily basis in each 

mesocosm during both experiments. A Sea-Bird Electronics (SBE) 19plusV2 system, 

operated with several probes placed in a laminar flow entrained by a pump provided 0.25 

m resolution continuous profiles for temperature, salinity, density, dissolved oxygen, 

fluorometry and irradiance, between 0 and 10 m depth. 

 

Methods used to measure the different parameters of the carbonate chemistry are fully 

described in Gazeau et al. (submitted). In brief, seawater samples for total alkalinity (AT) 

and dissolved inorganic carbon (CT) measurements were collected daily. AT was 

determined potentiometrically (Metrohm© Titrando) according to Dickson et al. (2007) 

and CT was determined using an inorganic carbon analyser (AIRICA, Marianda©) coupled 

to an infrared gas analyser (LI-COR© 6262). All other parameters of the carbonate 

chemistry were determined from CT and AT using the R package seacarb (Lavigne et al. 

2014). 

 

Samples for pigments analyses (including total Chl a shown here) were taken every day. 

Two litres of sampled seawater were filtered onto GF/F. Filters were directly frozen with 

liquid nitrogen and stored at -80 °C pending analysis at the Laboratoire d’Océanographie 

de Villefranche (France). Filters were extracted at -20 °C in 3 mL methanol (100%), 

disrupted by sonication and clarified one hour later by vacuum filtration through GF/F 

filters. The extracts were rapidly analyzed (within 24 h) by high performance liquid 

chromatography (HPLC) with a complete Agilent Technologies system. The pigments 

were separated and quantified as described in Ras et al. (2008). 

 

The protocols followed for nutrient analyses are described in Louis et al. (submitted). 

Briefly, phosphate (PO4
3-

) was measured using a Liquid Waveguide Capillary Cell 

(LWCC) made of a 2.5 quartz capillary tubing and connected to a spectrophotometer. The 
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limit of detection was 1 nM. Repeatability and reproducibility were ~ 4.8% and 7%, 

respectively. Nitrate + nitrite (NOx) was measured spectrophotometrically with a 1 m 

LWCC. The limit of detection was ~10 nM and the reproducibility was ~6%. Silicate (Si) 

was measured using a Skalar AutoAnalyser. 

 

4.2.3. Sampling and phytoplankton analyses 

Water sampling for taxonomical analyses was conducted from June 25
th

 (day 1) to July 

11
th

 (day 17) 2012 at ~8:30am (local time) in BC and from February 21
st
 (day 0) to March 

5
th

 (day 12) at ~10:00am (local time) in BV. During both experiments, samples were taken 

every other day integrating the first 10 m of the mesocosm water column. A 5 L integrated 

water sampler (IWS; HYDRO-BIOS©) was used for that purpose.  

 

Samples for taxonomical analyses were gently filtered onto acetate cellulose membranes 

(Millipore, 0.45 μm pore size, 47 mm diameter). Membrane filters were oven-dried at 40 

°C for ca. 12 h and stored in sealed Petri dishes. In BC, between 3.6 and 5 L of water were 

filtered for that purpose. In BV, the volume was lowered to 1 to 3.5 L. A portion of each 

filter was placed on aluminium stubs and gold-coated using an EMITECH K550X sputter 

coater. Samples were observed under a ZEISS-EVO MA10 scanning electron microscope 

(SEM) at 3000x. Phytoplankton groups were quantified as coccolithophores, diatoms, and 

silicoflagellates. Cell densities (number of cells per L of seawater) were calculated from 

the counts and the volume of water observed. In samples with very few coccospheres, 

larger portions of the filter were observed. Nevertheless, due the very low cell densities in 

BC samples, only day 1 and day 17 were analysed. In BC, the observed portions 

corresponded to an average of 7.3 mL of seawater (min. 3.2 and max. 11.5 mL). In BV, on 

average 2.3 mL (min. 1.5 and max. 4.3 mL) were observed. The corresponding detection 

limits were then calculated from Bollmann et al. (2002). For samples of BC, the detection 

limit was ~400 cells L
-1

 and for samples from BV it was ~1200 cells L
-1

. When a small 

volume was analyzed, a minimum of 100 coccospheres were quantified. In BC, even when 

looking at larger volumes of seawater, only between 52 and 265 cells were counted. In BV, 

between 101 and 418 cells were counted. Lower (CL) and upper (CU) confidence intervals 

at 95% significance were estimated following Bollmann et al. (2002). For a 52-cells count, 

these were CL= 40 and CU= 68 cells, and for a 418-cell count: CL= 380 and CU= 460 
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cells. Coccolithophore species were identified to a species level following Young et al. 

(2003). Diatoms were classified by size (< 20 m, 20 - 80m, > 80m) and by taxonomic 

order (pennales vs. centrales). The larger diatom size class was often below detection 

limits. Thus, for statistical purposes, it was not taken into account by itself, but it was 

included within “total diatoms”. 

 

4.2.3.1. Emiliania huxleyi coccoliths  

When attached to coccospheres, Emiliania huxleyi coccoliths were classified in: 

malformed (asymmetrical), incomplete (when the external rim and/or all elements were 

absent) or normally developed (inner tube circle, external rim and all distal shield elements 

were well formed and the latter symmetrically distributed around the inner tube circle). In 

turn, normally developed coccoliths were sub-classified according to their degree of 

calcification into: over-calcified (when distal shield elements were thicker to the point that 

half or more were fused, usually but not always the inner tube circle was also thicker), 

normally-calcified coccoliths (when individual distal shield elements clearly displayed the 

space between them) and under-calcified (when the space between elements was wider, 

elements, external rim and inner tube circle were thin). On average, 518 coccoliths per 

sample (min. 247; max. 919) were classified. The very low E. huxleyi cell densities in the 

samples from BC impeded a robust morphological analysis its coccoliths in these samples. 

 

4.2.4. Statistics 

All environmental data used here are available on Pangaea, Bay of Calvi: 

http://doi.pangaea.de/10.1594/PANGAEA.810331 and Bay of Villefranche: 

http://doi.pangaea.de/10.1594/PANGAEA.835117. 

 

Stepwise multilinear regression analyses were performed to test for the effects of the 

carbonate chemistry perturbation treatments and other measured environmental variables 

on the response variables during the whole course of the experiments and for the first and 

last sampled days. Percentage data (i.e. coccolith morphology related data) were arcsin 

transformed prior analysis. Analyses were performed using the SPSS v.18 software. 

http://doi.pangaea.de/10.1594/PANGAEA.835117
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Additionally, the E-PRIMER v.5 package was used for the following analyses: (1) 

multidimensional scale ordination (MDS) of coccolithophore species abundances: 2D plots 

were used to visualize similarities in the community structure among the different samples, 

(2) the SIMPER routine was run to analyse similarities and dissimilarities in the 

community structure among the different treatments along time; (3) the BIOENV routine 

was used to detect the set of environmental variables that yielded the highest Rho–

Spearman rank correlation “best fit” with the biological data. The environmental variables 

used in this routine were: salinity, temperature, oxygen, pCO2, and the concentrations of 

bicarbonate ion (HCO3
-
), carbonate ion (CO3

2-
), NO3

-
, and PO4

3-
. Except for PO4

3-
 for the 

BC experiment and oxygen in the BV experiment due to missing data. For running these 

routines, similarity matrices were generated using the Bray–Curtis similarity coefficient 

and Euclidean distances for the biological and environmental data respectively. 

 

4.3. Results 

The evolution of environmental parameters during the two experiments can be seen in 

Figures 4.1 and 4.2 (BV and BC respectively). During the BV experiment, pCO2 declined 

sharply as a consequence of strong winds and sea surface turbulence that favoured CO2 

degassing at the air-sea interface. After 4 days of experiment (day 4), pCO2 levels in P1 

and P2 were similar and at day 6, P1, P2, P3 and P4 reached similar levels in terms of 

pCO2. P5 and P6 remained well separated until the end of the experiment, although pCO2 

levels also declined (see Gazeau et al. submitted, for more details). In BC, pCO2 levels in 

P1 and P2 remained relatively constant and well separated from each other during the 

entire experiment. In contrast, due to CO2 degassing at the air-sea interface, pCO2 levels in 

P5 reached the levels of P4 after 14 days of experiment.  

 

During the winter (BV) experiment, temperature remained more or less stable at ca. 13 °C 

during all the experiment and salinity increased slightly as a consequence of evaporation 

(see Gazeau et al. submitted, this issue, for more details). Initial [PO4
3-

] was 10.4 ± 2.2 

nmol L
-1

, with no strong variations. [NO3
-
] at day 0 was 0.13 ± 0.03 mol L

-1
, stable until 

day 3. A general increase in [NO3
-
] occurred between day 3 and day 9, after which it 
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remained constant to be 0.31 ± 0.12 mol L
-1

 on the last sampled day. [Si] fluctuated 

between 0.90 mol L
-1

 and 1.45 mol L
-1

 with increasing variability towards the end of the 

experiment. [DFe] was on average 2.5 ± 1.2 nmol L
-1

. When sampling started (day 0), [chl-

a] was on average 1.1 ± 0.1 g L
-1

 and steadily decreased until the end of the experiment 

(day 12). During the experimental period, O2 concentrations remained constant close to 

saturation. All parameters were homogeneous in the water column (data not shown). 

 

Figure 4.1 Environmental parameters in the different mesocosm bags during the experiment in the Bay of 

Villefranche (BV). Partial pressure of CO2 (pCO2), temperature, salinity, phosphate (PO4
3-

), nitrate (NO3
-
), 

silicate (Si) and dissolved oxygen (O2) are presented for the 9 mesocosms: C1 to C3 for triplicate controls 

and P1-6 for increasing levels of CO2. 

 

The summer experiment performed in BC started with [PO4
3-

] of 22.8 ± 4.1 nmol L
-1

, 

rapidly (from day 0 to day 1) decreasing to 3 - 12 nmol L
-1

, [NO3
-
] of 0.097 ± 0.024 mol 

L
-1

, [Si] of 1.68 ± 0.03 mol L
-1

 and initial [chl-a] < 0.06 g L
-1

. During the BC 

experiment, [chl-a] increased showing maximal values on day 14 (average between the 9 

mesocosms, 0.09 ± 0.01 g L
-1

). Temperature levels increased on average from ~22.1 °C 
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on day 0 to ~24.7 °C on day 17. As in BV, salinity increased as a consequence of 

evaporation during the experiment. Nevertheless, during all the experiment the water 

column was homogeneous in terms of salinity. 

 

 

Figure 4.2 Environmental parameters in the different mesocosm bags during the experiment in the Bay of 

Calvi (BC). Partial pressure of CO2 (pCO2), temperature, salinity, phosphate (PO4
3-

), nitrate (NO3
-
), silicate 

(Si) and dissolved oxygen (O2) are presented for the 9 mesocosms: C1 to C3 for triplicate controls and P1-6 

for increasing levels of CO2. 

 

4.3.1. Coccolithophore, diatom and silicoflagellate communities 

In BV, higher cell densities were recorded on day 0, after which a general decrease was 

observed until the end of the experiment (Figure 4.3). Initial cell densities of 

coccolithophores, diatoms and silicoflagellates in this experiment ranged from 8.7 x 10
4
 to

 

1.1 x 10
5
 cells L

-1
 for coccolithophores, 3.7 x 10

4
 to 1.2 x 10

5
 cells L

-1
 for diatoms and 1.7 

x 10
3
 to 4.4 x 10

3
 cells L

-1
 for silicoflagellates. This represented a contribution of 28-51% 
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for diatoms, 48-71% for coccolithophores and 1-2% for silicoflagellates. The temporal 

dynamics of coccolithophore and diatom cell densities showed the largest decrease in the 

first three days (Figure 4.3) and few changes during the rest of the experiment. No change 

with elevated pCO2 was observed in the abundances of the phytoplankton groups 

monitored, nor in the coccolithophores:diatoms ratio (Table 4.1). Regarding the species 

composition, in BV, the coccolithophore assemblage was dominated by E. huxleyi (48 to 

82%) followed by Syracosphaera marginoporata (0 to 29%), S. ossa (0 to 24%) and S. 

molischii (0 to 21%). An increase in the species S. marginoporata with increasing pCO2 

was significant (Table 4.1) but driven only by an increase of this species abundance in the 

P6 treatment of day 0, as seen in Figure 4 and confirmed by further day-by-day regression 

analysis (Table 4.1).  

 

Figure 4.3 Abundances of the dominant phytoplankton groups recorded during the experiment in the Bay of 

Villefranche (A, B, C) and in the Bay of Calvi (E, F) and comparison with POC concentrations during both 

experiments (D and G, respectively). In the Bay of Calvi,  silicoflagellates were only seen in few samples and 

are not plotted. C1 to C3 for triplicate controls and P1-6 for increased levels of CO2. 
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The best fitting multivariable regression model that explained coccolithophore abundances 

in BV (Table 4.1) included a negative relationship with salinity and NO3
-
 and a positive 

effect of temperature. Diatom abundances in BV were also positively related to 

temperature and negatively to salinity. The coccolithophores:diatoms however, showed a 

decreasing trend with temperature. Silicoflagellate abundances were positively related to 

[PO4
3-

] and negatively with salinity (Table 4.1). 

Table 4.1 Results from the stepwise regression analyses performed using data from all days and from the 

first and last sampled days during the experiment in the Bay of Villefranche. Input variables were: partial 

pressure of CO2 (pCO2), temperature (T), salinity (S), nitrate (NO3
-
), phosphate (PO4

3-
) and silicate (Si). st. 

values are the standardized coefficients. NS = no statistically significant model (at a risk α = 0.05). 
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In BC, initial cell densities of coccolithophores ranged from 440 cells L
-1

 to 1.2 x 10
3
 cells 

L
-1

 and diatoms densities varied between 1.0 x 10
4
 and 2.8 x 10

4
 cells L

-1 
(Figure 4.3, D 

and E). No silicoflagellates were observed at any time. Higher cell densities were recorded 

at the end of the experiment (day 12). Coccolithophore abundance on this day ranged from 

3 x 10
3
 to 1.5 x 10

4
 cells L

-1
 and for diatoms from 7 x 10

3
 to 1.4 x 10

4
 cells L

-1
 (Figure 

4.3). Diatoms contributed between 86 and 92% of the phytoplankton recorded at the start 

of the experiment (day 1), but its contribution decreased on day 17 to 46-70%, while 

coccolithophore contribution increased from an initial 4-10% to 30-54%. At the end of the 

experiment, higher coccolithophore abundances were related to the species Rabdosphaera 

clavigera, that represented between 60 and 85% of total coccolithophores (Figure 4.4). 

Together with E. huxleyi, these two species represented more than 90% of the 

coccolithophore assemblage in BC. When analysing the data of the beginning and end of 

the experiment together, no change with enhanced pCO2 was observed during BC in any of 

the variables studied. When analysing the two sampling events separately, a decrease in 

coccolithophore abundances with increasing pCO2 on day 17 was evidenced (Table 4.2), 

concomitantly with a decreasing trend with elevated pCO2 for the species R. clavigera 

(Table 4.2; Figure 4.4).  

 

Among the environmental variables used as input for the stepwise regressions, temperature 

was the only significantly related to coccolithophore abundances in BC (Table 4.2). Note 

that multivariable regression analyses for the whole data set and for day 17 were performed 

without [PO4
3-

] because no data was available for this day. Nevertheless, the data available 

for day 1 varied little (± 1 nmol L
-1

) and this variation is below the detection limit. Thus, 

[PO4
3-

] did not significantly relate to coccolithophore abundances when data are available 

(Table 4.2, day 1). No statistically significant regression model was established for diatom 

abundances. The ratio coccolithophores:diatoms related positively to temperature (Table 

4.2). 
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Figure 4.4 Abundances of the two dominant coccolitophore species during the experiment in the Bay of 

Villefranche (A, B) and in the Bay of Calvi (C, D). C1 to C3 for triplicate controls and P1-6 for increasing 

levels of CO2. 

 

Table 4.2 Results from the regression analyses performed using data from all days and from the first and last 

sampled days during the experiment in the Bay of Calvi. Input variables were: partial pressure of CO2 

(pCO2), temperature (T), salinity (S), O2, nitrate (NO3
-
), and silicate (Si). Phosphate (PO4

3-
) was used only for 

day 1. st. values are the standardized coefficients. NS = no statistically significant model (at a risk α = 0.05). 
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The size distribution of diatoms (< 20, and 20-80) did not change with increasing pCO2 

during any of the two experiments (Tables 4.1 and 4.2). Nano-sized diatoms were the most 

abundant type of diatoms during the two experiments from the beginning to the end. For 

instance, during the experiment in BC, small (~15 m large) diatoms of the order pennales 

comprised more than 63% of total diatoms. During the experiment in BV, small diatoms 

(~5-15 m large) of the order centrales were the most abundant type of diatom, comprising 

more than 70% of total diatoms.  

 

4.3.2. The coccolithophore community structure 

Forty-six coccolithophore species were observed in samples from BV versus 8 recorded in 

samples from BC (Appendix A). During both experiments, the community structure 

changed with time, but changes were independent of the pCO2 treatment (Table 4.3, i.e., 

pCO2 was not included within the environmental parameters that best related to patterns in 

community structure among the sampled treatments). In BV, average similarities in the 

community structure were higher within samples taken on the same date (71.9-84.4%) than 

within samples corresponding to the same pCO2 treatment (55.2-61.4%). Additionally, 

dissimilarities between the controls and the different perturbed pCO2 levels were relatively 

low and almost constant (36.2-39.2%).  

 

Table 4.3 Rho values () for the best combinations of environmental variables explaining patterns in 

coccolithophore community structure during the experiment in the Bay of Villefranche (BV) and the one in 

the Bay of Calvi (BC). Input variables as in tables 1 and 2 respectively, with the addition of carbonate (CO3
2-

) and bicarbonate (HCO3
-
) ions concentration. 

 

 

MDS of all coccolithophores species also allowed visualizing differences in the 

community structure with time, but not among the pCO2 treatments (Figure 4.5A). During 
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the BV experiment, changes in the community structure were related to salinity (rho = 

0.587) and to the combination of salinity and PO4
3-

 (rho = 0.585), followed by the 

inclusion of temperature (rho = 0.584; Table 4.3). For BC, the MDS allowed visualising 

differences in the community structure with time. Changes among the pCO2 treatments, 

although insinuated (Figure 4.5B), proved not to be statistically significant (Table 4.3). The 

BIOENV results suggest that changes in the community structure were related to oxygen, 

salinity, temperature and [NO3
-
] (rho = 0.742 for different combinations of these 

parameters; Table 4.3). 

 

Figure 4.5 MDS plot performed with the similarity coefficients of the species abundance data (biological 

data) in the Bay of Villefranche (BV; A) and in the Bay of Calvi (BC; B). Sample labels include the 

treatment and the date of sampling (dd.mm). C1 to C3 for triplicate controls and P1-6 for increasing levels of 

CO2. 

 

4.3.3. Emiliania huxleyi coccoliths 

During the BV experiment, the percentage of malformed coccoliths of E. huxleyi did not 

vary with CO2 but related to salinity (Table 4.1). Higher percentages of overcalcified 

coccoliths were related to higher temperatures (Table 4.1). The percentage of malformed 

coccoliths was initially lower than 5%, but increased with time until maximum values near 

20% (in one control and one pCO2 perturbed mesocosm, Figure 4.6). 
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4.4. Discussion 

4.4.1. Environmental parameters and their dynamics with time 

During the BV experiment, initial nutrient concentrations at the time of mesocosm closing 

and during the acidification phase were higher than in BC. However, inorganic nutrients 

were rapidly utilized by pico and nano-phytoplankton, causing the rise in Chl-a that 

reached 1.1 ± 0.1 μg L
-1

 on day 0 in BV (Gazeau et al. submitted). The actual mesocosm 

sampling was performed in low nutrient concentrations, characteristic of mesotrophic 

Figure 4.6 Percentage of malformed coccoliths (A), normal developed but under-calcified coccoliths (B) 

and normal developed but over-calcified coccoliths (C) in the different pCO2 treatments: C1 to C3 for 

triplicate controls and P1-6 for increasing levels of CO2. 



85 

 

regions. Although chl-a values recorded during the BV experiment (0.36 - 1.27 μg L
-1

) 

were relatively low, weekly Chl-a measurements at the entrance of the Bay of Villefranche 

(time series Point B; http://somlit-db.epoc.u-bordeaux1.fr/bdd.php) confirmed that the 

values measured during the experiment were close to the highest recorded for the year 

2013 (see Gazeau et al. submitted). Therefore, no real bloom occurred and then, 

environmental conditions encountered during the BV experiment can be qualified as pre-

bloom conditions. 

 

The BC experiment was performed in typical oligotrophic and stratified summer 

conditions of the Ligurian Sea (see Bosc et al. 2004). Maugendre et al. (in press) suggested 

the initial plankton community to be in metabolic balance. BC waters represented a source 

of CO2 to the atmosphere as a consequence of its trophic state and temperature (Gazeau et 

al. submitted). 

 

4.4.2. Temporal changes in coccolithophore, diatom and silicoflagellate 

communities 

Coccolithophore cell densities were comparable to previous studies in the open 

Mediterranean, where a maximum of 2.3 x 10
5
 cells L

-1
 (Knappertsbusch 1993) has been 

reported in the Levantine basin during late winter, though average abundances were ~4.4 x 

10
4
. In autumn, values of the order of x 10

3
 to x 10

4
 cells L

-1
 have been reported 

(Knappertsbusch 1993, Malinverno et al. 2003). During summer and in coastal regions, 

abundances are below 1 x 10
4
 cells L

-1
 (Ignatiades et al. 2009 and Dimiza et al. 2008 

respectively). 

 

It has been hypothesized that coccolithophores have a competitive advantage over diatoms 

under more acidified waters, as predicted from the fact that at actual CO2 levels, 

photosynthetic rates of coccolithophores are below CO2 saturation whereas diatoms 

efficiently concentrate CO2 near the carboxilation site and might not benefit from external 

increases in pCO2 (Rost et al. 2003, Rost & Riebesell 2004). However, a pCO2 mediated 

replacement of phytoplankton groups did not occur in any of the two experiments, where 

neither the dominance patterns, nor the phytoplankton group abundances changed among 
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pCO2 treatments. Instead, temperature, salinity and [NO3
-
] were apparently more predictive 

of coccolithophore abundances (Table 4.1). Both, salinity and [NO3
-
] increased gradually 

with time during this experiment. The former within a very small range to affect the 

euryhaline E. huxleyi species (~38.14 to ~38.20, Figure 1). The latter slightly increased 

from day 3 to day 9 probably due to nitrification (Al-Moosawi et al. in preparation).  Thus, 

the observed relationship with these parameters might just be an artefact of 

coccolithophores simultaneously decreasing with time (Figure 4.3), with no mechanism 

functionally connecting the observed trends. Regarding the effect of temperature, although 

this parameter affects phytoplankton growth rates (Huertas et al. 2011) and among 

phytoplankton, coccolithophores (Buitenhuis et al. 2008), during the BV experiment, 

variation in temperature was less than 0.4 ºC. The global distribution of E. huxleyi 

(dominant species during the BV experiment) covers temperatures from about 1 °C to 30 

°C (Winter et al. 1994) and in a single strain from the Sargaso Sea a temperature shift of 4 

°C (from 20 ºC to 24 ºC) did not cause a significant difference in PIC and POC responses 

(Feng et al. 2008). Thus, we do not believe temperature to be the sole, nor the main, 

parameter explaining coccolithophore abundances during the BV experiment. The same 

holds true for diatom abundance which was related to changes in temperature and salinity 

by stepwise regression. Correlation analyses suggest that [PO4
3-

] stimulated all the 

phytoplankton groups monitored (at α = 0.01 for coccolithophores and α = 0.05 for 

silicolfagellates and diatoms) but its effect was not significant enough, in relation to the 

effect of the other environmental parameters considered, as [PO4
3-

] was not included in the 

best fitted variables of stepwise regressions. Nevertheless, during the sampled dates the 

N:P among mesocosms increased from 13 ± 4 to 32 ± 17 which makes PO4
3-

 limitation 

likely. Given that the abundances of coccolithophores, diatoms and silicoflagellates clearly 

changed with time independently of the pCO2 treatment, it is also possible that: (1) species 

phenology determined phytoplankton abundance patterns. If this was the case, the 

phenologycal synchrony was maintained over the course of the experiment, with moderate 

variations due to [PO4
3-

], or (2) a non measured limiting resource caused the observed 

trends in phytoplankton abundances. 

 

Temperature was also the variable that best explained coccolithophore abundances during 

BC mesocosm experiment, where coccolithophores were favoured over diatoms at the end 

of the experiment, which coincided with higher temperature levels. During this experiment, 
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temperature variability was ca. 2.5 ºC and then, the likelihood that could have had an effect 

on phytoplankton growth rate is higher than for the BV experiment. However, we cannot 

exclude the possibility that the relationship mainly describes simultaneous changes with 

time (Figures 2 and 3), as in the case of salinity during the BV experiment. In general, 

during the BC experiment, none of the parameters measured could be strongly related to 

changes in coccolithophore or diatom abundance. For this experiment, again, a 

phenological synchrony in the phytoplankton species could have determined the 

abundances patterns. 

 

Shifts between the different phytoplankton groups under elevated pCO2 conditions have 

been observed in previous studies and are generally associated to the group’s cell size. 

However, while high pCO2 on a equatorial pacific community led to the dominance of 

larger species (i.e. diatoms over nanoflagellates; Tortell et al. 2002), in an Artic 

community, elevated pCO2 stimulated pico- and nano- phytoplankton which later led to a 

decrease in growth and biomass of the diatom community (Brussaard et al. 2013). A 

similar effect was detected in the Bering Sea, where coccolithophores eventually replaced 

larger phytoplankton (Hare et al. 2007). In Norwegian waters, no changes in phytoplankton 

dominance occurred (Paulino et al. 2008) due to increased pCO2 but nutrient addition 

caused a shift from small picoplankton to E. huxleyi and diatoms. Our two experiments, 

performed under low nutrient conditions from the beginning to the end, showed no shift 

between phytoplankton groups. It must be mention that in these Mediterranean 

experiments, both coccolithophores and diatoms were mostly smaller than 15 m large and 

thus, a shift in between them would have not meant a shift cell size. Thus, the initial 

characteristics of the phytoplankton community size structure, possible linked to the low 

nutrient levels, may have constrained any shift caused pCO2 if these occur in relation to 

cell size. Even if this can be one explanation for the lack of shift during our experiments, it 

still does not explain why in the few mesocosm experiments performed to date, under 

nutrient replete conditions, all types of responses have already been observed (i.e. shifts 

towards larger and towards smaller phytoplankton, and no shift at all).  

 

A similar argument could be used regarding lack of change in the size distribution of 

diatoms with increasing pCO2. Feng et al. (2009), Tortell et al. (2008) and Eggers et al. 

(2014) have observed shifts from small to larger diatoms under elevated pCO2 and 
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eutrophic conditions. In the latter study, the occurrence of the shift was dependent on the 

initial community composition. Contrarily to our experiment, in the above-mentioned 

mesocosm experiments, there were no nutrient constraints. During our experiments, 

nutrient availability could have been an external pressure favouring nanoplanktonic 

diatoms, limiting the build up of biomass associated with larger cell sizes.  

 

4.4.3. Coccolithophore species-specific response 

Although the apparent increase of S. marginoporta abundance with pCO2 during the BV 

experiment is in agreement with previous observations where coccolithophore cell 

densities have been reported to increase (Engel et al. 2005, Hare et al. 2007, Paulino et al. 

2008, Feng et al. 2009) we do not believe this species was actually stimulated by 

increasing pCO2 during our experiment, as the increase was led by an extreme value of the 

highest pCO2 (P6) in the first sampled day. Although observable only on one sampling 

event, the species R. clavigera during the BC experiment was apparently affected by 

enhanced pCO2. Here, the decline in abundance with CO2 is not the result of an extreme 

value in one mesocosm unit, but it gradually occurs among the treatments in the last 

sampled day (Figure 4.3, Table 4.2). This effect was not observed in BV because in this 

experiment R. clavigera cells were rare. Thus, although most changes in coccolithophore 

species abundance occurred in time and were probably of a phenological character, 

different sensitivities to elevated pCO2 of the dominant species have the potential to drive 

different responses in total coccolithophore abundance. A recent study suggests that in the 

Mediterranean Sea, R. clavigera is preferentially distributed in waters with low nutrients, 

but may be affected by low [CO3
2-

] (Oviedo et al. 2015). Hence, relating its abundance to 

seawater carbonate chemistry. Overall, this could indicate that coccolithophore 

communities with different species composition may respond differently to ocean 

acidification. It implies that the populations of E. huxleyi present during our experiments 

were less affected (if at all) by elevated pCO2 than R. clavigera. Nevertheless, it should be 

noticed that R. clavigera is not a bloom forming species and its absolute abundance in 

samples from the Atlantic, Pacific and Mediterranean oceans rarely pass the 10 x10
3
 cells 

L
-1

, which is reflected in a poor contribution of R. clavigera coccoliths to biogenic calcite 

in surface sediments (Kleijne 1992). Therefore, it is likely that even if a decrease in R. 
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clavigera abundance occurs due to enhanced pCO2, the geochemical effects of this change 

may be small. 

 

4.4.4. The coccolithophore community structure 

To the best of our knowledge, this is the first study that analyses changes in the 

coccolithophore community structure (i.e. species composition, total and relative 

abundances) when manipulating pCO2 in naturally occurring communities. Thus, direct 

comparisons are not yet possible. Nevertheless, employing the same analytical approach in 

a set of samples collected along a E-W transect in the Mediterranean Sea, Oviedo et al. 

(2015) observed that heterococcolithophores distribution patterns were highly related to 

carbonate chemistry and salinity. [PO4
3-

] also seemed to play an important role in 

unravelling the distribution of this coccolithophore life phase. In a similar approach, 

Charalampopoulou et al. (2011) associated changes in coccolithophore assemblage 

composition with the combination of irradiance and pH. Results from our two mesocosm 

experiments are not consistent with these previous findings in that carbonate chemistry was 

not found to be a structuring variable. Instead, nutrients (with PO4
3-

 being important during 

the BV experiment and NO3
- 
during BC), salinity (in both) and oxygen and temperature (in 

BC) appeared co-related variables. Salinity is not known to affect coccolithophore growth, 

and in both experiments it could just indicate that major changes occurred with time (as 

discussed in section 4.2). The same is true for temperature and oxygen during the BC 

experiment, which changed gradually on time. By contrast, nutrient availability is 

fundamental for phytoplankton growth and stoichiometry (Sverdrup 1953, Klausmeier
 
et 

al. 2004). In specific, a [PO4
3-

] of 0.009 ± 0.007 mol L
-1

 has proven to be limiting for 

coccolithophore growth in the Eastern Mediterranean Sea (Kress et al. 2005). This 

concentration was often reached during the two experiments. During the BV experiment, 

N/P ratio increased from 13 ± 4 to 32 ± 17, being below Redfield’s ratio in one control 

only (C3). Therefore, some of the coccolithophore species present during BV could have 

been limited by PO4
3-

, which, in turn, could determine the species composition of the 

community. Nitrification during the BC experiment makes the relationship between [NO3
-
] 

and the coccolithophore community difficult to interpret (discussed in section 4.4.2). 
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4.4.5. Emiliania huxleyi coccoliths 

Adverse effects of ocean acidification on coccolith morphology and calcite production 

were first suggested by Riebesell et al. (2000). Further culture experiments showed 

species-specific (Langer et al. 2006; Rickaby et al. 2010) and even strain-specific (Langer 

et al. 2011) sensitivity to increased pCO2, which likely has a genetic basis. Increased 

coccolith malformation was observed in only two E. huxleyi strains out of the 4 tested by 

Langer et al. (2011) at > 900 atm pCO2 (note that our category of “malformed” includes 

Langer et al. categories “malformed” and “malformed and incomplete”). Bach et al. (2012) 

showed that in this common species, malformations are related to [H
+
], starting at a pH 

form ~8 down to 7.1. In naturally occurring populations, from ocean acidification 

mesocosm experiments and field studies, signs of harmed coccolith morphogenesis seem 

rare and ambiguous. For instance, an increase in E. huxleyi malformed coccoliths was 

recorded in a natural pH gradient near CO2 vents off Vulcano Island, Italy (Meier et al. 

2014). However, high pCO2 and low pH were not fully linked to high proportion of 

malformed coccoliths. In fact, key factors such as the levels of exposure to elevated CO2 at 

volcanic vents and small-scale hydrological/atmospheric factors (i.e. wind-driven currents) 

might have determined the effects on coccolith morphogenesis. During a mesocosm 

experiment in Norway, Engel et al. (2005) did not observe an increase in malformation in 

E. huxleyi coccoliths, consistently to observations made during our experiments. Towards 

the end of the BV experiment, we observed increased proportion of malformed coccoliths 

(e.g. in C3 and P3), probably indicating other disturbances affecting E. huxleyi coccolith 

morphogenesis. The outcome of the multivariable regression analysis suggests that 

increased percentage of malformed coccoliths was linked to increased salinity. However, 

in a culture experiment (Green et al. 1998), decreased salinity of the medium led to 

increased coccolith malformation, which opposes the results of the regression analysis and 

supports the idea that the relationship with salinity is not functional (as previously 

discussed).  

 

Regarding the degree of calcification, although several previous studies on naturally 

occurring E. huxleyi populations suggest that its coccolith´s calcite decreases at elevated 

pCO2 (Cubillos et al. 2007, Beaufort et al. 2011, Meier et al. 2014), others have observed 

no effect (Young et al. 2014) as in this study (Figure 4.6). It is important to note that our 

samples, as well as in Young´s et al. study, consisted almost entirely of E. huxleyi 
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morphotype A. Thus, if the previously observed decrease in E. huxleyi coccolith´s calcite 

associated to high pCO2 is based on morphotypes sorting, our samples could not record it. 

In fact, Cubillos et al. (2007) claimed that, for E. huxleyi in the Southern Ocean, changes in 

calcite saturation states rather lead to shifts in dominance from the heavier calcified 

morphotype A to the poorly calcified morphotype B/C. On the same line, Beaufort et al. 

(2011) suggested that the association between calcification (i.e. calcite mass per coccolith), 

pCO2 and the co-varying carbonate ion reflected the distribution of differentially calcified 

species and morphotypes according to carbonate chemistry. The decrease in the coccolith 

mass of E. huxleyi in sediment trap time series (from 1993 to 2005) observed by Meier et 

al. (2014) and related to changes in surface ocean carbonate chemistry can also reflect the 

distribution of differentially calcifying morphotype strains. 

4.5. Conclusions 

Overall, our results highlight the possibility that nutrient limitation in oligotrophic regions 

might exert larger constrains on coccolithophores than high pCO2 does and prevail on 

determining the coccolithophore community structure. We did not detect any negative 

effect on Emiliania huxleyi abundance, coccolith morphology and degree of calcification 

of its coccoliths that could be attributed to elevated pCO2. However, we cannot rule out the 

possibility that carbonate chemistry affects the distribution of E. huxleyi morphotypes 

whose coccoliths degree of calcification differs. 

 

Given that most changes in phytoplankton abundances and community structure were 

time-dependent, and possibly linked to the initial community (i.e. composition and size 

structure), mesocosm studies ideally should be performed in different initial community 

conditions and covering different stages of a seasonal cycle. This will also allow studying 

the effects of increased pCO2 on species phenology, which could have drove most of the 

observed changes. The influence of nutrient availability (i.e. phosphate) in Mediterranean 

coccolithophore responses to on-going environmental changes should be approached in 

multiple stressors studies. 

________________________ 

Please note that Appendix A (Coccolithophore species list) is derived from this Chapter. 
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Chapter 5.  
 
Is coccolithophore distribution in the 
Mediterranean Sea related to seawater 
carbonate chemistry? 

 

Published as: Oviedo A, Ziveri P, Alvarez M, Tanhua T (2015) Is coccolithophore 

distribution in the Mediterranean Sea related to seawater carbonate chemistry?. Ocean Sci 

11:13-32 

 

Abstract 

The Mediterranean Sea is considered a “hot-spot” for climate change, being characterized 

by oligotrophic to ultra-oligotrophic waters and rapidly changing carbonate chemistry. 

Coccolithophores are considered a dominant phytoplankton group in these waters. As 

marine calcifying organisms they are expected to respond to the ongoing changes in 

seawater carbonate chemistry. However, very few studies have covered the entire 

Mediterranean physicochemical gradients from the Strait of Gibraltar to the Eastern 

Mediterranean Levantine Basin.  We provide here a description of the springtime 

coccolithophore distribution in the Mediterranean Sea and relate this to a broad set of in 

situ measured environmental variables. Samples were taken during the Meteor (M84/3) 

oceanographic cruise in April 2011, between 0 – 100 m water depth from 28 stations. Total 

diatom, and silicoflagellate cell concentrations are also presented. Our results highlight the 

importance of seawater carbonate chemistry, especially [CO3
2-

], and [PO4
3-

] in unraveling 

the distribution of heterococcolithophores, the most abundant coccolithophore life phase. 

Holo- and hetero-coccolithophores respond differently to environmental factors. For 

instance, changes in heterococcolithophore assemblages were best linked to the 

combination of [CO3
2-

], pH, and salinity ( = 0.57) although salinity might be not 

functionally related to coccolithophore assemblage distribution. Holococcolithophores, on 

the other hand, showed higher abundances and species diversity in oligotrophic areas (Best 
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fit,  = 0.32 for nutrients), thriving in nutrient depleted waters. Clustering of 

heterococcolithophores revealed three groups of species sharing more than 65% 

similarities. These clusters could be assigned to the eastern and western basins, and deeper 

layers (below 50 m), respectively. In addition, the species Gephyrocapsa oceanica, G. 

muellerae and Emiliania huxleyi morphotype B/C are spatially distributed together and 

trace the influx of Atlantic waters into the Mediterranean Sea. The results of the present 

work emphasize the importance of considering holo- and hetero-coccolithophores 

separately when analyzing changes in species assemblages and diversity. Our findings 

suggest that coccolithophores are a main phytoplankton group in the entire Mediterranean 

Sea and can dominate over siliceous phytoplankton. They have life stages that are expected 

to respond differently to the variability in seawater carbonate chemistry and nutrient 

concentrations. 

 

5.1 Introduction 

Marine phytoplankton constitutes about 1–2 % of the global biomass among primary 

producers (Falkowski 1994); however, it contributes to ~ 46 % of the primary production 

in a global scale (Field et al. 1998). Coccolithophores represent ~ 10 % of global 

phytoplankton biomass (Tyrrell & Young 2009). They play an important role in 

biogeochemical cycles, contributing to both the organic and inorganic carbon pumps 

through photosynthesis and calcification. The latter is the main process controlling PIC : 

POC (rain ratio). For instance, in the eastern Mediterranean Sea, they are the main 

contributor to the inorganic carbon pump (CaCO3 production and flux) throughout the year 

(Knappertsbusch 1993, Ziveri et al. 2000, Malinverno et al. 2003). 

 

Most studies looking at coccolithophore assemblages and distribution take into account 

parameters such as nutrients, photosynthetically active radiation (PAR), temperature, 

salinity and oxygen (e.g., Young 1994, Ziveri et al. 1995, Hagino et al. 2000, Takahashi & 

Okada 2000, Haidar & Thierstein 2001, Cortés et al. 2001, Ignatiades et al. 2009). 

Parameters related to the seawater carbonate system have only recently been considered 

due to their importance for calcification and the ongoing and projected changes directly 

related to the rapidly increasing atmospheric pCO2. Carbonate chemistry parameters have 
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been suggested as drivers of coccosphere morphology modification in field samples 

(Beaufort et al. 2008, 2011, Meier et al. 2014, Triantaphyllou et al. 2010), Emiliania 

huxleyi blooms (Merico et al. 2006, Tyrrell et al. 2008), and changes in coccolithophore 

assemblage composition (Charalampopoulou et al. 2011). Although it is not clear why 

coccolithophores calcify, calcification is an energy-consuming process for 

coccolithophores (Brand 1994, Balch 2004),  maintained by natural selection over millions 

of years, that changes the carbonate chemistry of their surrounding media. It is therefore 

plausible that the availability of the necessary resources for carrying out calcification (i.e. 

HCO3
- 
and CO3

2-
) should facilitate coccolithophore´s growth in the ocean. In this context, 

it is important to understand how marine calcifying organisms could respond to the rapidly 

accumulation of atmospheric CO2 and their interaction with ocean´s carbonate chemistry 

(Kroeker et al. 2013). 

 

The Mediterranean Sea provides an ideal ground to explore the factors controlling 

coccolithophore distribution because of the well known large gradient in physicochemical 

parameters. It has a negative fresh-water balance with evaporation exceeding precipitation. 

Surface water temperature, salinity, total alkalinity (TA), [CO3
2-

] increase towards the 

eastern basin. The Mediterranean Sea is one of the most nutrient-poor regions of the global 

ocean (Dugdale & Wilkerson 1988), with a trophic status ranging from mesotrophic in the 

northwest to extremely oligotrophic in the east (Krom et al. 1991, Berman et al. 1984, 

Berland et al. 1988, Yacobi et al. 1995, Psarra et al. 2000). The spatial distribution of the 

phytoplankton community along an east–west transect shows that coccolithophores can 

dominate along the Mediterranean Sea; trough the Levantine, Ionian and Tyrrhenian basins 

(Ignatiades et al. 2009). Ocean acidification, warming and changes in nutrient availability 

are expected to significantly alter primary production rates, as well as the overall plankton 

community structure. Studies on coccolithophores distribution in the Mediterranean Sea 

are mostly regional (Dimiza et al. 2008, Malinverno et al. 2003), loosing part of the above-

mentioned gradients. Additionally, carbonate chemistry parameters were not available in 

older studies focussed on the distribution of coccolithophores in the Mediterranean Sea. 

Thus comparisons between the different basins are scarce and the influence of carbonate 

chemistry parameters on actual coccolithophore assemblages remains therefore uncertain. 
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The present work investigates the regional and vertical distribution of living 

coccolithophores in the Mediterranean Sea with respect to in situ measured environmental 

parameters and with focus on those of the carbonate chemistry. It provides a description of 

the late springtime coccolithophore assemblage’s composition and distribution in the 

Mediterranean Sea, with a basin resolution that has not been assessed before, and along 

physical and chemical gradients. 

 

5.2. Methods 

5.2.1 Sampling  

A detailed water sampling was conducted during the M84-3 cruise from 6 to 28 April 2011 

on board the R/V Meteor (Tanhua 2013, Tanhua et al. 2013a). Here we investigate a subset 

of 81 samples from 28 stations collected between 0 and 100 m water depth. Samples were 

taken using a carousel of 24 Niskin bottles and interfaced with the SBE911 CTD system 

(SeaBird) that provided the hydrographical data for in situ temperature, salinity and 

dissolved oxygen of the seawater samples. Samples collected at <1 m water depth were 

obtained by filling a 5 L plastic container with surface water. Between 1.5 and 4.5 liters of 

water were gently filtered onto acetate cellulose membranes (Millipore, 0.45m pore size, 

47mm diameter). Membrane filters were oven dried at 40ºC for ~ 12 hours and stored in 

sealed Petri dishes. Figure 5.1 shows the location of all sampled stations during the cruise 

trajectory. Table 5.1 shows the stations coordinates, dates and sampled depths. The bottle 

data can be found at: http://cdiac.ornl.gov/ftp/oceans/CLIVAR/Met_84_3_Med_Sea/. 

 

 

 

 

 

 

 

 

 

 

 

http://cdiac.ornl.gov/ftp/oceans/CLIVAR/Met_84_3_Med_Sea/
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Table 5.1: Location, date, and water depth from which the samples were collected. 

. 

 
 

 

Figure 5.1. Sampling stations presented in this study collected during the M84-3 research cruise. 

Superimposed a composite image showing the surface chlorophyll concentration (mg/m
3
) at an approximate 

date of the sampling period in the different basins. The transect shown in the following figures includes the 

stations labeled in black.  
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5.2.2 Phytoplankton analyses 

A portion of each filter was placed on aluminum stubs and gold coated using an 

EMITECH K550X sputter coater. The quantification and identification of the main 

phytoplankton groups and coccolithophore species were performed by JEOL-JSM 6300 

and ZEISS-EVO MA10 scanning electron microscopes (SEMs). Transects of 5 - 15mm on 

the filter, corresponding to an average of 2.3 ml of seawater were observed at 3000X and 

phytoplankton groups quantified as coccolithophores, diatoms, and silicoflagellates 

(Dictyocha spp.). A subset of five random samples was analysed under light microscope 

for estimation of coccolithophore and diatom cell abundance at 1000X. This was done in 

order to check if counts at higher magnification were biased towards smaller cells. This 

comparison showed that relative abundances of diatoms were similar in the two methods. 

They comprised between 1.7 and 3.3% (SD= 0.85) of cells counted by optical microscopy 

and between 0.8 and 4.1% (SD= 1.6) of cells by counted SEM. Coccolithophore species 

were identified, and their absolute and relative abundances counted. In samples with very 

few coccospheres a larger filter portion was observed in order to quantify a minimum of 

100 cells (a maximum number of 420 cells were counted). Lower (CL) and upper (CU) 

confidence intervals at 95% significance were estimated following Bollmann et al. (2002). 

For a 100 cell count these were: CL=82, CU=102 and for a 420 cell count: CL=382, 

CU=422. Cell densities (number of cell L
-1

 seawater) were calculated. Emiliania huxleyi 

was sub-classified into morphotypes according to Young et al. (2003). For each sample the 

Shannon-Wiener diversity index (H´) was calculated for heterococcolithophores and 

holococcolithophores. These two groups were treated separately because they represent 

two different stages of a coccolithophore´s life cycle, and taxonomy between the two does 

not always account for it.  

 

5.2.3 Environmental parameters 

A detailed protocol of all measured environmental variables can be found in Tanhua et al. 

(2013a). In situ salinity, temperature and oxygen data were measured by CTD (described 

in section 2.1). Overall data accuracies were: 0.002 ºC for temperature and 0.003 for 

salinity. Macronutrients (phosphate, nitrate and silicate concentrations) were measured on-

board with a QuAAtro auto-analyzer from SEAL analytics. The following protocols from 

SEAL analytics were followed: Nitrate (NO3) (Method No. Q-068-05 Rev. 4), phosphate 
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(PO4
3-

) (Method No. Q-031-04 Rev. 2) and Silicium (Si) (Method No. Q-066-05 Rev. 3). 

The nutrient analytical error was determined on 5-7 sample replicates taken at selected 

stations. The error is: for nitrate 0.08 μmol kg
−1

, phosphate 0.007 μmol kg
−1

 and silicate 

0.10 μmol kg
−1

. 

 

The carbonate system was characterized by measuring dissolved inorganic carbon (DIC), 

pH and total alkalinity (TA). DIC content was measured coulometrically using a SOMMA 

(Single-Operator Multi-Metabolic Analyzer) system. The precision of the analysis is ±0.6 

μmol kg
−1

 and the accuracy is 2.5 μmol kg
−1

.  pH was measured by double-wavelength 

spectrophotometry , and it is reported at 25ºC on the total scale. The reproducibility of the 

pH measurements was 0.0012. TA was analyzed following a double end point 

potentiometric technique. The precision of the TA measurements was 0.1 μmol kg
−1

. More 

details about the DIC, TA and pH measurements and quality control are presented in 

Álvarez et al. (2013). In situ conditions for other CO2 –related variables were calculated 

from in situ pH and TA for the first 100 m water column. Calculations were performed 

using the program CO2Sys (Lewis & Wallace 1998). Equilibrium constants of Mehrbach 

et al. (1973) refitted by Dickson & Millero (1987) were chosen (Álvarez et al. 2014). 

 

A characterization of the upper 100 m environmental parameters is shown in Figure 5.2; 

the profiles for the complete water column at a higher spatial horizontal resolution and a 

full description of the physicochemical setting are presented in Tanhua et al. (2013b); 

Álvarez et al. (2014). 

 

5.2.4 Statistical analyses 

The E-PRIMERv.5 package was used for the following analyses: 1) The BIOENV routine, 

which computes a rank correlation between the elements of similarity matrices for 

environmental parameters and biological data, was run to detect the combined changes in 

environmental parameters and species distribution among stations. The routine examines 

all possible combinations of environmental variables and gives the “best fit” (higher Rho –

Spearman rank correlation) of environmental variables explaining changes in biological 

communities. This test was performed for all heterococcolithophore and 

holococcolithophore species contributing > 2% to the total assemblage of each group.  
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Before running the routine, we checked for mutual correlation among environmental 

variables and selected a subset of them for this routine. These were: salinity, temperature, 

oxygen, pH, partial pressure of carbon dioxide (pCO2), and the concentrations of 

bicarbonate ion (HCO3
-
), carbonate ion (CO3

-2
), NO3 + NO2 and PO4

3-
. 

 

2) Hierarchical Cluster Analyses by group average. These were performed for 

heterococcolithophore and holococcolithophore species. Emiliania huxleyi morphotype A 

was removed of the data set used to run the cluster analyses. This was done to emphasize 

our results on overall community composition and not on E. huxleyi that largely dominated 

the assemblages in our samples. When clusters among species were detected, pair wise 

Spearman correlations were performed using the software SPSSv18 to assess the 

environmental parameters influencing changes in each species´ abundance. 

 

For the analyses performed by E-PRIMER software, the biological data was transformed in 

logarithmic scale log(1+x) to avoid overemphasizing the dominant species. Environmental 

data were standardized (-mean*STD) to bring data into a comparable scale. Similarity 

matrices were created for biological and environmental data. For the biological data the 

Bray-Curtis similarity coefficient was used to examine similarity between each sample´s 

pair. Euclidean distances were used to create the environmental data matrix. Pair wise 

Spearman correlations were performed on the basis of non-transformed non-standardized 

data. 
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Figure 5.2. Environmental parameters at sampling stations for surface waters during the M84-3 cruise. The 

west to east transect along the Mediterranean Sea does not take into account the stations in the Aegean, 

Adriatic, the northernmost Ionian, or northern Tyrrhenian regions. It includes the stations labeled in black 

(west-east transect) in Figure 5.1. 

 

5. 3 Regional settings 

The Mediterranean Sea can be divided into two basins with a general counterclockwise 

circulation: the western and eastern basins. The Strait of Sicily prevents deep-water 

exchange between the two. The upper layer (from the surface down to 150–200 m, 

according to the basin and the season) is occupied by the Atlantic Water (AW) (Ribera 

d’Alcalà et al. 2003). In the western Mediterranean, AW flows along the eastern part of the 

Alboran Sea in an anticyclonic fashion, and moves to the western Alboran in a more 

variable pattern (Robinson et al. 2001). Further east, the AW is transported along the 

Algerian slope until the Sardinia Channel. Part of the flow then proceeds to the eastern 

basin along the Tunisian slope, while the other part reaches northern Sicily and circulates 

along Italy. In the north, the Liguro–Provenco–Catalan current, is form by AW 
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surrounding Corsica. AW closes its western gyre southeast of Spain, where it encounters 

the newly entered AW (see Robinson et al. 2001, for more details). In the eastern basin, a 

jet of Atlantic Water enters through the Strait of Sicily, meanders through the interior of 

the Ionian Sea and continues to flow through the central Levantine all the way to the shores 

of Israel (Robinson et al. 2001). Convection occurs when the water approaches the Rhodos 

gyre. Another part of the AW flow moves to the Ionian and a part of it goes further into the 

Adriatic Sea. Deep-water formation also occurs in the Adriatic gyre (Pinardi & Masetti 

2000).  

 

During the M84-3 cruise, the surface layer in the western basin was filled by the inflow of 

relatively low-salinity AW through the Strait of Gibraltar. The salinity minimum, in the 

surface layer of the strait, shows the entrance of this water into the Mediterranean. Once it 

reaches the Sicily Channel (close to stations 304/305), the salinity minimum was found at 

~100 m depth. (Hainbucher et al. 2014).  In terms of carbonate chemistry AW from the 

surface western Mediterranean were characterized by TA below 2560 mol Kg
-1

, DIC near 

2250 mol Kg
-1

 and pH of 8 (Àlvarez et al. 2014). In the surface layer, AW with salinity 

lower than 38 was detected in all the Tyrrhenian stations except 319 in the centre of the 

basin where salinity was higher. There, Álvarez et al. (2014) suggest that the upper 

50dbars were occupied by probably AW affected by evaporation or mixed with the salty 

intermediate water entering through the Strait of Sicily. During the M84-3 cruise modified 

AW and Levantine Surface Water (LSW) dominated the Eastern Mediterranean, 

approximately down to 100m water depth. The LSW, formed by intensive heating and 

evaporation, has the largest salinity and temperature of the entire Mediterranean (>17°C, > 

38.9), and TA values around 2610 mol Kg
-1

, DIC around 2270 mol Kg
-1

 and pH25T 

around 8.03 (Álvarez et al. 2014). Levantine Intermediate Water (LIW) were detected at ∼ 

50–100 m in the Levantine Sea, in its spreading way from the northeastern Levantine Sea 

and Rhodes cyclonic gyre (Hainbucher et al. 2013 and references therein). Close to the 

M84/3 trajectory, wind induced upwellings and downwellings zones are found in different 

seasons (see Bakun & Agostini 2001).  For instance: 1) downwelling along the southern 

coastal boundary during winter, reversing to coastal upwelling off Libya in spring and off 

Algeria in summer and fall; 2) strong upwelling in the eastern Aegean Sea throughout the 

year, becoming remarkably intense in the summer and fall seasons; and 3) strong summer 

and fall upwelling in the eastern Ionian Sea. 
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Figure 3. Daily mean chlorophyll-a concentration from satellite data (Volpe et al., 2012) along the transect 

of the M84/3 cruise, plotted for the month of April 2011. In this figure, gaps correspond to cloud covered 

observations and the temporal-spatial location of the samplings during our study is indicated by black dots. 

The transect is representative of 18Km in latitude, (two pixels at 9Km resolution). 

 

Figure 5.3 shows daily variations in cloud coverage during the month of April (from 

satellite observations).  It provides an overlook of the meteorological situation and possible 

short-term variability that may mask any relationship with long-term average 

oceanographic gradients.  Approximately half of the satellite observations were cloud 

covered, with a minimum in cloud coverage (40% of observations) at about 25°E (south 

of Crete). This minimum corresponds to the only segment of the transect directly 

influenced by northern wind regimes. Such approximation can be compared with the 

meteorological reports during the M84-3 (data not shown), which shows that 58% of the 

sampling days were cloudy (at the time of recording) with a majority of sunny days from 

south Crete towards the Adriatic. Therefore, the sampled days were representative, in 

terms of cloud coverage, of the conditions during April 2011.  
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5.4 Results 

5.4.1 Main phytoplankton community 

Overall, phytoplankton cell density was highest in the western Mediterranean Sea, in the 

Strait of Gibraltar and in the Alboran Sea. For coccolithophores, the pattern was not one of 

gradual increase towards the west but rather of localized spots of higher cell densities close 

to Gibraltar and a continuous presence, at lower cell densities, in the rest of the 

Mediterranean. The satellite-derived chlorophyll-a concentration during April 2011 (Fig. 

3) shows a similar pattern. Coccolithophores were the most abundant phytoplankton group 

during the sampling, relative to siliceous phytoplankton. They were present in great 

numbers in all the main Mediterranean basins and accounted for 68 to 99 % of counted 

phytoplankton. Diatoms, although present in all studied basins, displayed low 

concentrations in the eastern Mediterranean, increasing towards the west. They were on 

average 6 % (maximum 25 %) of total phytoplankton. Silicoflagellates (Dictyocha spp.) 

accounted on average for 1 % of phytoplankton (maximum 9 %). Figure 5.4 shows the 

distribution of these different phytoplankton groups in the Mediterranean transect. A 

species present mostly at low cell densities was the xanthophyte Meringosphaera 

mediterranea. 
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Figure 5.4. Distribution of coccolithophores (upper panel), diatoms (middle panel) and silicoflagellates 

(lower panel) in a west to east transect along the Mediterranean Sea (the transect includes the stations labeled 

in black in Figure 5.1). 

 

5.4.2 Environmental factors controlling coccolithophore community distribution 

A total of 70 coccolithophore species in heterococcolithophore life stage and 45 in the 

holococcolithophore stage were recorded (see Appendix B). The majority of the quantified 

cells were in the heterococcolithophore phase. The species Emiliania huxleyi largely 

dominated the coccolithophore counts in all stations except for station 319 (at the center of 

the Tyrrhenian Basin), where Corisphaera gracilis and Rabdosphaera clavigera were the 

dominant species. 



106 

 

The results from the Spearman`s rank correlation based routine (BIOENV) suggest that 

holococcolithophores were preferentially distributed in low nutrient - high pH seawaters. 

(=0.328, Table 5.2). They were almost absent at 100 m. Heterococcolithophore 

distribution was best linked to a combination of [CO3
2-

], pH, and Salinity with =0.566 as 

well as to [PO4
3-

] Table

 

5.4.3 Species assemblages 

When clustering all the species within the heterococcolithophore life stage, three groups or 

assemblages were identified that shared more than 65 % similarities. Figure 5.5 presents 

the results of further clustering of the species with high similarities. The distribution of  

these species along the east–west transect (stations with black labels in Fig. 5.1) that 

includes the stations in the Levantine, Ionian (excluding 307–309), Tyrrhenian (excluding 

319), Algerian, Alboran, and Gibraltar regions shows that the three groups are distinctively 

distributed in the Mediterranean Sea (Figs. 5.5 – 5.8). The first group comprises species 

that were more abundant in the eastern stations: U. tenuis, D. tubifera, P. vandelii, S. 

pulchra, R. clavigera, and S. protrudens (R. xyphos was very close to this cluster, with 

similarity > 50 %). P. vandelii, however, was patchily distributed all along the transect. 

The second group includes E. huxleyi Type B/C and the Gephyrocapsa species: G. 

ericsonii, G. muellerae and G. oceanica. These species were almost exclusive of the 

western basin. A third group was formed by Florisphaera profunda and Gladiolithus 

flabellatus, being closely related to A. robusta and H. carteri (the last two with similarities 

between 40 and 60 %). The species in the latter group were almost restricted to depths 

below 50 m, with higher abundances at 100 m, and were patchily present from the 

Algerian to the Levantine basins. Clustering analysis for the holococcolith phase did not 

reveal any pattern in the species composition among the different samples. 
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Figure 5.5. Hierarchical cluster for the heterococcolithophores species that shared more than 65% similarity 

in their abundance and distribution patterns. 

 

Single Spearman correlations for the species that were clustered together reveal that their 

distribution can be better explained by seawater carbonate chemistry parameters; for 

instance, species that were mostly abundant at eastern stations thrived in waters with 

higher [CO3
2-

] and pH and in the surface. Among these species, U. tenuis, R. clavigera, S. 

pulchra, and S. protrudens were negatively correlated to phosphate concentrations and 

only D. tubifera showed a high positive correlation with temperature. Finally, F. profunda 

and G. flabellatus were correlated to [NO3 + NO2] and negatively with temperature. Table 

5.4 shows these results. 

 

Table 5.2. Rho values () for the best Spearman`s rank correlations for all possible combinations between 

the environmental parameters explaining patterns in holococcolithophores assemblages. Only 0.2 are 

shown. Description as in Table 5.1. On the left, the number of variables taken into account; on the right, 

description of the variables and the highest   values at a given number of variables.  In the first row, the 

value for each variable is shown in decreasing order of contribution. 
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Table 5.3. Rho values () for the best Spearman`s rank correlations for all possible combinations between 

the environmental parameters explaining patterns in heterococcolithophores assemblages. Description as for 

Table 5.2. 

 
 

 

5.4.4 Species diversity (H’) 

Hetero- and holococcolithophore species diversity index (H’) changed slightly in the W–E 

transect. Although correlations between H’ and the longitude of the sample sites (ºE) in the 

first 50m water column were rather weak, the trend was opposite for the two life stages. 

For instance, heterococcolithophores diversity tended to decrease towards the east (= -

0.419, p =0.000), while holococcolithophore species diversity tended to increase W–E ( 

=0.310; p =0.005) (Fig. 5.9). H’ index at 100m was often zero for both groups, being on 

average 0.3 for holococcolithophores, which are mostly present at surface, and 1.3 for 

heterococcolithophores. 

 

5.5. Discussion 

5.5.1 Main phytoplankton community 

Although picoplankton can seasonally dominate phytoplankton assemblages in the 

Mediterranean Sea (Decembrini et al. 2009; Yacobi et al. 1995), previous studies have 

often suggested that coccolithophores are one of the most abundant phytoplankton groups 

in this sea, in both, eastern (e.g. Gotsis-Skretas et al. 1999; Malinverno et al. 2003; 

Ignatiades et al. 1995, 2009; Rabitti et al 1994; Ziveri et al., 2000), and western basins (e.g 

Barlow et al. 1997; Barcena et al. 2004, Ignatiades et al. 2009). Our findings suggest that 

coccolithophores are a main phytoplankton group in the entire Mediterranean Sea that 

dominated over siliceous phytoplankton for the period under study (Figure 5.4). 

Silicoflagellates were almost absent at 100m and more abundant at surface waters of the 

Tyrrhenian Sea, with cell densities up to 6.7x10
3 

cells l
-1

.
 
Diatoms were preferentially 
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distributed in the higher nutrients, colder, less saline and with lower [CO3
2-

] waters of the 

western Mediterranean Sea at maximum cell density of 1.6 x10
4
 cells l

-1
 (Figure 5.4). 

Diatom cell densities in the Mediterranean have ranged from few individuals, in the Ionian 

Sea-surface to  3.5x10
4
 in the Tyrrhenian Sea (June 1999, Ignatiades et al. 2009); from 

0.8 x10
3
 to 2 x10

4
 (July 2005, Decembrini et al. 2009); from 0.2x10

3
 to 5 x10

3
 (September-

October 2004, Lasternas et al. 2011) and from 0.7 x10
3
 to 2.6 x10

3
 cells l

-1
 (December 

2005, Decembrini et al. 2009) in the Tyrrhenian Sea. With out taking into account inter-

annual variability, this suggests a pattern of enhanced diatom abundances in the first part 

of the year and a decrease after July. 

 

Since decades, many attempts to explain the temporal and spatial phytoplankton  

distribution based in few key environmental factors have been done. Some of the most 

discussed are the hypothesis of Sverdrup (1953), stating that changes in phytoplankton 

abundances are light – nutrients controlled features; and the so called Margalef´s Mandala 

(Margalef 1978), that proposes phytoplankton succession to depend on nutrients 

concentration and turbulence.  Regarding the possible role of light in the relative success of 

coccolithophores over siliceous phytoplankton, we recorded global and UV radiation at 

surface, at the time of sampling in some of the stations but lack light data at every depth. 

No significant correlation was observed for any of the phytoplankton groups with radiation 

data (p>0.05, N=21). Most likely, a response to changes in radiation will not be immediate 

(specially because the variable that we recorded – cell densities – relates to cell division). 

In such a case the short temporal extension of our data (by minute during the sampling) 

could mask a correlation. Large variations in light are also observed on the vertical profile. 

Holococcolithophores and diatoms correlated with depth (negative and positive 

correlations, respectively), although for diatoms this correlation was rather weak ( 

=0.240; p =0.031). This could indicate that the two groups are more sensitive to light 

conditions than heterococcolithophores, but it might also be an artefact of the co-

correlation between depth and nutrients. Additionally, light attenuation can differ between 

stations and therefore this comparison is only approximate. 

 

In the case of nutrients, it is important to notice that the dominance of coccolithophores 

over siliceous phytoplankton was clear in all the basins, including the Gibraltar strait, 

where nitrate and phosphate were available and silicate concentrations were above the half-
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saturation constant for diatoms (Ks_Si: c.a. 3.5M Merico et al. 2006; Leblanc et al. 2003; 

Sarthou et al. 2005 or 0.8–2.3 μM Nelson et al. 1976) and we could have expected the 

community to be dominated by fast growing phytoplankton. In the interior of the 

Mediterranean Si was probably too low (often below 1.0 mol/Kg) to support large 

diatom populations, except for the deeper layers (100m) of the Ionian and Levantine basin 

which ranged from 0.8 -1.4 mol/Kg. Egge & Aksnes (1992) observed that at Si values 

lower than 0.6M Emiliania huxleyi outcompeted the otherwise dominant Skeletonema 

costatum. For the dataset here presented, nutrients variability alone does not explain the 

dominance of coccolithophores during April 2011, at least not directly. A possible 

phosphate limitation for other phytoplankton groups (notice the high N:P ratios in both the 

eastern and western basins as well as in the Gibraltar Strait) cannot be ruled out of 

explaining coccolithophore dominance over other groups. Turbulence does not account for 

it neither, since coccolithophores dominated in regions were water density was 

homogeneous thought the first 100m as well as in regions where isoclines can be 

distinguished (e.g. see salinity and temperature profiles from Fig. 5.2). Overall, the reason 

for the dominance of coccolithophores over siliceous phytoplankton remains unclear. 

 

Table 5.4. Three highest Spearman´s correlation  () results for: 1) the dominant species Emiliania huxleyi, 

2) each of the species belonging to the observed clusters with the environmental parameters, 3) the holo- 

hetero- life phases of the same species and 4) hetero- and holo- coccolithophore abundances and diversity 

(H`) and abundances of siliceous phytoplankton groups. Preferential depth and distribution along the west to 

east transect is described. Number of samples taken into account for the analysis is also shown (N). 

Significance level was 0.05. 

Species/group Varible (r, N) Pref. depth 
Pref. 

Distribution 

E. huxleyi Type A pH (0.468; 73) CO2  (-0.448; 73), CO3
2- (0.444; 73), 0 - 100 m W-E 

E. huxleyi Type B/C Salinity (-0.691; 81), CO3
2-  (-0.685;73), pH  (-0.616; 73) 0 - 100 m W 

G. ericsonii Salinity (-0.805; 81), CO3
2-  (-0690; 73), pH  (-0.576; 73) Above 50 m W 

G. oceanica CO3
2- (-0.833; 73), Salinity (-0.803; 81), pH  (-0.731; 73) 0 - 100 m W 

G. muellerae CO3
2-  (-0.835; 73), Salinity (-0.830; 81), pH  (-0.707; 73) 0 - 100 m W 

U. tenuis CO3
2-  (0.626; 73), pH  (0.605; 73), PO4

3- (-0.551; 74) Above 50 m E 
R. clavigera CO3

2-  (0.727; 73), pH  (0.701; 73), PO4
3- (-0.546; 74) Above 50 m E 

D. tubifera pH  (0.600; 73), Temp. (0.597; 81), CO3
2-   (0.541; 73) Above 50 m E 

S. pulchra pH  (0.551; 73), CO3
2-  (0.528; 73), PO4

3- (-0.399; 74) 0 - 100 m E 
S. protrudens pH  (0.557; 73), CO3

2-  (0.489; 73), PO4
3- (-0.450; 74) Above 50 m E 

F. profunda NO3
- + NO2

- (0.637; 81), Temp. (-0.553; 81), pH  (-0.468; 73) Below 50 m W-E 
G. flabellatus NO3

- + NO2
- (0.583; 81), Temp. (-0.522; 81), O2 (-0.481; 73) Below 50 m W-E 

S. pulchra HOL PO4
3- (-0.308; 74) CO2 (-0.261; 73), O2 (0.260; 73) Above 50 m W-E 

C. mediterranea HCO3
- (-0.294; 73) - - Above 50 m W-E 

C. mediterranea HOL O2 (0.240; 73) - - Above 50 m W-E 
H. carteri CO2 (0.341; 73), pH  (-0.339; 73), - 0 - 100 m W-E 
H. carteri HOL NO3

- + NO2
- (-0.284; 81), - - Above 50 m W-E 

Hetero- abund. CO2  (-0.278; 73), - - 0 - 100 m W-E 
Holo- abund. Depth  (-0.427; 81), NO3

- + NO2
- (-0.391; 81), CO2 (0.339; 73) Above 50 m E 

Hetero- diversity (H´) CO3
2- (-0.486; 73), Salinity (-0.426; 81), pH (-0.413; 73) - - 

Holo- diversity (H´) HCO3
- (-0.460; 74) CO3

2- (0.446; 73), pH (0.388; 73) - - 
Diatoms CO3

2-  (-0.617; 73), pH  (-0.602; 73), PO4
3- (0.534; 74) Below 25 m W 

Silicoflagellates Si (0.254; 76) - - 0 - 100 m W-E 
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We suggest that the relative success of coccolithophores over siliceous phytoplankton 

during April 2011 in all Mediterranean Sea basins can be due to a parameter(s) not 

measured during this study or to a threshold concentration in a resource that limits the 

growth of the other phytoplankton groups, but that covers the requirements of 

coccolithophores. The last hypothesis would be better tested experimentally than by 

correlation analysis. 

 

5.5.2 Environmental factors controlling coccolithophore distribution 

Concerning the coccolithophore community, the study of Knappertsbusch (1993) suggests 

the occurrence of seasonal variability. His sampling was divided in two periods: late winter 

(February–March 1988) and late summer (September–October 1986). Knappertsbusch 

observed higher cell densities during late winter and increasing towards the eastern 

Mediterranean, reaching 230 000 cells per liter in the Levantine Basin. During September–

October this pattern was reversed. Our results resemble those corresponding to September–

October in Knappertsbusch work. However, there was no gradual increase towards the 

west but rather localized higher cell densities close to Gibraltar and a continuous presence, 

at lower cell densities, in the rest of the Mediterranean (Fig. 5.4). This is in agreement with 

the relatively low satellite-derived chlorophyll a values in most the surface Mediterranean 

Sea during the month of April, ~0 mg m
-3

, and the increased values approaching the Strait 

of Gibraltar, ~0.5–0.6 mg m
-3

 (Fig. 5.3), and measured data from Rahav et al. (2013) 

ranging from ~0.03 to ~0.1 μg L
-1

 in most of the Mediterranean and rising to 0.31 μg L
-1

 

near the Strait of Gibraltar. It also agrees with the suggested modulation of pH by primary 

production in the western basin during the cruise (Álvarez et al. 2014). In the study by 

Ignatiades et al. (2009), the increase in coccolithophore cell densities in the western 

Mediterranean is mainly due to the significantly higher values at one station (close to the 

Balearic Islands). 

 

5.5.2.1 Holococcolithophores 

Our findings documented that during the time of the M84-3 cruise holococcolithophore 

distribution was best explained by changes in nutrients (NO3+NO2 and PO4
3-
) and pH 

(=0.328,Table 5.3). They were more abundant in low nutrient-high pH seawaters typical 

of the surface (upper 50 m) Mediterranean waters. Holococcolithophores were, in general 
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present in all samples collected in Mediterranean surface waters but almost absent at 

deeper depths (100m). Higher abundances in very oligotrophic waters of the 

Mediterranean Sea have been reported before (Kleijne 1991,1992). Cros & Estrada (2013), 

reported holococcolithophores being more abundant at the upper photic zone, nutrient 

depleted waters. They linked the observed segregation to a differentiation of ecological 

niches. Dimiza et al. (2008) observed that holococcolithophores around the Andros Island 

were more abundant in surface waters together with some heterococcolithophore species 

such as Rabdosphaera clavigera. The lower obtained in the BIOENV analysis for 

holococcolithophores (Table 5.2) might be due to the lack, in the statistical analysis, of an 

important parameter (e.g. irradiance, zooplankton grazing) not measured during this study. 

 

5.5.2.2 Heterococcolithophores 

Heterococcolithophore distribution was best linked to a combination of CO3
2-
, pH, and 

salinity (Table The  value for the 4 variables combination: CO3
2-
, pH, 

salinity, and PO4
3-


 
was not so much lower than the “best fit” (CO3

2-
, pH, salinity). This 

might indicate that apart from seawater carbonate chemistry, PO4
3-
  is also important in 

explaining heterococcolithophore distribution. It is worth noticing that PO4
3-
 correlated to 

the heterococcolithophore species diversity (H`) (: 0.322, p<0.05) but not to the 

abundance. Thus, the availability of  PO4
3- 

might co-determine the assemblage 

composition. Differences in PO4
3- 

usage have been reported between strains of the same 

species (Oviedo et al. 2014). It is therefore likely that different species show different 

sensitivities to PO4
3-
, which could induce differences in community composition upon 

environmental PO4
3-
. Overall, we suggest CO3

2-
, pH and probably PO4

3-


 
as 

functionally related important variables in explaining heterococcolithophore distribution in 

the Mediterranean Sea. 

 

Although heterococcolithophores preferentially use HCO3
- 

for their intracellular 

calcification within a calcifying vesicle (Mackinder et al. 2010) at alkaline pH values CO3
2-

 

is the major carbon source for CaCO3 and we can assume the uptake of both HCO3
-
and 

CO3
2-

 (Ziveri et al. 2012). In the Mediterranean Sea, [CO3
2-

] increases gradually towards 

the east.  Thus, it is possible that those species thriving in the eastern basins utilize 
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comparatively more CO3
2- 

than those that prosper in the western Mediterranean. Using a 

compilation from world-wide plankton samples and sediments spanning the last 40k years, 

Beaufort et al., (2011) recorded significant correlations between coccolith mass belonging 

to the family Noelaerhabdaceae (genera Emiliania, Gephyrocapsa and Reticulofenestra) 

with [CO3
2-

] and [HCO3
-
]. They argue that differentially calcified species are distributed in 

the ocean according to the ocean´s carbonate chemistry. Modeling studies also highlighted 

the importance of [CO3
2-

] for coccolithophore distribution, as observed by Merico et al. 

(2006). Tyrell et al. (2008) observed that Emiliania huxleyi blooms in the Baltic Sea 

coincide with periods of high [CO3
2-

]. 

 

 

Changes in pH are concomitant with changes in the ratio between bicarbonate and 

carbonate ions. This makes difficult to disentangle which parameter of the carbonate 

system could affect coccolithophore populations. Under laboratory culture conditions, 

Emiliania huxleyi calcification is sensitive to low pH and bicarbonate, while 

photosynthesis and growth is sensitive to low pCO2 (Balch et al., 2013) and the coccolith 

morphogenesis in Calcidiscus leptoporus is hampered by pCO2 and no other parameter of 

the carbonate chemistry (Langer & Bode 2011). How will these responses translate to a 

community scale in the ocean? Charalampopoulou et al. (2011) found that the 

coccolithophore species distribution between the North Sea and the Atlantic Ocean related 

to pH and irradiance. In this study, pCO2, one of the parameters considered to run the 

BIOENV routine, was not part of the best fitting variables to explain coccolithophore 

distribution patterns. This might be an indication that, during the time of the study there 

was no evident pCO2 limitation of photosynthesis in the observed species or that 

coccolithophore sensitivity to CO2 among species, even if different (Langer et al. 2006; 

Langer et al. 2009) do not have major effects on coccolithophore species assemblages in 

the Mediterranean. Mimicking the experimental design of the above mentioned culture 

experiments into a mesocosm scale could help elucidating how will the different effects of 

carbonate chemistry modification on coccolithophore`s physiology and morphology shape 

of the community. 

 

Salinity, even if one of the environmental variables that optimized the best-fitting 

combination of variables explaining the biological data, might not be crucial in controlling 

heterococcolithophores distribution. Experimental evidence (Brand 1984) indicates strain-
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specific differences that allow Emiliania huxleyi to survive at a wide salinity range. E. 

huxleyi has been found in oceanographic regions characterized by very different salinities 

(reviewed by Tyrrell et al., 2008). Furthermore, heterococcolithophores isolated from the 

Mediterranean Sea (CODENET collection) were maintained at salinities of 32–33 with 

non-observed adverse effects (Probert and Houdan, 2004). 

 

5.5.3 Species assemblages 

Another feature that was different between the coccolithophore life stages is the 

development of species assemblages. Holococcolithophore species did not form different 

assemblages along the Mediterranean Sea (no species clustering with high similarities in 

abundance and distribution). Holococccolithophores seem to behave as a homogeneous 

group, exploiting a similar ecological niche. On the contrary, three heterococcolith clusters 

were identified whose species shared more than 65% similarities (Figure 5.5). The first 

group comprises species that were more abundant in the eastern stations:  U. tenuis, D. 

tubifera, P. vandelii, S. pulchra, R. clavigera, and S. protrudens. The second group 

includes E. huxleyi Type B/C and the Gephyrocapsa species: G. ericsonii, G. muellerae 

and G. oceanica that were almost exclusive of the western Mediterranean. A third group 

was formed by Florisphaera profunda and Gladiolithus flabellatus, found with higher 

abundances below 50m.  Most of the species in these clusters have been found to share an 

ecological niche in other studies: U. tenuis, D. tubifera, S. pulchra and R. clavigera have 

been considered typical in oligotrophic warm waters and/or surface water species (Okada 

& Honjo 1973; Okada & McIntyre 1977; 1979; Nishida 1979; Ziveri et al. 2000; Haidar & 

Thierstein 2001; Malinverno et al. 2003; Ziveri et al. 2004 for Syracosphaera spp.; 

Triantaphyllou et al. 2004). The gephyrocapside species have been considered typical of 

eutrophic areas (Kleijne 1989; Broerse et al. 2000) with lower density, lower salinity and 

higher temperature (Takahashi & Okada 2000; Knappertsbusch 1993). Finally, F. profunda 

and G. flabellatus are widely recognized depth euphotic zone species, often living below 

the 100 m depth (Okada & Honjo 1973; Boeckel et al. 2006); and are controlled by the 

dynamics of the nutricline and thermocline (Molfino & McIntyre 1990; Triantaphyllou et 

al. 2004). Both species were an important component below the 50m; with highest 

abundances around 100m, where fluorescence data (not shown) locate the deep chlorophyll 

maximum. The positive correlation with [NO3 + NO2] support the previous observations. 
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The negative correlation with temperature reflects the fact that nutrients are generally 

linked to deep mixing and colder waters. For instance, higher abundances of F. profunda 

have been observed in sediments underneath relatively warmer and stratified surface 

waters with a deep nutricline (Boeckel et al. 2006). 

 

 

Figure 5.6. Distribution, along a west to east transect, of the heterococcolithophore species forming the 

cluster comprised mainly by “eastern Mediterranean species”. Holococcolithophores as a group is added in 

the bottom right panel (the transect includes the stations labeled in black in Figure 5.1). 

 

 

Figure 5.7. Distribution, along a west to east transect, of the heterococcolithophore species forming the 

cluster comprised mainly by “western Mediterranean species” (the transect includes the stations labeled in 

black in Figure 5.1). 
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Figure 5.8. Distribution, along a west to east transect, of the heterococcolithophore species forming the 

smallest of the observed clusters comprised by 2 deep photic zone species (the transect includes the stations 

labeled in black in Figure 5.1). 

 

The clustering of coccolithophore species resembles those proposed by Young (1994): 

umbelliform group such as Umbellosphaera tenuis, found in nutrient-depleted waters; a 

second group of placolith-bearing cells such as Emiliania huxleyi or Gephyrocapsa spp. 

found in coastal or mid-ocean upwelling regions and a last group, composed of floriform 

cells, such as Florisphaera profunda, associated with deep photic-zone assemblages in low 

to mid-latitudes. We would add in his first group the Rabdolith bearing species as well as 

some syracosphaera species widely associated to oligotrophic (Ziveri et al. 2004) surface 

waters (Malinverno et al. 2003) and cluster them together in our study. As Balch (2004) 

suggested when referring to this species grouping proposed by Young, “it is likely that the 

three groups of coccolithophores show differences in their growth strategies which 

ultimately would relate to their natural abundance”. 

 

Heterococcolithophores and holococcolithophores also displayed opposite trends in species 

diversity (Fig. 5.9). However the weak correlation obtained between the diversity index H’ 

and the longitude of the sample site should be taken into account. Given the taxonomical 

problems between the two life stages (see Section 5.2.1) when considering the two as a 

single group would lead to the overestimation of the number of species, affecting H’. 
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Future work on the topic of discriminating between the two life stages would be necessary 

in order to clarify the trends suggested here. 

 

 

Figure 5.9. Shannon-Weiner diversity index for holococcolithophores and heterococcolithophores. A higher 

index, or higher uncertainty in correctly guessing the “next species” that would be sampled, is representative 

of a more diverse community. 

 

Overall, distribution patterns and their relation to environmental parameters are different 

between the holo- and heterococcolithophores life phases. This is probably the result of a 

different physiology and reveals that the two phases are ex exploiting different ecological 

niches. Differences in the morphology and ecology of the two life phases enable the 

species to survive under a wider range of environmental conditions and could result in a 

wider distribution range in space and/or time. For instance, blooms of Emiliania huxleyi in 

heterococcolith phase can end due to viral attacks (Martínez et al. 2007; Vardi et al. 2012) 

which the haploid phase (i.e., holococcolithophores) can resist (Frada et al. 2008, 2012): 

Therefore, the occurrence of haploid individuals would serve as new starting point in the 

case of viral attack in the heterococcolith phase. Another factor that could have affected 

the results presented here is zooplankton grazing: although generally zooplankton grazing 

does not cause E. huxleyi blooms to end (Nejstgaard et al. 1997), their effect on smaller 

populations could be more important. Possibly important factors that were not addressed in 

our study are zooplankton grazing and irradiance. Therefore, their contribution to the 
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control of the observed distribution of holo- and heterococcolith life phases cannot be ruled 

out. 

 

5.5.3.1 Gephyrocapsa oceanica, G. muellerae and Emiliania huxleyi morphotype B/C as 

tracers of Atlantic waters influx 

Atlantic waters (AW), with a winter salinity around 36.5 (Rohling 2009), enter the 

Mediterranean Sea through the Gibraltar Strait. In its eastwards pathway following a 

cyclonic circulation, the surface water increases in salinity, TA, temperature and decreases 

in nutrient concentrations. A main part of this AW flows into the Tyrrhenian Sea (Tanhua 

et al. 2013b and references therein). Therefore, if there are species that arrive within this 

water mass (but whose optimal environment is not typical of eastern Mediterranean 

waters), the Tyrrhenian Sea could still host them. 

 

During April 2011, the distribution of the species Gephyrocapsa oceanica and G. 

muellerae and morphotype B/C of the species Emiliania huxleyi was highly and negatively 

correlated with salinity. We have argued that salinity constrain to coccolithophore 

distribution is not critical. A high correlation with this parameter might just reflect the 

carry-over of a different species assemblage in a different water mass. Gephyrocapsa 

oceanica, G. muellerae, and morphotype B/C of the species Emiliania huxleyi were mostly 

present until ~10º E after the Sardinia Channel and in the Tyrrhenian Sea. They are all 

present in AW (Ziveri et al. 2004; McIntyre & Bé 1967) and have been reported before for 

western Mediterranean waters (e.g., Cross 2002, Knappertsbusch 1993; the latter only for 

Gephyrocapsa spp). The morphotype B/C of E. huxleyi has been associated with cold 

(Hagino et al. 2005; Mohan et al. 2008), nutrient rich waters (> 10 μmol kg
-1 nitrate) with 

low calcite saturation states. These characteristics can be found in AW but are lost very 

soon in the Mediterranean Sea. Knappertsbusch (1993) related G. oceanica to surface 

AW’s influence given the highly negative correlation with salinity. Here we propose 

Gephyrocapsa oceanica, G. muellerae, and Emiliania huxleyi morphotype B/C as tracers 

for AW influx into the Mediterranean. 
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5.6. Conclusions 

Our results highlight the importance of seawater carbonate chemistry and  PO4
3
- in 

unraveling the distribution of heterococcolithophores, the most abundant coccolithophore 

life stage. Thus, carbonate system parameters might be critical, but under-looked, to solve 

the coccolithophore distribution patterns. In contrast, holococcolithophore distribution was 

mainly linked to oligotrophic conditions. This correlation can be due to competitive 

advantages under such conditions, but this hypothesis remains to be tested. 

 

Environmental parameters that drive the observed patterns in distribution and assemblage 

composition of the haploid and diploid life phases of coccolithophores (holo- and 

heterococcolithophore) differ. Our results emphasize the importance of considering holo- 

and heterococcolithophores separately when analyzing changes in species assemblages and 

diversity, and the impacts of acidification on coccolithophores. Changes in the 

biogeographic distribution of hetero- and holococcolithophores can be expected along with 

the changes in carbonate chemistry and nutrient concentrations that are projected for the 

next century. 

 

 

 

 

 

 

 

 

 

 

 

 

________________________ 

 

Please note that one Appendix is derived from this Chapter: Appendix B which contains 

the Coccolithophore species list. 
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Chapter 6 
 

Synrhesis and conclusions 

6.1 Effects of P limitation and ocean acidification in E. huxleyi populations 

and its contribution to biogeochemical cycles 

The extremely low PO4
3-

 concentrations in the Mediterranean Sea already impose limits for 

coccolithophore growth (as shown by Kress et al. 2005 for the eastern basin). If the 

predicted decrease in the concentrations of this nutrient (see section 1.1) would occur 

alone, further decline in cell abundances is to be expected. These cells would be larger, 

contain less POP, and more carbon (TPC) than those thriving in nutrient replete waters 

(Chapter 2). As a result, they will show increased C:N ratios, likely containing more 

carbohydrates and lipids. Since coccolithophores are at the base of the food web, these 

changes could alter the trophic webs by changing the nutritional values for grazers.  It 

could also alter the C:P ratios in exported biological material. However, other factors have 

to be taken in consideration, all of which complicate the predictive power of unifactorial-

single-strain experiments:  

i) Environmental changes in the next decades will include ocean acidification and 

global warming as well as the likely intensification of other environmental 

stressors linked with human activities (e.g. eutrophication, overfishing) in some 

Mediterranean areas. 

ii) Coccolithophores “compete” with other phytoplankton groups for different 

resources.  

iii) Within coccolithophores, strain specific responses to P limitation were observed 

(results of Chapter 2) and species specific responses also exist. As confirmed by 

the disparate results of carbon quotas between E. huxleyi (Chapter 2), 

Calcidiscus leptoporus (Langer et al. 2012) and Coccolithus pelagicus (Gerecht 

et al. 2015) 

 

i) This thesis studied the possible changes linked to the future parallel decrease in [P] 

in ocean pH expected from global climate change projection scenarios. One very important 

conclusion of this research is that oligothrophy (i.e. P limitation) amplifies the response to 
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ocean acidification in terms of maximum cell densities. The mechanism by which this 

happens involves an increase in P demand (POPq) with increased pCO2. Accomplishment 

of these higher POP quotas decreases maximum cell densities (Chapter 3). Even if cells 

living under this combination of environmental conditions may contain more TPC and 

more POP, the total mass of exported material may decrease due to lower cell abundances 

(results from Chapter 3). Would this mean that the contribution of coccolithophores to the 

export of carbon will decrease under the combination of P limitation and ocean 

acidification? Judging from Chapter 3 only, that seems indeed likely, but the relative 

abundance of coccolithophores to other phytoplankton groups depends, of course, on the 

response of the other groups to P limitation and ocean acidification.  Not only that, but if 

the response within coccolithophores is species specific, it also depends on the dominant 

coccolithophore species.  

 

ii) The coccolithophore fraction of the total carbon sinking flux is of special interest 

because, as opposed to e.g. diatoms, coccolithophores contain organic as well as inorganic 

carbon. The ratio of inorganic to organic carbon (PIC:POC) in exported matter has a great 

influence on long term carbon burial and seawater carbonate chemistry . Changes in the 

PIC:POC in response to P-limitation were strain-specific (results of Chapter 2), which 

holds also with respect to seawater carbonate chemistry changes (Langer et al. 2009). 

Nevertheless, considering that the data set presented here (Chapter 2) is the most 

comprehensive published to date, comparing six E. huxleyi strains under P limitation, and 

that the PIC:POC decreased in five strains and remained constant in one, we can 

hypothesize that in Mediterranean E. huxleyi populations, P limitation most likely  

decreases PIC:POC. Similarly, in the majority of the strains studied, this ratio decreases 

with ocean acidification (Meyer & Riebesell 2015). Hence E. huxleyi might, in a future P-

poor and acidified ocean, contribute relatively little inorganic carbon to exported matter, 

which would in turn favour remineralization over long term burial at depth. This effect will 

be of particular importance in areas where E. huxleyi dominates the coccolithophore 

community (e.g. English Channel). There are, however, vast expanses of ocean dominated 

by other species. In the South Atlantic C. leptoporus is the key species, and in the high 

latitude North Atlantic, C. pelagicus dominates (Baumann et al. 2004, Daniels et al. 2014). 

These species do not react to P-limitation and ocean acidification as E. huxleyi does. C. 

leptoporus decreases PIC:POC in response to ocean acidification, but is insensitive to P-
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limitation (Langer et al. 2006, Langer et al. 2012). C. pelagicus is insensitive to OA (up to 

worst case IPCC year 2100 scenarios), and might increase the PIC/POC in response to P-

limitation (although sub-species braarudii shows a decrease, Langer et al. 2006, Gerecht et 

al. 2014, 2015). 

iii) Scaling the results of experiments focused on genotypes to the community and 

ecosystem levels is recognized as a challenge, but a necessity for OA studies (Riebesell et 

al. 2010). In order to get a broader picture, Chapters 4 and 5 were dedicated to the analysis 

of samples coming from two in situ perturbation experiments of a mesocosm scale and an 

in situ observational study respectively. In both, the coccolithophore community and their 

abundance relative to siliceous phytoplankton was addressed. 

 

As coccolithophores have higher affinities for P (Riegman et al. 2000) and their 

photosynthesis is not saturated under present day pCO2 [reviewed in Rost et al. (2008)] 

they could dominate over diatoms in the future ocean. Regarding the higher affinities for P, 

this seems to be supported by evidence from the field. For instance, Cermeño et al. (2008) 

observed that in  areas with a deep nutricline, and thus highly stratified oligotrophic 

conditions as in the eastern Mediterranean Sea, the ratio of coccolithophores to diatoms is 

higher than in shallow nutricline areas. On the other hand, Chapter 4 does not provide 

evidence to support the hypothesis that coccolithophore growth will be enhanced by 

elevated pCO2 under oligotrophic (i.e.: P poor) conditions, as coccolithophore cell 

densities did not vary in response to the pCO2 treatments imposed in any of the two 

mesocosm perturbations. As a result, a pCO2 driven phytoplankton succession did not 

occur in these oligotrophic areas and if coccolithophores turned to dominate over other 

phytoplankton groups it was probably due to phenological changes in the phytoplankton 

community. 

 

The data derived from the Meteor cruise (M84/3, Chapter 5) show a higher 

coccolithophore to diatom ratio in the eastern basin (Figure 6.1), which is consistent with 

lower [PO4
3-

] in this area, but is not consistent with the lower pCO2 measured in the 

eastern basin. Three non-excluding explanations can be given: First, increased pCO2 may 

not favour all species in the coccolithophore community or any species at all. Even further, 

it can cause deleterious effects such as malformations (Chapter 3). Second, the competitive 

interactions between these two groups in the Mediterranean Sea may be more constrained 
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by nutrient availability than by pCO2. Third, the rage of the pCO2 gradient in the 

Mediterranean Sea is too small to see the effects on the phytoplankton community (~340 to 

~500 atm) (Gemayel et al., 2015). 

 

 

Figure 6.1 Ratio of coccolithophores to diatoms along a west to east transect in the Mediterranean Sea (data 

as used for Chapter 5). 

 

As mentioned above, it was shown in Chapter 3 that increased pCO2 decreased µ and 

maximum yield cell densities in the Mediterranean strain tested. Other experiments have 

also shown decreased µ [see review in Raven and Crawfurd (2012)] although most strains 

at a global scale seem to be favoured by the increase in pCO2. It is concluded that a 

detrimental effect of high pCO2 on coccolithophore populations will be possible. 

 

Whether, in oligothrophic regions, nutrients affect the coccolithophore community 

structure stronger than pCO2 does was discussed in Chapter 4 (mesocosm experiments). 

Coccolithophore community structure did not change with pCO2 in either of the two 

mesocosm experiments (summer and winter-spring). In Chapter 5, however, a different 

coccolithophore assemblage could be assigned to the eastern and the western basin.  Even 

further, changes in heterococcolithophore assemblages were best linked to [CO3
2-

] and pH, 

but [PO4
3-

] also seemed important. The fact that gradients in these parameters overlap in 

the Mediterranean makes it difficult to distinguish which one could contribute the most to 

explain changes in coccolithophore community. These different results could also indicate 

that some of the species present in the Mediterranean are negatively affected by increased 

pCO2, while others are not.  
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6.2 E. huxleyi coccolith morphology in relation to ocean acidification and P-

limitation 
 

6.2.1 Hampered morphogenesis 

Contrary to a previous hypothesis (Okada & Honjo 1975, Young & Westbroek 1991), P 

limitation does not induce coccolith malformations in E. huxleyi (Chapters 2 and 3). While 

this is true for C. leptoporus as well (Langer et al 2012), the case of C. pelagicus shows 

that this finding cannot be generalized (Gerecht et al 2014, 2015). Whether the occasional 

occurrence of a high percentage of malformed coccoliths in field samples can be explained 

by nutrient limitation remains to be investigated, but seems rather unlikely in the light of 

available experimental data. Stand-alone experimental data, however, are on no account 

sufficient to analyse the complex situation in the field. This is illustrated when considering 

the effect of carbonate chemistry on coccolith morphology. Experimental results suggest 

that the majority of coccolithophores is sensitive to seawater acidification (Riebesell et al. 

2000; De Bodt et al. 2010; Langer et al. 2006, 2011; Langer and Bode 2011, Bach et al. 

2012). This was confirmed in the present study (Chapter 3). In natural populations of E. 

huxleyi, however, manipulated carbonate chemistry (Chapter 4) had no effect on 

morphology. Technical reasons can not be ruled out. Given that the population size of E. 

huxleyi was decreasing during the spring time mesocosm experiment (Chapter 4), and its 

duration was relatively short (12 days), it is not surprising that no increase in 

malformations due to acidification could be observed. However, in a mesocosm 

experiment where the population size of E. huxleyi was increasing and that lasted 19 days 

(Engel et al. 2005), high pCO2 did not caused malformations either. Apart from this 

technical issue, there is also the influence of clone selection in mesocosm or field samples, 

which is not existent in monoclonal culture experiments. An increase in E. huxleyi 

malformed coccoliths was recorded in a natural pH gradient near CO2 vents off Vulcano 

Island, Italy (Meier et al. 2014). However, a hypothetical larger time of exposure to 

elevated CO2 at volcanic vents (not quantified in the study of Meier et al.) might have 

determined the effects on coccolith morphogenesis. It is then probable that a short time 

exposure to enhanced pCO2 together with a likely clone selection resulted in a weak signal 

of the effects of ocean acidification during the mesocosm experiments.  
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6.3.2 Degree of calcification 

The results obtained from the culture and mesocosm experiments seem to differ with the in 

situ observations. Briefly the results were: i) Under P limitation (Chapter 2) the majority of 

strains showed an increased percentage of over calcified coccoliths. ii) Under P limitation 

and ocean acidification (Chapter 3) there was no relationship between the treatments and 

the degree of calcification. iii) Similarly, in the mesocosm experiments (Chapter 4) no 

effect was observed. iiii) In the west to east transect along the Mediterranean, the 

percentage of under-calcified coccoliths decreased while the percentage of over-calcified 

coccoliths increased (Figure 6.2). 

Two non-exclusive explanations are proposed: 

1. In the west to east transect, most changes in the degree of calcification are due to 

different distribution of E. huxleyi morphotypes. In particular, type A versus type 

B/C. The latter characteristic of Atlantic water influx and observed almost 

exclusively in the western Mediterranean basin. Since the B/C morphotype has thin 

coccoliths, the percentage of under–calcified coccoliths is higher in the west. On 

the contrary, in the culture and mesocosm experiments there was only E. huxleyi 

morphotype A, which displays all degrees of calcification but tends to be normally 

calcified. It would then be important to experimentally confirm whether the 

morphyotype B/C, or any other morphotype featuring under-calcified coccoliths 

would be favoured over the morphotype A in more acidified waters.  

2. The observed patterns along the Mediterranean transect are better explained by 

changes in [PO4
3-

] or by other environmental parameters that differed between the 

western and eastern basins. Again, please note that in the P limitation experiment 

(Chapter 2) the majority of the tested strains had a higher percentage of over-

calcified coccoliths under P limitation. In the eastern Mediterranean E. huxleyi can 

be P-limited (Kress et al. 2005) while is not confirmed for the western 

Mediterranean. 

 

The degree of calcification was proposed as a proxy for PICp (Beaufort et al. 2011, Bach et 

al 2012). Given the reliability of this putative proxy, this could be a promising way of 

reconstructing past changes in PICp over various timescales, because individual coccoliths 
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can be obtained in sufficient numbers from sediments. A caveat here is the above 

mentioned morphotype/clone selection issue.  

 In any case, judging from the P limitation experiment and the ocean acidification and P 

limitation experiment the degree of calcification does not seem to be a good proxy for 

calcite production or PIC:POC. In these experiments the degree of calcification was no 

correlated to PICq, PICp or the PIC:POC. 

 

 

 
Figure 6.2. Percentage of under-calcified and over-calcified coccoliths of Emiliania huxleyi along a 

carbonate chemistry gradient in the Mediterranean Sea. The data is derived from the M84-3 cruise on board 

of the Meteor R.V. as detailed in Chapter 5. 

6.3 Research perspectives and recommendations 

 The dynamics (i.e.: frequency of pulsed nutrient supply) can control competitive 

interaction between phytoplankton groups (Cermeño et al. 2008). This limits the 

inferences that can be drawn from “snap-shot” in situ observations on the 

relationship between phytoplankton and nutrient concentration. 

 In all in situ observations, whether coming from manipulative approaches or not, 

the phenological dynamics of the phytoplankton community is an important factor 

that should be addressed in further studies. As noted in Chapter 4, it is possible that 

in oligothrophic regions with pulsed input of macro- and micro- nutrients, 

phenological dynamics mask the effects of pCO2. 
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 Finally, if pCO2 is to select upon E. huxleyi morphotypes, and if this is to be 

evident over a wide range of pCO2, it will be then more useful to use the relative 

abundances of the different morphotypes as a proxy for ancient pCO2 than to use 

the presence of coccolith malformation in coccoliths. 
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Appendix A. Species list from Chapter 4 

  Coccolithophore species BV BC 

  Family Calciosoleniaceae Kamptner     
1 Calciosolenia brasiliensis (Lohmann) Young X 

   Family Coccolithaceae Poche     
2 Calcidiscus leptoporus (Murray et Blackman) Loeblich et Tappan  X 

 3 Umbilicosphaera sibogae var. sibogae (Weber-Van Bosse) Gaarder X 
   Family Helicosphaeraceae Black     

4 Helicosphaera carteri (Wallich) Kamptner X 
   Family Noelaerhabdaceae Jerkovic     

5 Emiliania huxleyi (Lohmann) Hay et Mohler X X 
6 Gephyrocapsa ericsonii McIntire et Bé X 

 7 Reticulofenestra parvula (Okada et McIntyre) Biekart X 
   Family Pontosphaeraceae Lemmermann     

8 Scyphosphaera apsteinii Lohmann X 
   Family Rhabdoaphaeraceae Ostenfeld     

9 Acanthoica quattrospina Lohmann X 
 10 A. acanthifera Lohmann ex Lohmann X 
 11 Anacanthoica cidaris (Schlauder) Kleijne X 
 12 Algiropsphaera robusta (Lohmann) Norris X 
 13 Cyrtosphaera lecaliae Kleijne X 
 14 Discosphaera tubifera (Murray et Blackman) Ostenfeld X 
 15 Palusphaera vandeli Lecal emend. Norris X X 

16 Rhabdosphaera clavigera Murray et Blackman X X 
  Family Alisphaeraceae Young, Kleijne et Cros     
17 Alisphaera extenta (Kamptner) Kleijne, Jordan, Heimdal, and others X 

   Family Syracosphaeraceae Lemmermann     
18 C. mediterranea (Lohmann) Gaarder  X X 
19 Ophiaster formosus Gran X 

 20 O. hydroideus Gran X 
 21 Syracosphaera anthos (Lohmann) Janin X X 

22 S. bannockii (Borsetti et Cati) Cros, Kleijne, Zeltner, Billard et Young X 
 23 S. borealis Okada et McIntire X 
 24 S. corolla Lecal  X 
 25 S. delicata Cros, Kleijne, Zeltner, Billard et Young X 
 26 S.dilatata Jordan, Kleijne et Heimdal X 
 27 S. histrica Kamptner X 
 28 S. lamina Lecal-Schlauder X 
 29 S. marginoporata Knappertsbusch X 
 30 S. molischii Schiller X 
 31 S. nana (Kamptner) Okada et McIntyre X 
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32 S. nodosa Kamptner X X 
33 S. noroitica Knappertsbusch X 

 34 S. orbiculus Okada et McIntyre X 
 35 S. ossa (Lecal) Loeblich et Tappan X X 

36 S. protrudens Okada et McIntyre X 
 37 S. pulchra Lohmann X 
 38 S. rotula Okada et McIntire X 
 39 S. tumularis Sánchez- Suárez X 
 40 Syracosphaera sp. type D, sensu Kleijne  X 
   Family Umbellosphaeraceae Young et Kleijne     

41 Umbellosphaera tenuis (Kamptner) Paasche X 
 42 Gladiolithus flabellatus (Halldal et Markali) Jordan et Green X 
 43 Ceratolithus cristatus Norris X 
   Holococcolithophores     

44 Anthosphaera fragaria Kamptner emend. Kleijne X 
 

45 
C. leptoporus ssp. quadriperforatusHOL (Kamptner) Geisen, Billard, 

Broerse, and others X 
 46 Syracolithus dalmaticus(Kamptner) Loeblich et Tappan X 
 47 Syracosphaera anthos HOL (Lohmann) Janin   X 
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Appendix B. Species list from Chapter 5 

B.1. Heterococcolithophores. 

Family Calciosoleniaceae Kamptner, 1937 

[1] Anoplosolenia brasiliensis (Lohmann, 1919) Deflandre, 1952 

[2] Calciosolenia murrayi Gran, 1912 

Family Coccolithaceae Poche, 1913 

[3] Calcidiscus leptoporus (Murray and Blackman, 1898) Loeblich and Tappan, 1978  

[4] Hayaster perplexus (Bramlette and Riedel, 1954) Bukry, 1973 

[5] Pleurochrysis carterae (Braarud and Fagerland, 1946) Christensen, 1978 

[6] Umbilicosphaera sibogae var. sibogae (Weber-Van Bosse, 1901) Gaarder, 1970  

[7] U. sibogae var. foliosa (Kamptner, 1963; ex Kleijne, 1993) in Sáez et al., 2003 

[8] U. hulburtiana Gaarder, 1970 

Family Helicosphaeraceae Black, 1971 

[9] Helicosphaera carteri (Wallich, 1877) Kamptner, 1954 

[10] H. pavimentum Okada and McIntire, 1977 

Family Noelaerhabdaceae Jerkovic, 1970 

[11] Emiliania huxleyi (Lohmann, 1902) Hay and Mohler, in Hay et al., 1967 

[12] Gephyrocapsa ericsonii McIntire and Bé, 1967 

[13] G. ornata Heimdal, 1973  

[14] G. oceanica Kamptner, 1943  

[15] G. muellerae Bréhéret, 1978 

[16] Reticulofenestra parvula (Okada & McIntyre, 1977) Biekart, 1989 

Family Papposphaeraceae Jordan and Joung, 1990  

[17] Papposphaera lepida Tangen, 1972 

Family Pontosphaeraceae Lemmermann, 1908 

[18] Pontosphaera japonica (Takayama, 1967) Nishida, 1971 

[19] Scyphosphaera apsteinii Lohmann, 1902 

Family Rhabdoaphaeraceae Ostenfeld, 1899 

[20] Acanthoica biscayensis Kleijne, 1992 

[21] A. quattrospina Lohmann, 1903 

[22] Algirosphaera cucullata (Lecal-Schlauder, 1951) Young, Probert and Kleijne, 2003 

[23] Algiropsphaera robusta (Lohmann, 1902) Norris, 1984 

[24] Anacanthoica acanthos (Schiller, 1925) Deflandre, 1952 

[25] Cyrtosphaera lecaliae Kleijne, 1992 

[26] Discosphaera tubifera (Murray and Blackman, 1898) Ostenfeld, 1900 

[27] Palusphaera vandeli Lecal, 1965 

[28] Rhabdosphaera clavigera var. clavigera Murray and Blackman, 1898  

[29] R. clavigera var. stylifera (Lohmann, 1902) Kleijne and Jordan, 1990 

[30] R. xiphos (Deflandre and Fert, 1954) Norris, 1984  

Family Syracosphaeraceae Lemmermann, 1908 

[31]  Alisphaera capulata Heimdal, 1981 

[32]  A. extentata (Kamptner, 1941) Kleijne, Jordan, Heimdal, Samtleben, Chamberlain 

and Cros, 2002 

[33]  A. gaudi (Kamptner, 1941) Kleijne, Jordan, Heimdal, Samtleben, Chamberlain and 

Cros, 2002 

[34]  A. unicornis Okada and McIntire, 1977  
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[35] Calciopappus caudatus Gaarder and Ramsfjell, 1954 

[36] C. rigidus Heimdal, 1981 

[37] Coronosphaera binodata (Kamptner, 1927) Gaarder, in Gaarder and Heimdal, 1977 

[38] C. mediterranea (Lohmann, 1902) Gaarder, in Gaarder and Heimdal, 1977  

[39] Michaelsarsia adriaticus (Schiller, 1914) Manton, Bremer and Oates, 1984 

[40] M. elegans Gran, 1912, emend. Manton, Bremer and Oates, 1984 

[41] Ophiaster formosus Gran, 1912 

[42] Ophiaster hydroideus Gran, 1912 

[43] Syracosphaera ampliora Okada and McIntire, 1977  

[44] S. anthos (Lohmann, 1912) Jordan and Young, 1990 

[45] S. bannockii (Borsetti and Cati, 1976) Cros, Kleijne, Zeltner, Billard and Young, 2000  

[46]  S. borealis Okada and McIntire, 1977  

[47]  S. corolla (Lecal, 1966)  

[48]  S. delicata Cros, Kleijne, Zeltner, Billard and Young, 2000  

[49]  S.dilatata Jordan, Kleijne and Heimdal, 1993 

[50]  S. histrica Kamptner, 1941 

[51]  S. lamina Lecal-Schlauder, 1951 

[52]  S. marginoporata Knappertsbusch, 1993 

[53]  S. molischii Schiller, 1925 

[54]  S. nana (Kamptner) Okada & McIntyre, 1977 

[55]  S. nodosa Kamptner, 1941 

[56]  S. noroitica Knappertsbusch, 1993 

[57]  S. ossa (Lecal, 1966) Loeblich and Tappan, 1968  

[58]  S. pirus Halldal and Markali, 1955 

[59]  S. prolongata Gran, 1912, ex Lohmann, 1913 

[60]  S. protrudens Okada and McIntyre, 1977 

[61]  S. pulchra Lohmann, 1902 

[62]  S. rotula Okada & McIntire, 1977  

[63]  Syracosphaera sp. type D, sensu Kleijne, 1993  

[64]  S. tumularis Sánchez- Suárez, 1990 

[65] Syracospahaera sp. 

Sub-Family Umbellosphaeroideae Kleijne, 1993  

[66] Umbellosphaera tenuis (Kamptner, 1937) Paasche, in Markali & Paasche, 1955 

[67] F. profunda Okada and Honjo, 1973 

[68] Gladiolithus flabellatus (Halldal and Markali, 1955) Jordan and Green, 1994 

[69] Polycrater galapagensis Manton and Oates, 1980  

[70] Ceratolithus cristatus Norris, 1965 

 

B2. Holococcolithophores. 

[1] Acanthoica quattrospina HOL = sp. aff Sphaerocalyptra Cros et al. 2000 

[2] Anthosphaera fragaria Kamptner, 1937, emend. Kleijne, 1991 

[3] A. lafourcadii (Lecal, 1967); Kleijne, 1991  

[4] A. periperforata Kleijne, 1991 

[5] Anthosphaera sp. Type A Cros and Fortuno, 2002 

[6] Anthosphaera sp. Type C Cros and Fortuno, 2002 

[7] Calcidiscus leptoporus HOL (Murray and Blackman, 1898) Loeblich and Tappan, 1978  

[8] C. leptoporus ssp. quadriperforatus HOL (Kamptner,1937) Geisen et al., 2002 

[9] Calicasphaera concava Kleijne, 1991 
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[10] Calyptrolithina divergens (Halldal and Markali, 1955) Heimdal, 1982 

[11] C. divergens f. tuberosa (Heimdal, in Heimdal and Gaarder, 1980) Heimdal, 1982  

[12] C. multipora (Gaarder, in Heimdal and Gaarder, 1980) Norris, 1985 

[13] Calyptrolithophora papillifera (Halldal, 1953) Heimdal, in Heimdal & Gaarder, 1980 

[14] Calyptrosphaera cialdii Borsetti and Cati, 1976  

[15] C. dentata Kleijne, 1991  

[16] C. heimdalae Norris, 1985  

[17] C. sphaeroidea Schiller, 1913   

[18] Coccolithus pelagicus ssp. braarudii HOL = Crystallolithus braarudii 

 (Gaarder, 1962) Geisen et al., 2002 

[19] Corisphaera gracilis Kamptner, 1937 

[20] C. strigilis Gaarder, 1962 

[21] C. tyrrheniensis Kleijne, 1991  

[22] Corisphaera sp. Kleijne, 1991  
[23] Coronosphaera mediterranea HOL gracillima-type = Calyptrolithophora gracillima 

(Kamptner 1941) Heimdal in Heimdal and Gaarder 1980 

[24] Coronosphaera mediterranea HOL hellenica type = Zygosphaera hellenica 

Kamptner, 1937 

[25] Gliskolithus amitakarenae Norris, 1985, orthog. emend., Jordan and Green, 1994 

[26] Helicosphaera carteri HOL = Syracolithus catilliferus (Kamptner, 1937) Deflandre, 

1952 

[27] Helladosphaera cornifera (Schiller, 1913) Kamptner, 1937 

[28] Homozygosphaera arethusae (Kamptner, 1941) Kleijne, 1991 

[29] H. spinosa (Kamptner, 1941) Deflandre, 1952 

[30] H. triarcha Halldal and Markalii, 1955 

[31] Homozygosphaera vercellii Borsetti and Cati, 1979 

[32] Poricalyptra gaarderae (Borsetti and Cati, 1967) Kleijne, 1991 

[33] Poritectolithus sp. 2 in Cros and Fortuño, 2002 

[34] Sphaerocalyptra adenensis Kleijne, 1991 

[35] S. quadridentata (Schiller, 1913) Deflandre, 1952  

[36] Sphaerocalyptra sp. 1 in Cros and Fortuño, 2002 

[37] Sphaerocalyptra sp. 3 in Cros and Fortuño, 2002 

[38] Sphaerocalyptra sp. 6 in Cros and Fortuño, 2002 

[39] Syracolithus schilleri (Kamptner, 1927) Loeblich and Tappan, 1963 

[40] Syracolithus sp. type A of Kleijne, (1991) 

[41] Syracosphaera anthos HOL = Periphyllophora mirabilis (Schiller, 1925) Kamptner,  

1937  

[42]  Syracosphaera bannockii HOL = Zygosphaera bannockii (Borsetti and Cati, 1976) 

Heimdal, 1982 

[43]  Syracosphaera pulchra HOL oblonga type = Calyptrosphaera oblonga Lohmann, 

1902 

[44]  Syracosphaera pulchra HOL pirus type = Calyptrosphaera pirus Kamptner, 1937 

[45] Zygosphaera amoena Kamptner, 1937 
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Zingone A (2010) Plankton in the open Mediterranean Sea: a review. Biogeosciences 7: 1543–1586 

 

Stewart RIA, Dossena M, Bohan DA, Jeppesen E, Kordas RL, Ledger ME, Meerhoff M, Moss B, 

Mulder C, Shurin JB, Suttle B, Thompson R, Trimmer M, Woodward G (2013) Mesocosm 

Experiments as a Tool for Ecological Climate Change Research. In: Woodward G, Ogorman EJ 

(eds.) Advances in Ecological Research: Global Change in Multispecies Systems, Pt 3, pp.71-181. 

 

Stocker TF, Qin D, Plattner G-K, Alexander LV, Allen SK, Bindoff NL, Bréon F-M, Church JA, 

Cubasch U, Emori S, others (2013) Technical summary. In: Climate Change 2013: The Physical 

Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the 

Intergovernmental Panel on Climate Change. Cambridge University Press, p 33–115 

Sverdrup HU (1953) On conditions for the vernal blooming of phytoplankton. ICES J Mar Sci 

18:287–295. 

 

Taillandier V, D’Ortenzio F, Antoine D (2012) Carbon fluxes in the mixed layer of the 

Mediterranean Sea in the 1980s and the 2000s. Deep Sea Res Part Oceanogr Res Pap 65:73–84 

Takahashi K, Okada H (2000) Environmental control on the biogeography of modern 

coccolithophores in the southeastern Indian Ocean offshore of Western Australia. Mar. 

Micropaleontol 39:73–86 

 

Tanhua T, Hainbucher D, Cardin V, Álvarez M, Civitarese G, McNichol AP, Key RM (2013)a.  

Repeat hydrography in the Mediterranean Sea, data from the Meteor cruise 84/3 in 2011. Earth 

Syst Sci Data 5:289–294 

 

Tanhua T, Hainbucher D, Schroeder K, Cardin V, Álvarez M, Civitarese G (2013)b. The 

Mediterranean Sea system: a review and an introduction to the special issue. Ocean Sci 9: 789–803 

 

The MerMex group: Madron XD, Guieu C, Sempéré R, Conan P, Cossa D, D’Ortenzio F, 

Estournel C, Gazeau F, Rabouille C, others (2011) Marine ecosystems’ responses to climatic and 

anthropogenic forcings in the Mediterranean. Prog Oceanogr 91:97–166 

Thingstad TF, Krom MD, Mantoura RFC, Flaten GAF, Groom S, Herut B, Kress N, Law CS, 

Pasternak A, Pitta P, Psarra S, Rassoulzadegan F, Tanaka T, Tselepides A, Wassmann P, 

Woodward EMS, Riser CW, Zodiatis G, Zohary T (2005) Nature of Phosphorus Limitation in the 

Ultraoligotrophic Eastern Mediterranean. Science 309:1068–1071 



150 

 

Tortell PD, DiTullio GR, Sigman DM, Morel FMM (2002) CO2 effects on axonomic composition 

and nutrient utilization in an Equatorial Pacific phytoplankton assemblage. Mar Ecol Progr Ser 

23:37–43 

 

Tortell PD, Payne CD, Li Y, Trimborn S, Rost B, Smith WO, Riesselman C, Dunbar RB, Sedwick 

P,  DiTullio GR (2008) CO2 sensitivity of Southern Ocean phytoplankton. Geophys Res Lett 

35(L04605). doi:10.1029/2007GL032583. 
 

Touratier F, Goyet C (2011) Impact of the Eastern Mediterranean Transient on the distribution of 

anthropogenic CO2 and first estimate of acidification for the Mediterranean Sea. Deep Sea Res Part 

Oceanogr Res Pap 58:1–15 

Triantaphyllou M, Dimiza M, Krasakopoulou E, Malinverno E, Lianou V, Souvermezoglou E 

(2010) Seasonal variation in Emiliania huxleyi coccolith morphology and calcification in the 

Aegean Sea (Eastern Mediterranean). Geobios 43:99–110 

Tyrrell T, Schneider B, Charalampopoulou A, Riebesell U (2008) Coccolithophores and calcite 

saturation state in the Baltic and Black Seas. Biogeosciences 5:485–494. 
 

Tyrrell T, Young JR (2009) Coccolithophores. In: Steele JH, Turekian KK, Thorpe SA (eds) 

Encyclopedia of Ocean Sciences, 2nd ed. Academic Press, San Diego, US., p 3568–3576 

Van Cappellen, P (2003) Biomineralization and global biogeochemical cycles. Rev Mineral 

Geochem 54(1):357–381 

 

van de Waal DB, Johnm W, Ziveri P, Reichart G-J, Hoins M, Sluijs A, Rost B (2013) Ocean 

acidification reduces growth and calcification in a marine dinoflagellate. PLOSONE 8(6)e65987 

 

Vardi A, Haramaty L, Van Mooy BA, Fredricks HF, Kimmance SA, Larsen A, Bidle KD. (2012) 

Host-virus dynamics and subcellular controls of cell fate in a natural coccolithophore population. P 

Natl Acad Sci USA 109:19327–19332 

 

Volpe G, Colella S, Forneris V, Tronconi C, Santoleri R (2012) The Mediterranean Ocean Colour 

Observing System – system development and product validation. Ocean Sci 8:869–883 

 

Wu J, Sunda W, Boyle EA, Karl DM (2000) Phosphate Depletion in the Western North Atlantic 

Ocean. Science 289:759–762 

Yacobi Y, Zohary T, Kress N, Hecht A, Robarts R, Waiser M, Wood A, Li W (1995) Chlorophyll 

distribution throughout the southern Mediterranean in relation to the physical structure of the water 

mass. J Mar Syst 6:179–190 

 

Young J, Geisen M, Cros L, Kleijne A, Sprengel C, Probert I, Østergaard J (2003) A guide to 

extant coccolithophore taxonomy. J Nannoplankton Res Spec Issue 1:1–125 

Young JR, Westbroek P (1991) Genotypic variation in the coccolithophorid species Emiliania 

huxleyi. Mar Micropaleontol 18:5–23 

Young JR, Poulton AJ, Tyrrell T (2014) Morphology of Emiliania huxleyi coccoliths on the 

northwestern European shelf – is there an influence of carbonate chemistry?  Biogeosciences 

11:4771–4782 
 

Winter A, Jordan RW, Roth PH (1994) Biogeography of living coccolithophores. p. 161-178. In: 

Winter A, Siesser WG (eds.) Coccolithophores. Cambridge University Press, Cambridge. 
 



151 

 

Zeebe RE, Caldeira K (2008) Close mass balance of long-term carbon fluxes from ice-core CO2 

and ocean chemistry records. Nat Geosci 1:312–315 

Zeebe RE, Wolf-Gladrow DA (2001) CO2 in seawater: equilibrium, kinetics, isotopes. Gulf 

Professional Publishing 

Ziveri P, Baumann K-H, Boeckel B, Bollmann J, Young JR (2004) Biogeography of selected 

Holocene coccoliths in the Atlantic Ocean. In: Thierstein HR, Young JR (eds) Coccolithophores 

From Molecular Processes to Global Impact. Springer, Berlin Heidelberg New York, p 403–428 

Ziveri P, Bernardi B de, Baumann K-H, Stoll HM, Mortyn PG (2007) Sinking of coccolith 

carbonate and potential contribution to organic carbon ballasting in the deep ocean. Deep Sea Res 

Part II Top Stud Oceanogr 54:659–675 

Ziveri P, Passaro M, Incarbona A, Milazzo M, Rodolfo-Metalpa R, Hall-Spencer JM (2014) 

Decline in Coccolithophore Diversity and Impact on Coccolith Morphogenesis Along a Natural 

CO2 Gradient. Biol Bull 226:282–290 
 

Ziveri P, Rutten A, Lange GJ De, Thomson J, Corselli C (2000) Present-day coccolith fluxes 

recorded in central eastern Mediterranean sediment traps and surface sediments. Palaeogeogr 

Palaeoclimatol Palaeoecol 158:175–195 

Ziveri P, Thoms S, Probert I, Geisen M, Langer G (2012) A universal carbonate ion effect on stable 

oxygen isotope ratios in unicellular planktonic calcifying organisms. Biogeosciences  9:1025–1032,  

 

Ziveri P, Thunell RC, Rio D (1995) Seasonal changes in coccolithophore densities in the Southern 

California Bight during 1991–1992. Deep-Sea Res Part I 42:1881–1903 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



152 

 

 

 

 


