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Summary
The absorption of the recent rising atmospheric CO2 alters the oceans carbonate system and 
affects the living conditions for marine calcifiers. Coccolithophores as major calcifying phyto-

plankton largely  contribute to the modern carbonate production and play  an important role in 
the global carbon cycle. Thus, changes in the calcite production of the coccolithophores have 

an impact on the carbon cycle. The effect of ocean acidification on coccolithophore calcifica-
tion has been observed in several types of experimental, field, and sediment studies, even in 

combination with other environmental factors, but most studies base on short-term laboratory 
experiments with single species or strains. Despite various results with species and strain 

specific response, the most frequent finding in recently conducted experiments is a decrease 
in coccolithophore calcification under future CO2 levels. In contrast to monospecific labora-

tory  experiments, natural coccolithophore assemblages consist of a heterogenous composi-
tion with diverse species and morphotypes, adapted to various environmental conditions. In a 

natural assemblage changing seawater conditions can lead to a dominance shift to better 
adapted species or morphotypes with different coccolith weight or size. To gain insights into 

the possible impact on the carbon cycle due to changing coccolithophore calcification, the 
response of the entire assemblage to changing environmental conditions in recent and past 

oceans should be taken into account. 

The main objective of this thesis was to investigate coccolithophore calcification of the domi-

nant coccolithophore family  Noelaerhabdaceae in different past atmospheric CO2 scenarios 
to obtain the influence of the changing seawater carbonate chemistry  and to untangle the 

response from other environmental factors. Coccolith weight estimates are suggested as a 
possible indicator to reconstruct calcification rates and were obtained with the automatic rec-

ognition system SYRACO.
To examine the variability  of Noelaerhabdaceae mean coccolith weights during times of pre-

dominantly  stable atmospheric CO2 conditions, coccolith weights from the pre-industrial 
Holocene were measured on 3 sediment cores from the North Atlantic. The results show op-

posing trends in different regions in an amplitude of weight variability  which is similar to the 
previously  reported weight change of the last glacial/interglacial change that was associated 

to ocean acidification. The changes in the Noelaerhabdaceae mean coccolith weight from the 
Holocene are referable to variations in the coccolithophore assemblage (shifts in species and 

morphotypes) but also to changing calcification. Apparently, these changes are induced by 
differences in nutrient or productivity settings between the studied sites. 

To assess the response of Noelaerhabdaceae mean coccolith weights to a natural increase 
in atmospheric CO2, two sediment cores from different locations in the North Atlantic were 

selected which cover the atmospheric CO2 increase of the penultimate deglaciation (Termi-



nation II). At the temperate Rockall Plateau with its changing environmental conditions due to 

a shift in the oceanic frontal system, mean coccolith weight shows positive variances around 
the Heinrich event 11 which is in close connection to a shift within the assemblage. In the 

Florida Strait, which is far from influences of frontal zones, mean coccolith weight doubles 
during Termination II, primarily  due to more heavily  calcified coccoliths. This increase in cal-

cification at the Florida Strait is simultaneous to the rise in atmospheric CO2 and an increase 
in seawater HCO3- concentration accompanied by a high total alkalinity, DIC, CO32- and cal-

cite saturation state, which indicates favourable conditions for calcification in the ocean. A 
comparison of the weight record from the Florida Strait with earlier studies from the CO2 in-

crease of Termination I in tropical regions shows opposing weight trends under similar 
changes of the seawater carbonate system. In the tropics, different carbonate systems in 

both Terminations indicate better ion concentrations conditions for calcification during Termi-
nation II. The results illustrate that the total CaCO3 production of a coccolithophore assem-

blage under increasing CO2 depends on regional seawater characteristics and the local as-
semblage composition. But despite rising atmospheric CO2 the conditions of the seawater 

carbonate system can be favourable for coccolithophore calcification.

Noelaerhabdaceae mean coccolith weight from a sediment core in the Gulf of Taranto in the 

central Mediterranean Sea was studied to investigate the response to the rising ocean acidi-
fication of the past 200 years. The study  area is under influence of enhanced anthropogenic 

nutrient load from the Po River which is known to affect the coastal ecosystems. So far, the 
results reveal no negative influence of the ocean acidification on coccolith weight or the as-

semblage composition. Noelaerhabdaceae mean coccolith weight is positively  influenced 
during times of negative North Atlantic Oscillation which strengthens the Po River discharge 

and leads to enhanced nutrient transport to the coring site via Adriatic Surface Water. The 
higher nutrient concentration extends the coccolithophore productivity  season from winter 

until late spring and raises the mean Noelaerhabdaceae coccolith weight. The results sug-
gest that a possible negative effect of the rising acidification of the ocean on coccolith calcifi-

cation can be outcompeted by enhanced nutrient content.

The results of this thesis point out the importance of understanding the response of natural 

coccolithophore assemblages to changing seawater carbonate chemistry and other environ-
mental conditions. The high variability  of the Noelaerhabdaceae mean coccolith weight under 

stable and rising atmospheric CO2 conditions indicates an assemblage specific response, 
which is further able to mask possible negative effects of rising atmospheric CO2 conditions 

when other environmental factors, i.e. productivity are favourable.



Zusammenfassung

Der Anstieg des atmosphärischen CO2 führt durch den Gasaustausch zwischen der Luft und 
dem Meerwasser zu einer Veränderung der Karbonatchemie im Ozean, der sogenannten 

Ozeanversauerung. Diese kann die Lebensbedingungen mariner Kalkproduzenten massiv 
beeinträchtigen. Eine der bedeutendsten kalkbildenden Phytoplanktonarten im Ozean sind 

Coccolithophoriden. Sie tragen einen wesentlichen Anteil zur Karbonatproduktion im Ozean 
bei und stellen dadurch für den Kohlenstoffkreislauf einen entscheidenden Faktor dar. Ände-

rungen in der Karbonatproduktion der Coccolithophoriden haben dementsprechend einen 
großen Einfluss auf den Kohlenstoffkreislauf. Der Einfluss der Ozeanversauerung auf die 

Karbonatproduktion von Coccolithophoriden wurde in unterschiedlichen experimentellen, 
Feld- und Sedimentstudien untersucht, auch in Verbindung mit anderen Umweltfaktoren. 

Hauptsächlich basieren die Untersuchungen jedoch auf kurzzeitigen Laborexperimenten mit 
einzelnen Arten oder monoklonalen Kulturen. Trotz der zwischen Arten und Kulturstämmen 

unterschiedlichen Reaktionen ist am häufigsten eine geringere Kalkproduktion der Coccoli-
thophoriden unter zukünftigen CO2 Gehalten festgestellt worden. Im Gegensatz zu den mo-

nospezifischen Laborexperimenten bestehen natürliche Vergesellschaftungen von Coccoli-
thophoriden aus einer heterogenen Zusammensetzung verschiedener Arten und Morphoty-

pen, die an unterschiedliche Umweltbedingungen angepasst sind. In solchen natürlichen 
Vergesellschaftungen können Veränderungen der Meerwasserbedingungen zu einer Ver-

schiebung zu anderen, z.B. besser angepassten Arten oder Morphotypen führen, die sich in 
Gewicht und Größe ihrer Coccolithen, und somit in ihrem Karbonatgehalt, unterscheiden. Für 

ein besseres Verständnis wie sich eine veränderte Karbonatproduktion von Coccolitho-
phoriden auf den Kohlenstoffkreislauf auswirken kann, ist es von Bedeutung die Kalkproduk-

tion einer gesamten Coccolithophoriden Vergesellschaftung und deren Reaktion auf wech-
selnde Umweltbedingungen zu berücksichtigen. Hilfreich sind hierbei Untersuchungen an 

rezenten sowie an Paläo-Vergesellschaftungen unter verschiedenen Umweltbedingungen.

Das Hauptziel dieser Arbeit ist die Untersuchung der Kalzifizierung von Coccolithen der do-

minanten Coccolithophoriden-Familie Noelaerhabdaceae zu Zeiten verschiedener atmosphä-
rischer CO2 Konzentrationen in der Vergangenheit. Sowohl der Einfluss der ozeanischen 

Karbonatchemie als auch der Einfluss anderer Umweltfaktoren soll untersucht werden. Mit 
dem automatischen Erkennungssystem SYRACO werden Gewichte von einzelnen Coccoli-

then gemessen, und diese können als Indikator für die Rekonstruktion der Kalzifizierung von 
Coccolithen genutzt werden.

Zur Bestimmung der Variabilität des Durchschnittsgewichts der Coccolithen der Familie Noe-
laerhabdaceae während überwiegend stabiler atmosphärischer CO2 Bedingungen, wurden 



Coccolithengewichte aus dem vorindustriellen Holozän an drei Sedimentkernen aus dem 

Nord-Atlantik gemessen. Die Ergebnisse zeigen gegensätzliche Trends in den drei unter-
schiedlichen Regionen. Zudem variiert das Gewicht in einem ähnlichen Ausmaß wie zu Zei-

ten des natürlichen CO2 Anstiegs und des daraus resultierenden schwachen Ozeanversaue-
rungseffekts während der letzten Deglaziation, welche in früheren Studien aufgezeigt wur-

den. Die Veränderungen des durchschnittlichen Noelaerhabdaceae Coccolithengewichts 
während des Holozän lassen sich sowohl auf wechselnde Häufigkeiten von Arten und Mor-

photypen innerhalb der Coccolithophoriden Vergesellschaftung, als auch auf veränderte Kal-
zifizierung zurückführen. Offenbar werden diese Veränderungen durch Unterschiede im 

Nährstoffgehalt oder der Produktivität der Coccolithophoriden in den Untersuchungsgebieten 
verursacht.

Um die Auswirkungen eines natürlichen atmosphärischen CO2 Anstiegs auf das durchschnitt-
liche Noelaerhabdaceae Coccolithengewicht zu beurteilen, wurde der CO2 Anstieg der vor-

letzten Deglaziation (Termination II) ausgewählt und anhand von zwei Sedimentkernen aus 
verschiedenen Regionen im Nord-Atlantik untersucht. Das in gemäßigten Breiten liegende 

Rockall Plateau stand während der Termination II unter Einfluss einer Verschiebung des o-
zeanischen Frontensystems. Während des Heinrich 11 Ereignisses zeigen die Noelaerhab-

daceae Coccolithengewichte am Rockall Plateau einen starken Anstieg welcher in engem 
Zusammenhang mit einer Häufigkeitsverschiebung der Arten innerhalb der Vergesellschaf-

tung steht. Die tropische Florida Strait befindet sich hingegen weit entfernt von Einflüssen 
der Frontensysteme. Hier verdoppelt sich das durchschnittliche Coccolithengewicht während 

der Termination II, überwiegend aufgrund einer Zunahme von stärker kalzifizierten Coccoli-
then. Die Zunahme der Kalzifizierung in der Florida Strait findet zeitgleich mit dem Anstieg 

des atmosphärischen CO2 und der Konzentration von HCO3- im Meerwasser statt. Zusätzlich 
scheinen hohe Alkalinität, DIC, CO3²- und Calcitsättigungsgrad die Kalzifizierung zu fördern. 

Ein Vergleich der Ergebnisse aus der Florida Strait mit früheren Studien an Coccolithenge-
wichten aus der Termination I in den Tropen zeigt entgegengesetzte Gewichtstrends und 

lässt auf bessere Bedingungen für die Kalkproduktion während Termination II schließen. Die-
se Ergebnisse zeigen, dass die absolute CaCO3 Produktion der Coccolithophoriden Verge-

sellschaftung unter ansteigenden CO2 Bedingungen von den regionalen Meerwassereigen-
schaften sowie der Zusammensetzung der lokalen Vergesellschaftung abhängt. Die Bedin-

gungen der Karbonatchemie im Meerwasser können offenbar trotz zunehmendem atmo-
sphärischen CO2 Gehalts förderlich für die Kalzifizierung der Coccolithophoriden sein.

Anhand eines Sedimentkerns aus dem Golf von Taranto im zentralen Mittelmeer konnte die 
Auswirkung des ansteigenden CO2 Gehalts der letzten 200 Jahre auf die Durchschnittsge-

wichte der Noelaerhabdaceae Coccolithen bestimmt werden. Das Untersuchungsgebiet steht 



unter dem Einfluss von steigenden anthropogenen Nährstoffgehalten aus dem Po-Fluss, 

welcher sich auf das ökologische System der Küste auswirkt. Bis jetzt lassen sich keine 
nachteiligen Auswirkungen der ansteigenden Ozeanversauerung auf die Coccolithengewich-

te oder die Zusammensetzung der Vergesellschaftung feststellen. Das durchschnittliche Ge-
wicht der Noelaerhabdaceae Coccolithen wird während einem negativen Index der Nord At-

lantik Oszillation positiv  beeinflusst, da dieser den Abtransport über den Po-Fluss intensiviert 
und zu einem verstärkten Nährstoffzustrom über das Adriatische Oberflächenwasser in den 

Golf von Taranto führt. Der erhöhte Nährstoffgehalt verlängert die Phase der Coccolithenpro-
duktivität von Winter bis in den späten Frühling hinein, was einen positiven Einfluss auf das 

durchschnittliche Noelaerhabdaceae Coccolithengewicht hat. Die Ergebnisse weisen darauf 
hin, dass ein möglicher negativer Effekt der zunehmenden Ozeanversauerung auf die Kalzi-

fizierung der Coccolithophoriden von einem erhöhten Nährstoffgehalt ausgeglichen wird.

Die Ergebnisse der vorliegenden Arbeit verdeutlichen die Notwendigkeit eines besseren 

Verständnisses der Reaktion von natürlichen Coccolithophoriden Vergesellschaftungen auf 
sowohl veränderte Meerwasser-Karbonatchemie als auch auf andere Umweltbedingungen. 

Die hohe Variabilität des Noelaerhabdaceae Coccolithengewichts unter stabilen sowie an-
steigenden atmosphärischen CO2 Bedingungen, deutet auf eine spezifische Reaktion der 

verschiedenen Vergesellschaftung hin, die zudem bewirken kann, dass mögliche negative 
Effekte eines zunehmenden CO2 Gehalts maskiert werden, wenn andere Umweltfaktoren, 

wie zum Beispiel Produktivität, vorteilhaft sind.
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1. Introduction 

1.1 Motivation 
The atmospheric CO2 concentration of the last 800000 years varied between 180 parts per 
million by  volume (ppmv) during glacial and 300 ppmv  during interglacial periods (Archer et 

al., 2000; Siegenthaler et al., 2005; Lüthi et al., 2008). From 1750, i.e. with the beginning of 
the industrial era, atmospheric CO2 concentrations started increasing to a current concentra-

tion of around 390.5 ppmv (IPCC, 2013) (Fig. 1.1). The average rate of atmospheric CO2 in-
crease of the past century  is at least an order of magnitude higher than that of the last mil-

lions of years in earth history (Doney et al., 2009).

Figure 1.1. Atmospheric CO2 concentration of the past 800000 years (EPICA Dome C from Lüthi et 
al., 2008) and from 1832 - 2012 AD (combined data: Law Dome DE08 and DSS ice cores from Ethe-
ridge et al., 1998; Mauna Loa from Tans and Keeling, 2012). 

The ocean is the largest sink for atmospheric CO2, since the beginning of the industrial era 

the ocean has absorbed approximately one third of the anthropogenic CO2 emissions. With-
out this absorption the atmospheric CO2 concentration would have been much higher 

(Sabine et al., 2004). However, the uptake of CO2 results in alterations of the marine carbon-
ate chemistry, including a reduction of the surface seawater pH which termed the process as 
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“ocean acidification“ (Feely  et al., 2004; Raven et al., 2005, IPCC 2007). The changing sea-

water chemistry  is suspected to have serious consequences for the marine life (e.g. Fabry  et 
al., 2008), such as a reduction of sea urchin larval growth (e.g. Doo et al., 2012) or lower cal-

cification rates of corals and pteropods (e.g. Gattuso et al., 1998; Comeau et al., 2009). Par-
ticularly  for calcifying organisms the process of acidification will make it more difficult to form 

calcium carbonate (Orr et al., 2005). Coccolithophores are a key  group of marine calcifying 
nannoplankton, they  play  a fundamental role in the global carbon cycles by  combining photo-

synthetic carbon fixation and calcification (Rost and Riebesell, 2004). Their calcite scales, 
the coccoliths, export inorganic carbon to the deep sea and further act as ballast for the 

transport of organic carbon (Klaas and Archer, 2002; Rost and Riebesell, 2004). In the pre-
sent oceans, coccolithophores are the dominant planktic calcifiers, responsible for around 

half of the modern CaCO3 precipitation (Milliman, 1993). Therefore, variations in the calcite 
production of coccoliths influence the carbon export and hence affect the global carbon cycle 

(Zondervan, 2007). The effects of ocean acidification on coccolithophores and their calcifica-
tion have been extensively  studied in culture experiments, mesocosms and in field studies, 

revealing various response within species and strains (Langer et al., 2006, 2009; Iglesias-
Rodriguez et al., 2008; Shi et al., 2009; Doney et al., 2009). Still, the most common observa-

tion is a reduction of coccolithophore calcification in response to increasing CO2 (Zondervan 
et al., 2002; De Bodt et al., 2010; Bach et al., 2012). The combined effect of ocean acidifica-

tion and other environmental parameters (e.g. temperature, nutrients) on coccolithophore 
calcification is even more complicated (e.g. De Bodt et al., 2010; Matthiessen et al., 2012; 

Fiorini et al., 2011). Most of these studies base on experimental work and neglect the possi-
ble adaptation potential or long-term effects on coccolithophore assemblages in their natural 

environment. Strong changes in the total amount of calcite produced within a coccolith as-
semblage are not solely  caused by  the varying calcification of a single species, but also by 

abundance shifts to better adapted species or morphotypes (e.g. Triantaphyllou et al., 2010; 
Flores et al., 2010; Beaufort et al., 2011). These shifts can compensate possible negative 

effects on the calcification of other species or morphotypes from the assemblage. Moreover 
the scale of variability  in coccolith calcification during times of rather stable atmospheric CO2 

is still unknown, as well as the consequences for the average calcite mass of the coccolitho-
phore assemblage. Further the question arises if other environmental factors (e.g. tempera-

ture or nutrient supply) can compensate a possible negative effect of changing carbonate 
chemistry  conditions on coccolithophore calcification. With respect to the ongoing changes in 

seawater carbonate chemistry, a better understanding of how  these changes influence the 
entire calcification of a coccolithophore assemblage is fundamental. The coccolithophore 

family  Noelaerhabdaceae has dominated most assemblages for more than 20 million years 
(Beaufort et al., 2011) and is therefore suitable for palaeo-perspectives on changes in cocco-
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lithophore calcification during episodes with stable and elevated atmospheric CO2 which can 

give indications for the possible response to the current rising CO2 conditions.

1.2 Structure of the thesis

1.2.1 Aims and Objectives

This study  was performed within the framework of the Biological Impacts of Ocean Acidifica-
tion (BIOACID) project, funded by the Federal Ministry  of Education and Research (Bundes-

ministerium für Bildung und Forschung; 03F0608A). The project focuses on the effects of 
ocean acidification on marine organisms and their habitats. Main objectives of the project are 

to obtain the underlying mechanisms of response and possible adaptations of marine key 
species and the possible consequences for the marine ecosystem, ocean biogeochemical 

cycles and the climate system.
As part of the BIOACID project the overall objective of this thesis is to advance the under-

standing of the fossil calcification response of the dominant coccolithophore family  Noelaer-
habdaceae to different atmospheric CO2 conditions and other environmental factors (e.g. 

temperature, nutrient supply). The thesis focuses on the following questions: 

1) What is the intrinsic weight variability  of Noelaerhabdaceae coccoliths during times of rela-

tively stable atmospheric CO2? 

2) What is the response of Noelaerhabdaceae coccolith weight to the naturally  occurring CO2 

increase at glacial/interglacial transitions?

3) How strong is the coccolith weight response to the very  fast atmospheric CO2 increase 

over the past 200 years? 

4) Is there a general response pattern of the coccolithophore family Noelaerhabdaceae to 

ocean acidification events?

5) Are changes in mean Noelaerhabdaceae coccolith weight driven by  ecological or evolu-

tionary shifts within the assemblage or by changes in calcification? 

6) Do other environmental factors weaken or strengthen the response to increasing atmos-

pheric CO2? 

In order to answer the main questions of this thesis, the following set of investigations was 

carried out, covering a variety of different settings:

1) Noelaerhabdaceae weight variability of the Holocene (last 10000 years) in the North Atlan-

tic Ocean was studied from three locations spanning different climatic and biogeographic 
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zones. This time period is characterised by relatively  stable atmospheric CO2 (~20 ppmv 

range, between ~260 to ~280 ppmv), but with considerable environmental differences be-
tween locations with different assemblage composition. The intrinsic variability  that is not 

related to CO2 changes but rather to other environmental parameters and assemblage 
composition was investigated. 

2) Changes of Noelaerhabdaceae weight during a moderate CO2 increase (~100 ppmv, from 
~190 to ~290 ppmv) of the penultimate glacial/interglacial transition (Termination II) over a 

long time episode (10000 years) from the tropical and subpolar/temperate North Atlantic 
was investigated. The tropical setting is characterised by  relatively small environmental 

change, but a moderate assemblage and evolutionary  shift, while the temperate setting 
shows strong environmental changes and assemblage shifts. 

3) The variability  of Noelaerhabdaceae weight was studied during the moderate CO2 in-
crease (~100 ppmv, from ~280 to ~390 ppmv) over a very short time span (last 200 years) 

from a sediment record in the Mediterranean Sea. This site is characterised by  a stable 
coccolithophore assemblage and no indications of evolutionary driven variations within the 

coccolithophores, but reveals a strong nutrient increase whilst other environmental condi-
tions remain relatively stable.

1.2.2 Outline

The thesis is structured in 7 Chapters. The remaining Chapter 1 contains an introduction into 
coccolithophores and the seawater carbonate system in respect to ocean acidification. 

Chapter 2 focusses on the study  area and the methods, including oceanographic settings, 
sample material and preparation, the automated coccolith recognition system SYRACO  and 

SEM studies as well as on the reconstruction of palaeo-seawater conditions. 
Chapter 3 presents the mean weight changes of the coccolithophore family  Noelaer-

habdaceae in 3 locations of the North Atlantic over the Holocene. The study  reflects the in-
fluence of environmental factors as temperature and productivity  in times of ocean carbonate 

system stability  due to small changes in atmospheric CO2. This chapter is under review for 
Biogeosciensces: “Changes in coccolith calcification under stable atmospheric CO2“ by  C. 

Bauke, K.J.S. Meier H. Kinkel and K-H. Baumann. A previous discussion manuscript has 
been published in Biogeosciences Discussions  (Bauke et al. 2013). I wrote the manuscript, 

conducted the coccolith measurements, and the calculations of the carbonate chemistry  pa-
rameters. All authors contributed to the discussion of the results. K-H. Baumann provided 

coccolith assemblage data.
In Chapter 4 Noelaerhabdaceae coccolith mean weight is studied in the tropic and the tem-

perate zone of the North Atlantic during the atmospheric CO2 increase of Termination II. This 
chapter has been submitted to Marine Micropaleontology: “Increasing coccolith calcification 
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during CO2 rise of the penultimate deglaciation (Termination II)“ by  C. Bauke, K.J.S. Meier 

and H. Kinkel. I wrote the manuscript, conducted the coccolith measurements, and the calcu-
lations of the carbonate chemistry  parameters. The co-authors of the manuscript contributed 

to the discussion of the results.
Chapter 5 focusses on Noelaerhabdaceae coccolith mean weight during the CO2 increase 

over the last 200 years in a sediment core from the Gulf of Taranto, central Mediterranean 
Sea. This manuscript is in preparation for submission to Ocean Acidification: “Ocean fertilisa-

tion versus acidification: anthropogenic influence on coccolithophore calcification over the 
last 200 years in the Gulf of Taranto“ by  C. Bauke, K.J.S. Meier and H. Kinkel. I wrote the 

manuscript, conducted the coccolith measurements, and the calculations of the carbonate 
chemistry  parameters. The co-authors of the manuscript contributed to the discussion and 

the SEM counts. 
Additionally, a study on laboratory  results of E. huxleyi is presented in Chapter 6. This chap-

ter results from a cooperation with Lennart Bach from the BIOACID subproject 3.1.1. which is 
published in Biogeosciences: “Influence of changing carbonate chemistry  on morphology and 

weight of coccoliths formed by  Emiliania huxleyi“ by  L.T. Bach, C. Bauke, K.J.S. Meier, U. 
Riebesell and K.G. Schulz. I conducted the coccolith weight measurements of this study  and 

contributed to the discussion.
Chapter 7 presents the conclusions of the thesis and an outlook. 

The Appendix provides a compilation of supplementary  data which were generated in the 
framework of this thesis.

1.3 Seawater carbonate system
With its large storage capacity  of carbon the ocean plays a fundamental part in the carbon 

cycle. Due to the exchange of carbon from ocean and atmosphere, atmospheric CO2 con-
centrations are strongly  coupled to the oceanic reservoir (Raven et al., 2005; Zeebe et al., 

2011). 
The seawater carbonate system is a highly complex system including numerous parameters, 

thus it should be noted that the following description of the carbonate system is set in the 
context of ocean acidification.

1.3.1 Parameters describing the seawater Carbonate system 

In typical surface seawater of pH ~8,1, ~86,5 % of DIC is HCO3-, ~13 % is CO32- and ~0.5 % 
is CO2, the concentration of H2CO3 is very  small and can be neglected (Zeebe, 2007; Zeebe 

and Wolf-Gladrow, 2001). In chemical equilibrium most of the parameters are interdepend-
ent, i.e. a change in one parameter leads to a proportional change in the others (Kleypas and 
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Langdon, 2006). Mathematically the carbonates system consists of six parameters, and can 

be described by  four equations (Table 1). Therefore it is possible to calculate all parameters if 
any two of them are known with the given equilibrium constants (Fig. 1.2), which depend on 

salinity, temperature and pressure (Zeebe and Wolf-Gladrow, 2001). This also allows to cal-
culate estimates of the carbonate system for the past (see Chapter 2). 

Table 1.1. Parameters and formulas describing the carbonate system

Parameter Formula

dissolved carbon dioxide [CO2] CO2 + H2O = HCO3- + H+ (1)

HCO3- + H+ = CO32- + 2H+ (2)
bicarbonate ions [HCO3]

CO2 + H2O = HCO3- + H+ (1)

HCO3- + H+ = CO32- + 2H+ (2)carbonate ions [CO32 ]

CO2 + H2O = HCO3- + H+ (1)

HCO3- + H+ = CO32- + 2H+ (2)

pH -log [H+]

dissolved inorganic carbon (DIC) [HCO3−] + [CO32−] + [CO2] (3)

Total alkalinity (TA) [HCO3−] + 2 [CO32−] + [OH-] - [H+] + minor components (4)

The exchange of CO2 between the ocean and the atmosphere alters the seawater chemistry 

conditions. When atmospheric CO2 enters the surface, it reacts with water and forms H2CO3 
which dissociates into HCO3−, CO32− and H+ (Fig. 1.2) (Zeebe, 2007; Zeebe and Wolf-

Gladrow, 2001).

Figure 1.2. CO2 exchange between atmosphere and ocean. K0 is the solubility constant of CO2 in 
seawater, K1 and K2 are equilibrium constants, all constants are functions of temperature (T), salinity 
(S) and pressure (P). Modified after Zeebe and Wolf-Gladrow (2001).

The generation of H+ ions during the dissociation steps leads to rising seawater acidity and 

decreasing seawater pH levels. The term pH describes the acidity  of a liquid and is defined 
as the negative common logarithm of the concentration of hydrogen ions (pH = -log [H+]).                                                                  

atmosphere

surface ocean

CO2 (g)

CO2 (aq) + H2O HCO3
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K0 = CO2 / pCO2;   

K1 = [H+] [HCO3
–] / [CO2]; 

K2 =[H+] [CO3
2–] / [HCO3

–]  
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The seawater pH is buffered by the total alkalinity (TA) which represents the balance of the 

acid-base system of seawater defined by  the sum of weak bases and describes the ability  to 
accept H+ ions and therefore to neutralise acids (Dickson, 1981; Zeebe and Wolf-Gladrow, 

2001).

1.3.2 Processes affecting the carbonate system
Various processes affect the carbonate system in the ocean, including physicochemical (e.g. 

temperature, salinity  and depth) and biological (e.g. photosynthesis and respiration, CaCO3 
formation, nutrient uptake and dissolution) processes. Consequently, the seawater carbonate 

system differs regionally, seasonally  as well as between surface and deep ocean (Zeebe and 
Wolf-Gladrow, 2001; Feely et al., 2001).

Physicochemical processes

The Bjerrum plot (Fig. 1.3) illustrates the equilibrium relationships between the DIC parame-
ters CO2, HCO3-, and CO32- in relation to pH and further the dependence of the inorganic 

carbon concentrations on physicochemical parameters (temperature, salinity, pressure). The 
plot shows shifts of CO2, HCO3-, and CO32- concentrations, induced by  various temperature, 

salinity and pressure combinations (Zeebe and Wolf-Gladrow, 2001). 

Figure 1.3. Bjerrum plot describing the carbonate system and the effect of temperature, pressure and 
salinity on the relative distribution of the carbon species as a function of pH. In all cases the reference 
is T = 25°C, S = 35 and P = 1. The dashed line marks the present day mean surface pH. Modified after 
Zeebe and Wolf-Gladrow (2001).
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When e.g. temperature decreases at the same pH, the equilibrium shifts towards higher CO2 

and lower CO32- concentration due to the higher CO2 solubility  in colder waters. Vice versa, 
in warmer regions the surface seawater tends to outgas CO2, has a higher CO32- concentra-

tion and is more saturated with respect to calcite. (Zeebe et al., 2012).

Biological Processes
The activities of phytoplankton as e.g. coccolithophores can have distinct effects on the oce-

anic carbonate system (Rost and Riebesell, 2004). Their biological processes can influence 
either DIC and/or TA by changing the concentration of carbonate chemistry  parameters (Fig 

1.4). Photosynthesis decreases DIC  due to the consumption of CO2, but slightly increases TA 
which is a result of a simultaneous consumption of nutrients, shifting the system to higher pH 

and lower CO2 levels.

Figure 1.4. Processes affecting DIC and TA (arrows). Solid and dashed background isoclines indicate 
CO2 (in µmol kg-1) and pH as function of DIC and TA. Redrawn after Zeebe and Wolf-Gladrow (2001).

The production and dissolution of CaCO3 can decrease or increase both DIC and TA in a 1:2 
ratio. The production of 1 mole CaCO3 reduces TA by  2 moles due to the removal of 2 

charges from solution by  only  requiring 1 mole of carbon and one mole of double positively 
charged Ca2+ ions:

Ca2+ + 2HCO3- ↔ CaCO3 + H2O + CO2                                                          (1.1)
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As a result the carbonate system shifts to higher CO2 and lower pH levels. When CaCO3 dis-

solves in seawater it has the opposite effect (Zeebe and Wolf-Gladrow, 2001).

1.3.3 Ocean acidification

The surface of the oceans and the atmosphere are in a continuous CO2 exchange by ab-
sorbing and releasing CO2 to maintain an equilibrium (Raven et al., 2005; IPCC 2007). With 

increasing anthropogenic emissions over the past 250 years, the atmospheric CO2 concen-
tration has risen from 280 ppmv  to 390.5 ppmv (Doney  et al., 2009; IPCC 2013). This con-

centration exceeds any  level of the past 800000 years (IPCC 2013). By the year 2100 worst-
case estimations predict an increase of atmospheric CO2 levels to more than 1000 ppmv, 

which is higher than it has been for several million years (IPCC 2013). 

Figure 1.5. Predicted changes in CO2 and ocean chemistry. Redrawn after Pelejero et al. (2010).

Up to now, the oceans have absorbed nearly  30 % of the anthropogenic CO2 emissions from 
the combustion of fossil fuels, cement production, and agricultural activities (Sabine et al., 

2004). The net result of the CO2 uptake is a decrease in CO32− and an increase in HCO3− 
and H+ ions, which leads to a reduction of the seawater pH (Zeebe and Wolf-Gladrow, 2001). 

This ongoing process is known as ocean acidification (Caldeira and Wickett, 2003).
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Figure 1.6. Variations of average seawater pH levels at past, present and predicted (750 ppmv) CO2 
concentrations. Modified after WBGU Special Report (2006) from IMBER (2005).

Natural fluctuations of the average pH have never exceeded a range of slightly  more than 0,1 

over the past 23 million years (WBGU 2006). The anthropogenic CO2 increase has already 
led to a decrease in the global average surface pH of the oceans by  0.1 units over the last 

250 years (Fig. 1.6) (Caldeira & Wicket, 2003). Modelling studies of the surface seawater pH 
under the IS92a scenario predicted a decrease by  0.3 - 0.4 units until 2100, which is equiva-

lent to an increase of H+ ions of 100 - 150 % (Orr et al., 2005). 

A consequence of the decrease in CO32− is the lowering of the CaCO3 saturation state (Feely 

et al., 2009). The CaCO3 saturation state (Ω) is a function of CO32−, defined by:

 Ω = [Ca2+] [CO32-] / K*sp                                                                               (1.2)

The solubility  product K*sp depends on local conditions of temperature, salinity and pressure 
and is written as: K*sp = [Ca2+]sat [CO32-]sat, whereas [Ca2+]sat and [CO32-]sat define the equilib-

rium of calcium and carbonate ion concentrations in a seawater solution saturated with Ca-
CO3. Where Ω is > 1, seawater is supersaturated with respect to aragonite and calcite, where 

Ω is < 1, seawater is undersaturated and corrosive to CaCO3. In cold latitudes and in high 
water depths, the saturation state is lowest, whereas it is highest in shallow, warm and tropi-

cal waters (Feely  et al., 2004). The location where Ω = 1 is called the saturation horizon 
which is positioned in shallower depths for aragonite than for calcite due to the higher solubil-

ity  of aragonite. The saturation horizons of aragonite and calcite are found in shallower depth 
in the Pacific than in the Atlantic Ocean, due to the older age of the Pacific bottom waters 
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which have taken up more CO2 than the Atlantic Ocean bottom waters (Zeebe and Wolf-

Gladrow, 2001). In the North Pacific the calcite saturation horizon is approximately  in a water 
depth of 750 m, in contrast to the calcite saturation horizon depth of 4300 m in the North At-

lantic. (Gianguzza et al., 2000). Below the saturation horizon follows the lysocline, where dis-
solution of CaCO3 starts and intensifies with increasing depth. Subjacent, where the dissolu-

tion of CaCO3 equals its rate of accumulation, is the location of the calcite compensation 
depth (CCD) (Summerhayes et al., 1996). The uptake of anthropogenic CO2 over the last 

250 years has already  shallowed the aragonite saturation horizon in all oceans. Under the 
IS92a scenario, the entire water column of the Southern Ocean will become undersaturated, 

with respect to aragonite, during the twenty-first century (Feely et al., 2004; Orr et al., 2005).

1.3.4 Palaeo-ocean acidification
Measurements of Antarctic ice cores show periodic variations in atmospheric CO2 with the 

glacial-interglacial cycles. Over the past 800000 years of earth history, atmospheric CO2 con-
centrations have fluctuated between ∼180 and ∼280 ppmv (Siegenthaler et al., 2005; Lüthi et 

al., 2008). Over longer timescales (million years) proxies indicate periods of much higher 

CO2 concentrations as e.g. during the Cretaceous with concentrations between three and ten 
times higher than present (Raven et al., 2005, 2005; Doney  et al., 2009). There is evidence 

that large CO2 releases during earth history  changed the carbonate chemistry  of the seawa-
ter and theoretically  had the potential for an ocean acidification event. But due to the large 

time scales, compared to the recent increase in CO2, the ocean-atmosphere system was 
able to reduce atmospheric CO2 and balance the carbonate chemistry. An important factor on 

long term scales >10000 years is the rise of terrestrial weathering of carbonate and silicate 
rocks induced by  high atmospheric CO2 and increasing temperature (Kump et al., 2009; 

Zeebe et al., 2012). Enhanced weathering provides alkalinity  in the form of HCO3- to the 
ocean and therefore draws down CO2. As a result, this process balances the oceans carbon-

ate chemistry  and decouples atmospheric CO2 and ocean pH from CaCO3 saturation state 
(Kump et al., 2009; Hönisch et al., 2012). On shorter time scales or during times of faster 

CO2 increase as the current rate of > 45 ppmv per 100 years, the buffer capacity  of weather-
ing is not fast enough to balance sea water carbonate chemistry  (Zeebe et al., 2012; Hönisch 

et al., 2012). 
Despite different periods in earth history  with rapid CO2 increase as the deglaciations, the 

Paleocene-Eocene thermal maximum (PETM), Mesozoic ocean anoxic events (OAEs), the 
Triassic-Jurassic (T/J) boundary or the Permian-Triassic boundary  (P/T), it is difficult to find 

an event which is analogue to the present rapid increase in CO2 (Hönisch et al., 2012). Well-
known examples are the CO2 rises of around 100 ppmv during the last and the penultimate 

deglaciation (Termination I and II) (Monnin et al., 2001; Petit et al. 1999). The amplitudes are 
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rather comparable to the recent increase in CO2, but take place over a large time interval of 

around 10 ka (Kukla et al., 2002), and they  therefore had very slow rates of around 0.8 ppmv 
CO2 per 100 years (Monnin et al., 2001; Hönisch et al., 2012). Surface seawater pH and 

saturation state declined during deglaciations, but due to the large timescale, they  are slow 
and moderate acidification events where the deep sea pH remained rather stable (Zeebe and 

Marchitto, 2010; Hönisch et al., 2012; Zeebe et al., 2012). However, there is no event in the 
past, related to an increase in CO2, which is comparable to the recent rate of environmental 

change, which is therefore driving to unpredictable changes in the oceans chemistry  (Kump 
et al., 2009; Pelejero, 2010). As it is rather difficult to establish natural conditions in the labo-

ratory, past events in Earth`s history with a notable increase in CO2 help to clarify  the possi-
ble response of marine calcifiers in the future. Palaeo-studies on coccolithophore communi-

ties during rising atmospheric CO2 conditions give indications about the ecological response 
(e.g. assemblage shifts, adaptation) from the entire assemblage in their natural environment. 

Another advantage is the possibility  to study the effects of the changing carbonate chemistry 
in combination with accompanied environmental changes.

1.4 Coccolithophores

1.4.1 Biology and ecology
Coccolithophores are unicellular marine nannoplankton, belonging to the phylum Hapto-

phyta, subclass Prymnesiophycidae (Edvardsen et al., 2000). They  are photoautotrophic and 
one of the major primary  producers (Cortés et al., 2001). Since their first appearance during 

the Triassic, around 220 Ma ago (Edvardsen and Medlin, 2007), coccolithophores evolved 
around 4000 morphologically  different species (De Vargas et al., 2007). Nowadays they  are 

represented by  280 extant species, with numerous morphological variants (morphotypes) 
(Young et al., 2003; Young et al., 2005). They  have a complex life cycle with alternating hap-

loid and diploid generations, during which they  reproduce by asexual mitotic division (Billard 
and Inouye, 2004). 

Coccolithophores produce an exoskeleton of small calcite plates, the coccoliths, which cover 
their cell in single or multiple layers and form the coccosphere. The taxonomy  of coccolitho-

phores is based on the morphological differences of the coccoliths (Billard and Inouye, 
2004). Depending on their life cycle stage, two different types of coccoliths can be produced 

by  the same organism: The most common, intracellulary  produced heterococcoliths (Brown-
lee and Taylor, 2004) and the extracellulary  produced holococcoliths (Rowson et al., 1986). 

Heterococcoliths are produced during the diploid stage, formed by interlocked crystal units of 
variable shape whereas holococcoliths, produced during the haploid stage, are formed of 
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identical, non-interlocked crystal units (Young et al., 1992). Some species as e.g. E. huxleyi 

and Gephyrocapsa calcify only during the diploid phase (Young and Henriksen, 2003). 
The function of coccoliths is still under debate, diverse hypotheses have been proposed: pro-

tection of the cell wall against mechanical damage, grazers or bacterial infestation; regulating 
light reflection; buoyancy  or protection from osmotic changes (Young, 1994). Calcification 

and photosynthesis are most probably  not coupled and therefore calcification is not a source 
for CO2 in coccolithophores (Herfort et al., 2004; Trimborn et al., 2007; Leonardos et al., 

2009). There is strong evidence that coccolithophores generally  use external CO2 for photo-
synthesis (Sikes et al., 1980; Rost et al., 2003; Schulz et al., 2007), as e.g. photosynthesis in 

non-calcifying cells is as possible as in calcifying-cells, or even more efficient (Rost and Rie-
besell, 2004).

The internal production of coccoliths occurs in a Golgi-derived intracellular vesicle and re-
quires the uptake of calcium (Ca2+) and inorganic carbon (C) from the external medium 

(Brownlee and Taylor, 2004). There is strong evidence that HCO3- is the primary  carbon 
source for calcification in coccolithophores (e.g. Sikes et al., 1980; Nimer and Merrett, 1992, 

1996; Buitenhuis et al., 1999; Bach et al., 2013). The production of calcite in the coccolith 
vesicles is isolated from the surrounding seawater. Within the vesicles, the CaCO3 concen-

tration is tightly  controlled (Jones et al., 2013) in order to provide a supersaturated solution 
during calcite nucleation and growth (Marsh et al., 2003). Calcite formation produces H+ ions 

(Ca2+ + HCO3- ↔ CaCO3 + H+), the increase in  H+ decreases the pH in the cell and leads to 

an activation of H+ ion channels which releases the ions from the cell to maintain a constant 

pH (Taylor et al., 2011; Decoursey et al., 2013).

1.4.2 Coccolithophore biogeography
Modern coccolithophores are widespread in all marine environments, their biogeographical 

distribution, growth and calcification is controlled by parameters as temperature, nutrient 
availability, light, salinity, trace elements and vitamins (Winter et al., 1994; Bown and Young, 

1998). Individual species are adapted to a different range of environmental conditions, their 
biogeographical distribution roughly  follows broad latitudinal belts or zones, separated by 

frontal systems (McIntyre and Bé, 1967; Winter et al., 1994; Brand, 1994). McIntyre and Bé 
(1967) divided the Atlantic and the Pacific Ocean into nannofloral assemblage zones, charac-

terised by  specific coccolithophore communities. In the Atlantic Ocean the authors identified 
five nannofloral assemblage zones: tropical, subtropical, transitional, subarctic and 

subantarctic (McIntyre and Bé, 1967). 
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Figure 1.7. Coccolith assemblage zones and site locations. Redrawn after McIntyre and Bé (1967). 

Today, most coccolithophores are K-selected species, they  grow slowly and flourish in nutri-

ent pour waters (Brand et al., 1994; Young, 1994). Therefore the highest coccolithophore di-
versity, but lowest coccolithophore production, is in warm oligotrophic stable environments 

such as subtropical gyres (Hulburt, 1963), whereas the diversity  is much lower in polar wa-
ters (McIntyre, 1967). Some species as e.g. E. huxleyi and to a lesser extent G. oceanica are 

r-selected opportunistic species with wide ecological tolerances and able to build monospe-
cific assemblages with enhanced coccolithophore productivity in highly  eutrophic and insta-

ble systems (McIntyre and Bé, 1967; Brand et al., 1994; Young, 1994). 

1.4.3 Coccolithophore response (growth and calcification) to environmental condi-
tions

In general, coccolithophores are adapted to a wide range of sea surface temperatures, they 
are distributed from tropical to temperate waters. Each species or even morphotype has its 

individual, and often narrow temperature tolerance (e.g. Baumann et al., 2005; Langer et al., 
2007; de Bodt et al., 2010; Flores et al., 2010). Studies on correlations between temperature 

and calcification rates showed different results, Beaufort et al. (2007) concluded that there is 
no global relationship between sea surface temperature (SST) and the degree of calcifica-
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tion, especially  in E. huxleyi due to its high morphologic and genetic diversity  with different 

temperature tolerances (Young et al., 2003; Hagino et al., 2011).
In the open ocean, coccolithophores are adapted to salinity fluctuations of 32 - 37 ppt, but 

several species have wider salinity  tolerances (Brand, 1994 and references therein). Boll-
mann et al. (2009) as well as Fielding et al. (2009) found morphological changes in E. huxleyi 

over a large salinity gradient, with a linear increase in coccolith numbers and size with in-
creasing salinity. However, there is no strong correlation between the calcification of cocco-

lithophores and salinity (Beaufort et al., 2011).
Growth and calcification of coccolithophores are highly  responsive to nutrient concentrations. 

Under phosphate limited conditions cells can maintain the production of biomass and calcite 
but are unable to divide due to the lack of phosphate for nucleic acid synthesis (Raven et al. 

2012). This can result in enhanced calcite content per coccolith or coccolith production in 
some species (Nimer and Merrett, 1993; Paasche, 1998; Shiraiwa, 2003). Nitrate limitation 

inhibits the synthesis of proteins which leads to less biomass production but calcification con-
tinues, resulting in higher calcite content per cell (Müller et al., 2008, 2012; Raven et al., 

2012). In general, nutrient limitation leads to increasing particular inorganic carbon (PIC): 
particular organic carbon (POC) ratio (Raven et al., 2012).

Also enhanced nutrient supply  can have a positive influence on coccolith weight (e.g. Engel 
et al., 2005; Beaufort et al., 2007; Rouco et al., 2013). The weight of E.  huxleyi and G. 

oceanica increased during the nutrient rich conditions of two upwelling induced blooms and 
accordingly  during times with high coccolithophore production, which suggests a link be-

tween the degree of calcification and primary  production. E. huxleyi coccoliths formed the 
major part of all coccolithophore calcite during the bloom (Beaufort et al., 2007). In addition 

Engel et al. (2005) observed an increase in E. huxleyi coccolith weight by  25 to 50 % during 
blooms in mesocosm experiments after adding nutrients. Rouco et al. (2013) reported about 

an increase in both, cellular particulate inorganic and organic carbon under nutrient replete 
conditions at high CO2, accompanied by  a slight increase in coccosphere volume and cocco-

lith size.
Coccolithophores are photosynthetic organisms which generally live in the photic zone where 

light levels are sufficient to carry  out photosynthesis (Winter et al., 1994). The calcification of 
coccoliths requires energy  and is thus a light-dependent process (Anning et al., 1996; Zon-

dervan, 2007). In comparison to other phytoplankton groups (e.g. diatoms and dinoflagel-
lates), some coccolithophore species as E. huxleyi are not photoinhibited by  high light inten-

sities and able to maintain photosynthesis and calcification (Nimer and Merret, 1993; Nan-
ninga and Tyrrell, 1996). In contrast, at low irradiance the particular organic carbonate pro-

duction of E. huxleyi is more sensitive to light than the calcification which saturates at lower 
light intensities. Therefore the ratio of calcite to particular organic carbon increases with de-
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creasing irradiance. However, this trend reverses when the irradiance is severely  limited 

(Zondervan, 2007).

1.4.4 Coccolithophores and their importance for palaeostudies
Coccolithophores are sensitive indicators of surface water conditions, their organic and inor-

ganic remains can be used in palaeoceanographic reconstructions. Their biogeographical 
distribution, assemblage composition, elemental and isotopic composition of their carbonate, 

alkenone data, morphology and weight of their coccoliths provide information about past en-
vironmental and biological conditions such as calcification rates, sea surface temperature or 

palaeoproductivity (Stoll and Ziveri, 2004). 
In this study, reconstructions on past environmental conditions from coccolithophores base 

on the analysis of coccolith weights, coccolithophore accumulation rates for palaeoproductiv-
ity  reconstructions, and include alkenone sea surface temperature data from other studies. 

These proxies are briefly introduced in the following. 
Coccolithophore calcification can be expressed in different ways: in the coccolith exocytosis 

rate, in the size of coccoliths and in the weight per coccolith. Culture studies on E. huxleyi 
showed a correlation between calcification rates and coccolith weight, expressed in a simul-

taneous change in exocytosis rate and coccolith weight. This suggests the use of single coc-
colith weights as a potential indicator for coccolithophore calcification rates (Bach et al., 

2012). 
Coccolithophores are significant contributors to the oceanic primary  production, their accu-

mulation rates can be used as an indicator for palaeoproductivity  dynamics (Lotoskaya et al., 
1998; Stolz and Baumann, 2010; Schwab et al., 2012). Main factors which control the pri-

mary  productivity  of phytoplankton are nutrients, light and temperature (Winter and Siesser, 
1994). Despite the optimum development of coccolithophorids in nutrient limited 

mesotrophic/oligotrophic environments, which is reflected in a high diversity, the abundance 
of coccolithophores is rather low in this areas. The highest abundance (but lowest diversity) 

of coccolithophores in present day  and fossil records is represented in nutrient rich eutrophic 
areas as equatorial upwelling zones or along continental margins. Thus coccolith accumula-

tion rates in the sediment can be linked to nutrient availability  (Baumann et al., 1999; Flores 
et al., 2013), if factors as dilution, dissolution or alteration are considered (Lototskaya et al., 

1998; Flores et al., 2013).
A further well established proxy  from coccolithophores is the alkenone undersaturation ratio 

of alkenone biomarkers (U37K). Alkenones are long-chain ketones, produced by  species of 
the family  Noelaerhabdaceae, and are used to reconstruct sea surface temperatures (e.g. 

Marlowe et al., 1990; Müller et al., 1997, Prahl et al., 2000).  
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1.4.5 Coccolithophore family Noelaerhabdaceae

This thesis focuses on the coccolithophore family  Noelaerhabdaceae from the order Isochry-
sidales which has dominated most assemblages over the past 20 Ma (Beaufort et al., 2011). 

In their dominant diploid life cycle phase they are usually  heterococcolith-bearing (non mo-
tile) while during their alternate, haploid phase they  are non-calcifying (motile). Therefore, 

Noelaerhabdaceae have no holococcolith stage (Young et al., 2003). Modern Noelaer-
habdaceae include the genera Emiliania, Gephyrocapsa and Reticulofenestra (more com-

mon in the Pacific Ocean) which are the dominant coccolithophores in most assemblages 
(Young et al., 2003). An overview of the ecology of selected coccolithophore species from the 

family Noelaerhabdaceae which are used in this study are described in the following.

Emiliania huxleyi
E. huxleyi evolved from the gephyrocapsids around 250 ka BP and has been the most abun-

dant coccolithophore for the last 70 ka (Tyrrell and Young, 2009). Usually, E. huxleyi cells are 
surrounded by 12 - 15 coccoliths per organism, with this number rising or falling under 

changing environmental conditions (Balch et al., 1993). Typical E. huxleyi coccolith length is 
between 2.5 - 5 µm (Young and Ziveri 2000; Young et al., 2003), and the mean weight per 

coccolith is between 1.2 - 5.3 pg (Young and Ziveri, 2000; Beaufort et al., 2005), variations 
are also known from culture data (e.g. Bach et al., 2012).

E. huxleyi is an r-selected, opportunistic species with a high cell division rate up to 2.8 per 
day (Brand and Guillard, 1981; Paasche, 2002). Nowadays it accounts for 30 - 50 % of the 

total coccolithophore assemblage in most regions and up to 100% in sub-polar waters (Win-
ter and Siesser, 1994; Mohan et al., 2008). E. huxleyi has an extensive genetic and morphol-

ogic diversity with diverse environmental tolerances (Medlin et al., 1996; Young et al., 2003). 
Based on distinct morphologic features of the coccoliths, E. huxleyi can be divided into dif-

ferent morphotypes, termed type A, B, C and the additional morphotypes B/C, R and var. co-
rona (Young and Westbroek, 1991; Young et al., 2003), of which at least three are genetically 

distinct (Schroeder et al., 2005; Cook et al., 2011). Coccoliths of morphotype A are very 
common in the oceanic population, globally  widespread and bloom forming (Young and 

Westbroek, 1991; Paasche et al., 1996). Morphotype B is primarily is found in the North Sea, 
(van Bleijswijk et al., 1991) and type B/C in the Southern Hemisphere (Findlay  and Gi-

raudeau, 2000; Cubillos et al., 2007; Cook et al., 2011). The heavily  calcified morphotype R 
is similar to type A but with heavily  calcified shield elements and often closed slits. It has 

been found in the SW Pacific (Young et al., 2003) and the Southern Ocean (Burns, 1977; 
Nishida, 1979).
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Figure 1.8. SEM pictures of Noelaerhabdaceae coccoliths and coccospheres. a) - b) E. huxleyi cocco-
liths (site MD08-3192, Vøring Plateau, Holocene), c) Overcalcified E. huxleyi coccolith (site MD08-
3192, Vøring Plateau, Holocene), d) E. huxleyi coccolith (site SO164-17-2, Florida Strait, Termination 
II), e) E. huxleyi coccosphaere (GeoB10709-5, Gulf of Taranto, past 200 years), f) - g) G. muellerae 
coccolith (site MD08-3192, Vøring Plateau, Holocene), h) - i) G. oceanica coccoliths (site SO164-17-2, 
Florida Strait, Termination II), j) - k) G. ericsonii coccoliths (site SO164-17-2, Florida Strait, Termination 
II), l) G. protohuxleyi coccolith (site SO164-17-2, Florida Strait, Termination II), m) cluster of small 
Gephyrocapsa coccoliths (site SO164-17-2, Florida Strait, Termination II), n) G. oceanica and G. eric-
sonii coccoliths (site SO164-17-2, Florida Strait, Termination II), o) E. huxleyi, G. oceanica, G. ericsonii 
and small Gephyrocapsa coccoliths (site SO164-17-2, Florida Strait, Termination II).
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Recently, Smith et al. (2012) reported on dominance of a heavily calcified E. huxleyi morpho-

type in the North Atlantic (Bay  of Biscay) during winter, when pH and CaCO3 saturation are 
lowest. Further, Beaufort et al. (2011) observed a highly  calcified E. huxleyi morphotype in 

Patagonian-shelf and Chilean upwelling waters that is able to calcify  heavily  in waters char-
acterised by  low  carbonate ion concentrations. These findings indicate that this morphotype 

may be adapted to a lower pH calcification optimum. Adaptations of other E. huxleyi morpho-
types to specific environmental conditions are e.g. the large, cold water preferring morpho-

type E. huxleyi > 4 µm, which corresponds to Type B (Colmenero-Hidalgo et al., 2002; 
Hagino et al., 2005; Flores et al., 2010). 

Due to the large intraspecific diversity, E. huxleyi has a large ecological tolerance with a wide 
temperature (1 - 31°C) and salinity  (11 - 41 ppt) range (McIntyre et al., 1970; Hajo and Honjo, 

1989; Brand, 1994; Winter et al., 1994). It occurs under eutrophic and oligotrophic conditions 
but with higher abundances in nutrient rich subpolar waters, in equatorial and coastal upwel-

ling regions, outer shelf areas and along borders of subtropical gyres (Flores et al., 2010). 
Moreover, one freshwater form is documented (Bown, 1998). E. huxleyi tolerates high irradi-

ance, which does not inhibit growth, but rather seems to induce blooms of this species 
(Paasche, 2002). Extensive blooms of E. huxleyi are formed during summer and early 

autumn and can cover up to 8 million km2, with cell densities larger than a million cells per 
litre (Brown and Yoder, 1994; Moore et al., 2012).

Gephyrocapsa oceanica

The first appearance of the genus Gephyrocapsa was observed in the Middle Miocene, 15 
Ma BP (Pujos, 1987), a frequent occurrence was reported in the Early  Pliocene, 3.5 Ma BP 

(Bollmann and references therein). The large species G. oceanica evolved at the base of the 
Pleistocene through G. caribbeanica (Samtleben, 1980). As all Gephyrocapsa species, G. 

oceanica is characterised by  a single bar (bridge) across the central area (Bollmann et al., 
1997). Its coccospheres consist of 9 - 14 coccoliths with a single coccolith length of 3.5 - 6 

µm and mean coccolith weights between 12.3 - 53 pg (Okada and McIntyre, 1977; Young 
and Ziveri, 2000; Young et al., 2003, Beaufort et al., 2005). 

G. oceanica is abundant in tropical waters of 12 - 30°C (Okada and McIntyre, 1979), with 
highest growth rates at 27°C (Klaas et al., 1999). It has a high salinity  tolerance and an affin-

ity  for warm and nutrient rich waters (Kleijne et al., 1989; Houghton and Guptha, 1991; Gi-
raudeau et al., 1993; Ziveri and Thunell, 2000; Broerse et al., 2000) and is therefore reported 

to be abundant in temperate and tropical waters as well as equatorial and upwelling areas 
(Bollmann, 1997; Okabe, 1997; Ziveri et al., 2004). Like E. huxleyi, G. oceanica is able to 

form massive blooms (e.g. Blackburn and Cresswell, 1993; Rhodes et al.,1995).
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Gephyrocapsa muellerae

G. muellerae evolved in the late Pleistocene, around 240 - 220 ka BP from G. margeli. The 
coccosphere of G. muellerae consists of 14 - 24 coccoliths, which are 3 - 4,5 µm long and 

have a mean coccolith weight around 8 pg (Young and Ziveri, 2000). 
This species has an affinity  for moderate productive cool surface waters (Winter et al., 1994) 

where it occurs in high abundances or even as dominant taxon (Bollmann, 1997; Findlay  and 
Giraudeau, 2002) and is thus often used as a cold water indicator (Weaver and Pujol, 1988). 

It is highly  abundant in the eastern North Atlantic, in a preferred temperature range of 12 - 
18°C, and an optimum temperature of 14°C (Giraudeau et al., 2010).

Gephyrocapsa ericsonii

The first appearance of G. ericsonii was documented in the late Pleistocene around 300 ka 
BP. This species is characterised by  its small size and a strong bridge. The coccosphere is 

covered with 20 - 34 coccoliths with a length of around 1.4 - 2.7 µm per coccolith and a mean 
coccolith weight around 3.6 pg (Samtleben, 1980; Young and Ziveri, 2000). G.ericsonii can 

be classified into three groups regarding morphological variability: (1) G. ericsonii: without 
slits between distal shield elements, (2) G. protohuxleyi: with slits between distal shield ele-

ments, (3) “with thorn“: well developed slits and a slender thorn (Cros and Fortuño, 2002).
G. ericsonii has a preference for high nutrient contents and less saline surface water condi-

tions (Boeckel et al., 2006). It tolerates temperature ranges from 12 - 27 °C and thus has a 
wide biogeographical distribution from tropical to temperate oceans (Okada and Honjo, 1973; 

Bollmann, 1997; Ziveri et al., 2004). 

1.4.6 Coccolithophores and ocean acidification

Coccolithophores are one of the most important pelagic calcifying organism, about half of the 
modern CaCO3 precipitation is estimated to be produced by  coccolithophores (Milliman, 

1993). They play  an important role in the marine carbon cycle by participating in both carbon 
pumps, in the organic carbon pump via photosynthesis and in the carbonate counter pump 

via calcification of coccoliths (Purdie and Finch, 1994). Photosynthesis of coccolithophores 
consumes CO2 but calcification of coccoliths counteracts the CO2 uptake by  producing CO2 

(Rost and Riebesell, 2004; Harlay et al., 2010). In comparison to non-calcifying phytoplank-
ton, coccolithophores can be a smaller sink for CO2, during coccolithophore blooms they  can 

become a source for CO2 (Robertson et al., 1994; Rost and Riebesell, 2004).
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Figure 1.9. The biological carbon pumps: The organic carbon pump  is a CO2 sink in the ocean: CO2 is 
taken up  during photosynthetic carbon fixation and transported to depth. The carbonate counter pump 
releases CO2 by producing calcium carbonate and counteracts the organic carbon pump. The relative 
strength of both pumps is described by the rain ratio. Redrawn after Rost and Riebesell (2004).

However, on geological timescales, the production of coccolithophore carbonate and organic 
carbon and sedimentation act as sink for atmospheric CO2 (Buitenhuis et al., 2001). Further, 

their coccoliths act as ballast in sinking organic aggregates as marine snow or faecal matter 
when they  sink from the surface to the deep ocean (McIntyre and Bé, 1967; Klaas and 

Archer, 2002). Calcite enriched particles enhance the vertical mass transfer of organic car-
bon and thus increase the strength of the organic carbon pump (McIntyre and Bé, 1967; 

Ploug et al., 2008). Thus, variations in coccolithophore calcite production via changing cell 
abundance or coccolith calcification affect the sinking velocity  of the aggregates and conse-

quently  the organic carbon export to depth (Beaufort et al., 2007; Ziveri et al., 2007; Zonder-
van et al., 2011). 

The response of coccolithophores to the ongoing uptake of anthropogenic CO2 and the con-
comitant changes in the oceans carbonate chemistry  has gained increasing attention in re-

cent years. Numerous laboratory, field and sediment studies were conducted in the last 
years, beginning with the initial paper of Riebesell et al. (2000), who reported about reduced 

calcite production of monospecific E. huxleyi and G. oceanica cultures at high CO2. Subse-
quent laboratory  experiments revealed similar negative feedbacks, decreasing calcification or 

malformation with increasing CO2 and decreasing pH (Zondervan et al., 2001, 2002; Feng et 
al., 2008). In contradiction to these results are findings of enhanced calcification under ele-

vated CO2 (Iglesias-Rodriguez et al., 2008a; Shi et al., 2009), which led to discussions about 
realistic manipulations of the carbonate system in the laboratory  (Iglesias-Rodriguez et al., 

2008a, 2008b), and the introduction of a guideline for best practice in OA experiments (Rie-
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besell et al., 2010) Further studies have shown that the nonuniform response of different 

coccolithophore taxa is due to species specific and strain specific calcification optima with 
respect to changing carbonate chemistry (Langer et al., 2006, 2009; Krug et al., 2011). In the 

following, laboratory  and mesocosm experiments with a combination of rising CO2 and pa-
rameters as e.g. temperature, nutrient and light conditions were conducted and indicated 

even more variances in the response (e.g. Sciandra et al., 2003; Engel et al., 2005; De Bodt 
et al., 2010; Borchard et al., 2011; Fiorini et al., 2011; Matthiessen et al., 2012; Rouco et al., 

2013). Nevertheless, laboratory  studies are useful to isolate impacts of different factors but 
have to be considered very  carefully  as it is impossible to establish natural seawater condi-

tions in the laboratory. Further, most of the laboratory  studies are short term experiments on 
monospecific cultures which neglect a possible evolutionary  adaptation (Riebesell et al., 

2009; Ridgwell et al., 2009). Exceptional is the recently  conducted long term study  of Loh-
beck et al. (2012) which revealed an adaptation of E. huxleyi calcification to enhanced CO2 

due to genotypic selection as well as mutations within the population. This study  emphasises 
the important role of the evolutionary adaptation in changing environmental conditions. 

Studies on natural heterogenous coccolithophore assemblages showed dominance shifts to 
better adapted morphotypes of the same species as response to varying seawater carbonate 

chemistry  (e.g. Triantaphyllou et al., 2010; Beaufort et al., 2011, Smith et al., 2012). Field and 
sediment studies offer insights from the natural habitat of coccolithophores to which they are 

evolutionary  adapted (Smith et al., 2012), as e.g. the recently  conducted study on sediment 
samples from different ocean basins which presented a correlation between decreasing coc-

colith weight and declining carbonate ion concentration during the CO2 increase of the last 
deglaciation (Beaufort et al., 2011). Data sets on the coccolithophore response to the recent 

rising atmospheric CO2 conditions reported an increase in coccolith mass of 40 % over last 
220 years (Iglesias-Rodriguez et al., 2008), which were later attributed by  Halloran et al. 

(2008) to a coccolith size increase of the large coccolithophores (as Calcidiscus leptoporus, 
Coccolithus pelagigus) while smaller species (E. huxleyi, G. oceanica, G. muellerae) showed 

more lightly  calcified coccoliths. In the findings of Grelaud et al. (2009), coccolith mass of ex-
act these smaller species increased between 1917 and 2004, but concomitant with rising sea 

surface temperature and decreasing iron and phosphate nutrient availability  which enhanced 
the difficulty to disentangle the main controlling factor of the increasing coccolith mass.

Considering these previous studies from laboratory, mesocosm and sediment studies it is 
difficult to make a general statement on coccolithophore calcification. Species and strain 

specific response and adaptation to both changing carbonate chemistry  and other environ-
mental factors in the ocean enhance the difficulty  to predict the future responses of cocco-

lithophores to changing carbonate chemistry (Raven et al., 2012).
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2. Study area and methods

2.1 Site selection
In order to meet the afore mentioned objectives, 5 sediment cores covering 3 time intervals 
were selected (Fig. 2.1). The Holocene, i.e. the last 10000 years, was selected for studies on 

coccolith weights during times of minimum variability  in the carbonate system. Three sedi-
ment cores from the North Atlantic Ocean covering different biogeographic areas were cho-

sen (MD08-3192, ODP Site 980, Geofar KF 16). To investigate the response of coccolith cal-
cification to a natural atmospheric CO2 rise, 2 sediment cores were picked (ODP Site 980, 

SO164-17-2) which cover the penultimate deglaciation from MIS 6 to MIS 5 (Termination II, 
125 - 135 ka BP). Investigations on coccolith weight changes of the recent atmospheric CO2 

increase were carried out on a sediment core covering the past 200 years (GeoB10709-5).

MIS 1 2 3 54 6
TIIHo

Holocene - studied sites:
• MD08-3192 (Vøring Plateau)
• ODP 980 (Rockall Plateau)
• Geofar KF 16 (Azores)

Termination II - studied sites:
• ODP 980 (Rockall Plateau)
• SO164-17-2 (Florida Strait)

Past 200 years - studied sites:
• GeoB 10709-5 (Gulf of Taranto)
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Figure 2.1 Atmospheric CO2 concentrations of the last 160 ka (blue line, CO2 data from EPICA Dome 
C from Lüthi et al., 2008) and planktic foraminiferal δ18O record (black line, sediment core MD95-2042, 
from Shackleton et al., 2000). Chosen time intervals are marked in light blue Abbreviations: Marine 
Isotope Stages (MIS), Holocene (Ho), Termination II (TII).
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2.2 Study area and (palaeo-)oceanographic settings 
The selected sediment cores for this study  are located in the North Atlantic and the Mediter-
ranean Sea. Different climatic zones are covered (transitional, subtropical and tropical areas) 

with various productivity regimes, SST and carbonate systems.
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Figure 2.2. Map  of the North Atlantic and parts of the Mediterranean Sea with core positions and main 
oceanographic features: Red stars mark the location of the studied sediment cores. Black arrows 
show major ocean surface currents: Caribbean Current (CC), Loop  Current (LC), Florida Current (FC), 
Gulf Stream (GS), North Atlantic Current Rockall-Hatton branch (NAC-RH), Slope Current (SC), east-
ern branch of the Norwegian Current (NwC-E), Azores Current (AC) with the corresponding Azores 
Front (AzF) figured as black dashed line, Canary Current (CanC), North Equatorial Current (NEC), 
Adriatic Surface Water (ASW), Ionian Surface Water (ISW). The map  was designed with the ODV 
software by R. Schlitzer (Ocean Data View software, 2010, http//odv.awi.de). 

MD08-3192 (Holocene)

The Calypso Square Core MD08-3192 (66°55.86ʼN, 007°33.92ʼE; Fig. 2.2) was taken from 

the Vøring Plateau in the eastern Norwegian Sea from 1010 m water depth (Kissel et al. 
2009). The location is influenced by the eastern branch of the Norwegian Atlantic Current, an 

extension of the North Atlantic Current (Andersson et al., 2010). Most of this water inflow 
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originates from the slope current, carrying warm and saline water into higher latitudes (Blind-

heim and Østerhus, 2005). During the early  Holocene, the North Atlantic current increased in 
strength (Birks and Koç, 2002), and warmest sea surface conditions occurred from the early 

Holocene until approximately  6 ka BP (Berner et al., 2011). During the middle and late Holo-
cene SST decreased to present-day  conditions, synchronous to decreasing summer insola-

tion (Calvo et al., 2002). Coccolithophore productivity  rates at the Vøring Plateau increased 
during the entire Holocene and reached a maximum peak between 3 and 4 ka BP (Gi-

raudeau et al., 2010).

ODP Site 980 (Holocene and Termination II)

ODP Site 980 (55°12.90ʼN, 14°14.20ʼW; Fig. 2.2) was taken during ODP Leg 162 (Jansen et 

al., 1996) from a water depth of 2179 m. The site is located in the eastern North Atlantic at 
the Rockall Plateau, in the high accumulation area of the Feni Drift, which is deposited along 

the northwestern flank of the Rockall Trough (Jansen et al., 1996). The Rockall Plateau is 
mainly  influenced by  Western North Atlantic water of the North Atlantic Current and its local 

northerly  flowing Rockall-Hatton Branch, carrying relatively warm and salty water. Eastward 
of the Rockall Plateau, the warmer, more saline and less stratified Slope Current flows into 

the Rockall Trough (Hansen and Østerhus, 2000; Pollard et al., 2004). This current belongs 
to East North Atlantic Water and originates in the Bay  of Biscay  (Read, 2001). SST at ODP 

Site 980 ranges around 9.8 °C in winter and around 12.1 °C in summer (Antonov  et al., 2006; 
Locarnini et al., 2006).

ODP Site 980 is located southwards of the Arctic front which separates the warm Atlantic 
from the cold Arctic waters (Swift, 1986). The transition from the penultimate glacial (Marine 

Isotope Stage 6) to the penultimate interglacial (Marine Isotope Stage 5), called Termination 
II, in the North Atlantic is characterised by  changes in the palaeoceanographic conditions. 

The activity  of the NAC was reduced during Termination II and the position of the Arctic front 
migrated southwards, close to ODP Site 980. This resulted in harsh sea water conditions 

with sea ice and low sea surface temperature. Lowest SST combined with reduced coccolith 
numbers and diversity  denote the Heinrich event 11. During MIS 5 the increasing influence of 

the NAC resulted in ameliorate climate conditions, with enhanced growth conditions for coc-
colithophores characterised by increasing coccolith numbers and taxa (Stolz and Baumann, 

2010).

During the Holocene, between 7 and 5.4 ka BP, a decreasing summer insolation and the end 

of meltwater influence caused the reorganisation of surface circulation patterns resulting in a 
weaker North Atlantic current and a stronger influence of the Slope Current after 5 - 6 ka BP 

(Solignac et al., 2008). These regional changes are reflected in an increase of alkenone SST 
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at ODP Site 980 between 3.5 ka and 2 ka and a following decrease (J. Holtvoeth, unpub-

lished data, pers. comm.). The coccolithophore productivity  at ODP Site 980 is relatively  sta-
ble over the entire Holocene with highest rates in the early and late Holocene.

Geofar KF 16 (Holocene)

Piston core Geofar KF 16 was retrieved southwest of the Azores islands (37°99.90ʼN, 
31°12.83ʼW; Fig. 2.2), at the northern rim of the subtropical gyre (Richter, 1998) from a water 

depth of 3050 m (GEOFAR cruise; Richter, 1998). Additionally, a surface sediment sample 
from the same location (boxcore GEOFAR KG 14) was analysed. The northeastern boundary 

of the subtropical gyre is defined by the Azores Current System with the corresponding 
Azores Front (Klein and Siedler, 1989; Rogerson et al., 2004). The Azores Front separates 

two different productivity  regimes: low primary production in the subtropical gyre in the south, 
and nutrient rich conditions in the north (Schwab et al., 2012). At the coring site, enhanced 

productivity  during the early  Holocene is followed by a shift to modern oligotrophic conditions 
around 6 ka BP. The productivity changes due to a northward shift of the Azores Front in the 

late Holocene (Schwab et al., 2012). Sea surface temperature at the coring site is around 20º 
C in the early  Holocene, decreases to 17.8º C at 8.2 ka BP and stabilises after 8 ka BP to 

modern conditions of 18.5 - 19.5º C (Schwab et al., 2012).

SO164-17-2 (Termination II)

Piston core SO164‐17‐2 (24°04.99′N; 80°53.00′W; Fig. 2.2) is located at the southern Flor-

ida Strait and was recovered during R/V Sonne Cruise SO164 from 954 m water depth 
(Nürnberg et al., 2003). Through the Florida Strait, the strong Florida Current flows between 

Florida and the Bahamas into the North Atlantic (Richardson et al., 1969). It is considered as 
the major source of the Gulf Stream and carries warm tropical waters to higher latitudes 

(Wennekens, 1959). The Florida Current derives from water masses of the Loop Current 
which is the extension of the Caribbean Current (Gordon, 1967; Molinari and Morrison, 

1988). According to the results of Lynch Stieglitz et al. (1999) who reported about a reduced 
Gulf Stream in the Florida Strait during the last glacial maximum, Bahr et al. (2011) found 

similar indications that suspect a lowered Florida Current strength (and thus reduced Gulf 
stream) during MIS 6, and an enhancement during early  MIS 5.5. The resulting stronger 

transport of warm water masses explain the strong SST increase at the end of Termination II 
(Bahr et al., 2011).
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GeoB 10709-5 (past 200 years)

Sediment core GeoB 10709-5 (39°45.39´N; 17°53.57´E; fig. 2.2) was retrieved with a multi-
coring device during the POSEIDON cruise “CAPPUCCINO“ from 172.3 m water depth 

(Zonneveld et al., 2008 a, b). Core GeoB 10709-5 is located in the Gulf of Taranto in the 
southern Adriatic Sea. Its hydrography is influenced by  the ocean circulation of the Adriatic 

Sea and the Ionian Sea. In the Adriatic Sea the surface waters are strongly  influenced by  the 
discharges of the Po-river, the so called “Po-discharge plume“, which is the primary source of 

nutrients to the Adriatic Sea (Penna et al., 2004; Milligan and Cattaneo, 2007). An anti-
clockwise surface water circulation transports the fresh, nutrient rich and low  salinity waters 

along the southwest Adriatic coast and in the Gulf of Taranto (Lee et al., 2007). These wa-
ters, called Adriatic Surface Water (ASW), lead to a nutrient rich belt with enhanced produc-

tivity  along the western Italian coast (Turchetto et al., 2007). Within the Gulf of Taranto, water 
masses of the ASW mix with the warmer and more saline Ionian Surface Water (ISW), com-

ing from the Eastern Mediterranean (Socal et al., 1999; Poulain, 2001; Turchetto et al., 
2007). SST in the Gulf of Taranto vary  between 13 °C in winter and 26 °C  in summer (Boldrin 

et al., 2002, Zonneveld et al., 2009).

2.3 Age models
The age models of the coring sites base on previously published studies (see table 2.1), for 
site MD08-3192 an own age model was established (see table 2.1 and Appendix III).

Table 2.1. Sediment sites and applied age models

Site Age model Reference/Source

Geofar KF 16 Holocene part: accelerator mass spectrometer (AMS) 

data of planktonic foraminifera (Globigerina bulloides, 

Globigerinoides ruber). Additionally: alkenone SST re-

cord and planktonic oxygen isotope record were corre-

lated with the NGRIP oxygen isotope record. 

Schwab et al. (2012)

ODP 980 Holocene and Termination II: Epifaunal benthic forami-

niferal δ18O measurements

Oppo et al. (2006)
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Site Age model Reference/Source

MD08-3192 Graphically tuning (Analyseries, Paillard et al., 1996) of 

red-green colour-scan data to core MD95-2011. Tie 

points: significant peaks from the end of the Younger 

Dryas, during the Mid-Holocene and Late Holocene. 

The age model of core MD95-2011 bases on AMS 14C 

dates of the foraminifera Neogloboquadrina pachy-

derma (Risebrobakken et al., 2003).

This study 
(Appendix III)

SO164-17-2 Based on calcareous nannofossils and Globorotalia 

menardii biozones, a detailed age model of MIS 5 is 

based on the tuning of the benthic isotope record of 

Cibicidoides wuellerstorfi to the global benthic isotope 

stack LR04 

Bahr et al. (2011)

GeoB 10709-5 210Pb/137Cs-dating via gamma spectroscopy from 9 

sediment slices in depth between 0.5 - 34.75 cm

Elshanawany (2010)

2.4 Methods

2.4.1 Scanning electron microscope (SEM)

For scanning electron microscopy  35 samples from site SO164-17-2, 6 samples from GeoB 
Site 10709-5 and 1 sample from site MD08-3192 were prepared with a combined dilution/

filtration technique after Andruleit (1996). A small amount of dry bulk sediment (approximately 
0.07 g) was suspended in tap water, ultrasonicated (ca. 15 - 30 sec.) and wet-splitted with a 

rotary  sample divider (TMFritsch Laborette 27) by  a factor of 100. The splitted aliquot was fil-
tered on a polycarbonate filter with a pore size of 0.4 µm and dried in the oven with 40°C for 

24 hours. Small pieces were cut out of each filter, mounted onto SEM-stubs and sputtered 
with gold/palladium. Coccoliths were counted at a magnification of 5000x, using a TMCam-

Scan 44 SEM. The species were counted on measured transects by  using the taxonomy 
from Young et al. (2003). Absolute abundances, total coccolith concentrations and species 

concentrations were calculated according to Andruleit (1996):

Coccoliths [number/ g sediment] = (F x C x S) / (A x W)                        (2.1)           

F = filter area [mm2]
C = number of counted coccoliths
S = split factor 
A = investigated filter area [mm2]
W = weight of sample [g]
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2.4.2 Weight estimates of coccoliths with SYRACO

Smear slides and images

A few  grains of sediment were taken with a toothpick, mixed with a drop of water on a glass 

microscope slide and smeared homogeneously on the slide. After drying quickly  on a hot 
plate the sediment was embedded in 3 - 4 drops of the resin EUKITT and a cover slip. For 

scanning the smear slides a polarised light microscope (Leica DM6000B) with 1000x magni-
fication and immersion oil (Leica, type N, refraction index n=1.512) was used. The micro-

scope was equipped with a SPOT Insight black and white camera. Between 200 and 400 pic-
tures of every  sample were taken. The light of the microscope bulb was continuously  con-

trolled to avoid a decrease in light intensity  over time. Therefore 200 images of two control 
slides were taken after the imaging of 10 smear slides. The brightness of the control images 

was checked with the program ImageJ and compared with the previous results. Additionally, 
a weekly  control with the highest possible light conditions of the microscope was conducted. 

Both methods revealed brightness changes of less than 2 % and are therefore negligible 
(Appendix IV).

Weight estimates 

Coccoliths are too small to weigh them directly, therefore the automated recognition software 

for coccolithophores SYRACO  (Systeme de Reconnaissance Automatique de Coccolithes) 
was used to detect single coccoliths and estimate their weight (Beaufort and Dollfus, 2004). 

SYRACO  bases on an Artificial Neural Network (ANN) and is trained to identify  and classify 
coccoliths in cross polarised light. SYRACO  makes use of the fact that calcite objects such 

as coccoliths are birefringent and therefore illuminated in cross polarised light. The software 
identifies and classifies coccoliths in the image files and returns output files containing cocco-

liths of a single species. In the output files, coccolith length and the grey level of every  com-
ponent pixel were measured. The sum of grey  levels of a coccolith image was used to esti-

mate coccolith weight. The brightness of coccolith calcite is proportional to its thickness in 
the range between 0 - 1.5 µm (Beaufort, 2005). After calibration to a known calcite standard 

(see chapter “Calibration of weight and grey level with CaCO3“) the summation of grey level 
of every  single coccolith can be converted with an equation (2.2) into the estimated weight of 

the coccolith in picogram (Beaufort and Dollfus, 2004; Beaufort, 2005):

 coccolith weight = grey level * 0.0016                                           (2.2)

                   

29



Coccolith identification

Main focus of this study was the observation of coccolith weights of the Noelaerhabdaceae, 
i.e. Emiliania and Gephyrocapsa species (Fig. 2.3). In total 183,824 single Noelaer-

habdaceae coccoliths were measured. A problem of SYRACO are invaders such as non coc-
coliths or wrong species in the output files. This is mostly due to missing bridges of Gephyro-

capsa species, which may  then be classified as E. huxleyi. Gephyrocapsa species may differ 
considerably  in weight from E. huxleyi, and therefore all Gephyrocapsa and Emiliania spe-

cies, i.e. the family  Noelaerhabdaceae, were investigated together, in order to avoid mistakes 
due to misidentification. To minimise errors we removed non-Noelaerhabdaceae by  manual 

checking of the output frames of all Gephyrocapsa species. The output frames of E. huxleyi 
were used in their original form, as they  contain neglectable amounts of non Noelaer-

habdaceae

Figure 2.3. Classified coccoliths from SYRACO  in cross polarised light (not to scale), a) E. huxleyi, b) 
G. oceanica

Calibration of weight and grey level with CaCO3 (method after Beaufort, 2005)

In the range of 0 - 1.5 µm, the brightness of a calcite object in cross polarised light increases 

proportional to its thickness, displaying interference colours of first order grey, which change 
to light yellow above 1.5 µm (Beaufort, 2005). To convert the grey level into calcite mass, a 

transfer function is required. Therefore calibration-slides with increasing amounts of calcite 
powder were prepared following the method of Beaufort 2005. An amount of 16.55 mg fine 

ground (1 - 2 µm) CaCO3 was added into 20 ml of water. Using a micropipette, 10 slides with 
volumes from 0.2 - 2.0 ml of the mixture were filtered on cellulose nitrate filters. After drying 

and embedding a part of the filter between slide and cover slip, 50 images were taken of 
every sample. In each of the images, the mean grey  level value was measured with the im-

age processing program ImageJ and the mean grey level per pixel was calculated. With the 
known size of the filter area, the image size and the number of pixel per frame, the mass of 

CaCO3 per pixel could be calculated. A linear regression of the grey level per pixel versus the 
mass of CaCO3 per pixel results in a linear correlation with a slope of 0.0016 (Fig. 2.4). There 

a) b)

30



is an error due to sample preparation that may result in a patchy  distribution of the calcite 

particles on the filter, but the method is highly  reproducible, resulting in an estimated uncer-
tainty  of +- 0.13 pg in this study. For a more detailed description of SYRACO see Beaufort 

and Dollfus (2004) and Beaufort (2005). 

Figure 2.4. Transfer function to transform grey levels into calcite weight. The x-axis represents the 
calcite weight per pixel, the y-axis shows the mean of the measured Grey Level per pixel. The line 
presents the linear regression of the data points.

2.5 Reconstructions of coccolithophore productivity, carbonate chemistry and salinity 
Coccolithophore accumulation rates have been successfully  used to reconstruct coccolitho-

phore palaeoproductivity dynamics (Lototskaya et al., 1998; Stolz and Baumann, 2010; 
Schwab et al., 2012). Therefore, coccolith concentrations were calculated into coccolith ac-

cumulation rates by using the bulk density  and the sedimentation rate with the equation of 
Van Kreveld et al. (1996):

cocAR = ANC x SR x BD                                                        (2.3)

cocAR# total coccolith accumulation rate [number of coccoliths/cm2 ka]
ANC# # absolute numbers of coccoliths [number of coccoliths/g dry sediment]

SR# # sedimentation rate [cm/ka]
BD# # bulk density [g/cm3] 
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Parameters of the surface ocean carbonate system were reconstructed with the program 

CO2Sys (Lewis and Wallace, 1998). As input parameters salinity, temperature, total alkalinity 
and pCO2 are required. Atmospheric CO2 data are available from Vostok ice core measure-

ments (Petit et al., 1999), Taylor Dome Ice Core data (Indermühle et al., 1999), Law Dome 
DE08 and DSS ice core measurements (Etheridge et al., 1998). For the calculation of the 

salinity  Δδ18O is required, which is calculated from δ18Osw by  correcting with δ18Oice volume for 
the global sea level effect (Waelbroeck et al. 2002; Bemis et al. 1998) (eq. 2.4):  

Δδ18O = δ18Osw - δ18Oice volume                                                                        (2.4)

δ18Osw is calculated with eq. 2.5) after Bemis et al. (1998):                                   

δ18Osw = (SST - 14.9) / -4.8 + δ18O  -0.27                                       (2.5)

δ18Oice volume is calculated using sea level data of Lea et al. (2003) and Jevrejeva et al. (2008): 

δ18Oice volume = sea level x 1,1 / 130                                            (2.6)

Total Salinity was derived from Δδ18O, using the equation of Duplessy et al. (1991):

SSSpast = SSSmodern + δ SSSglobal + (2 * Δδ18O)                                 (2.7)
where 

δ SSSglobal = SSSmodern * (sea level) / (present mean ocean water depth - Δ δ18O)      (2.8)

with
SSSmodern = 34,7 (Duplessy et al., 1991)

present mean ocean water depth = 3900m

Total alkalinity  (TA) was calculated using the equations of Lee et al. (2006) for the North At-
lantic (eq. 2.9) or (sub)tropics (eq. 2.10):

North Atlantic:                                                                                                                                
TA = 2305 + 53,97 * (SSS - 35) + 2,74 * (SSS - 35)2 - 1,16 * (SST - 20) - 0,04 * (SST - 20)2      

(2.9)
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(sub) tropics:                                                                                                                              
TA = 2305 + 58,66* (SSS - 35) + 2,32 * (SSS - 35)2 - 1,41 * (SST - 20) - 0,04 * (SST - 20)2     

(2.10) 

The present reconstruction of the carbonate system consists of several parameters which 
may include different uncertainties, nonetheless the overall trends of the reconstructions 

seem to be reliable. 
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3.1 Abstract

Coccolith calcification is known to respond to ocean acidification in culture experiments as 

well as in present and past oceans. The response, however, is different between species and 
strains, and for the relatively  small changes observed in natural environments a uniform re-

sponse of the entire coccolithophore community  has not been documented so far. Moreover, 
previous studies basically  focus on changes in coccolith weight due to increasing CO2 and 

the resulting changes in the carbonate system, and only  few studies focus on the influence of 
other environmental factors. In order to untangle changes in coccolithophore calcification due 

to environmental factors such as temperature and/or productivity  from changes caused by 
increasing pCO2 and decreasing carbonate ion concentration we here present a study  on 

coccolith calcification from the Holocene North Atlantic Ocean. The pre-industrial Holocene 
with its predominantly  stable atmospheric CO2 provides the conditions for such a compre-

hensive analysis. For an analysis on changes in major components of Holocene coccolitho-
phores under natural conditions, the family  Noelaerhabdaceae was selected, which consti-

tutes the main part of the assemblage in the North Atlantic.

Records of average coccolith weights from three Holocene sediment cores along a North-

South transect in the North Atlantic were analysed. During the Holocene mean weight (and 
therefore calcification) of Noelaerhabdaceae (E. huxleyi and Gephyrocapsa) coccoliths de-

creases at the Azores (Geofar KF 16) from around 7 to 6 pg, but increases at the Rockall 
Plateau (ODP Site 980) from around 6 to 8 pg and at the Vøring Plateau (MD08-3192) from 7 

to 10 pg. This amplitude of average weight variability is within the range of glacial/interglacial 
changes that were interpreted to be an effect of decreasing carbonate ion concentration. By 

comparison with SEM assemblage counts, we show that weight changes are partly  due to 
variations in the coccolithophore assemblage, but also an effect of a change in calcification 

and/or morphotype variability  within single species. Our results indicate that there is no single 
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key  factor responsible for the observed changes in coccolith weight. A major increase in coc-

colith weight occurs during a slight decrease in carbonate ion concentration in the Late Holo-
cene at the Rockall Plateau and Vøring Plateau. Here, more favourable productivity  condi-

tions apparently lead to an increase in coccolith weight, either due to the capability of cocco-
lithophore species, especially  E. huxleyi, to adapt to decreasing carbonate ion concentration, 

or due to a shift towards heavier calcifying morphotypes.

3.2 Introduction

With the increasing anthropogenic influence on the carbon cycle by CO2 emissions into the 

atmosphere over the past 250 years, seawater carbonate chemistry changed due to the up-
take of atmospheric CO2 into the ocean (Doney et al., 2009). One result of the uptake is a 

decrease in seawater pH, a process known as ocean acidification (Feely  et al., 2004; Raven 
et al., 2005; IPCC 2007). The impact of ocean acidification on calcifying organisms e.g. cor-

als, molluscs and calcifying plankton, is one of the most actively  followed marine research 
topics in recent years (e.g.: Gattuso et al., 1998; Riebesell et al., 2000; Fabry  et al., 2008). A 

special focus lies on organisms that interact with the global carbon cycle. Among other calci-
fying plankton groups, particularly interesting are coccolithophores, which are one of the 

main producers of calcite in the oceans. Their small calcite scales, the coccoliths, form a 
large part of the carbonate flux from the surface to the deep ocean (Westbroek et al., 1993). 

As they can act as ballast in sinking organic aggregates, coccoliths enhance the vertical 
mass transfer of organic carbon and therefore have an influence on the biological carbon 

pump (Klaas and Archer, 2002; Ploug et al., 2008). Thus, variations in coccolith calcification 
affect the sinking velocity  of the aggregates and consequently  the organic carbon export to 

depth (Beaufort et al., 2007; Ziveri et al., 2007; Zondervan et al., 2001). The degree of coc-
colith calcification can be reflected in the exocytosis rate, in the size of coccoliths and in the 

weight per coccolith (Bach et al., 2012). Bach et al. (2012) showed a correlation between 
calcification rates and coccolith weight in E. huxleyi, expressed in a simultaneous change in 

coccolith weight and exocytosis rate and suggested the use of single coccolith weights as a 
potential indicator for calcification rates.

It is known that changing seawater carbonate chemistry  influences coccolith calcification 
(Riebesell et al., 2000; Beaufort et al., 2011). Previous culture studies on different cocco-

lithophore taxa reveal both species specific and strain specific optimum curve responses to 
changing carbonate chemistry  (Langer et al., 2006; Krug et al., 2011). However, the most 

frequent response in recently  conducted experiments is a decrease in coccolith calcification 
under future pCO2 levels (Zondervan et al., 2002; De Bodt et al., 2010; Bach et al., 2012). A 

recently  conducted study on sediment samples in different ocean basins presented a correla-
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tion between decreasing coccolith weight and declining carbonate ion concentration during 

the CO2 increase of the last deglaciation (Beaufort et al., 2011). Interestingly  in the same 
study, the authors observed a morphotype of the extant species E. huxleyi in Patagonian-

shelf and Chilean upwelling waters that is able to calcify  heavily  in waters characterised by 
low  carbonate ion concentrations. These findings were recently  supported by  the findings of 

Smith et al. (2012), who detected a seasonal dominance of a heavily  calcified E. huxleyi 
morphotype in the Bay  of Biscay under elevated CO2 conditions. As calcification in cocco-

lithophore species and even strains shows an optimum response with respect to various car-
bonate chemistry parameters (Krug et al., 2011; Bach et al., 2011), these results may  indi-

cate that this morphotype has its calcification optimum at a relatively  low pH. Apart from 
seawater carbonate chemistry, other factors also have an effect on coccolithophore calcifica-

tion. Environmental factors such as temperature (Grelaud et al., 2009), coccolithophore pro-
ductivity  (Beaufort et al., 2007; Flores et al., 2012) and salinity  (Bollmann and Herrle, 2007) 

are suggested to have an influence on coccolith weight and size too. However, according to 
Beaufort et al. (2011) these factors play  a minor role for coccolith calcification when the car-

bonate chemistry  changes notably. Thus it can be expected, that during times of rather stable 
atmospheric CO2 the influence of other environmental factors will be more prominent than 

the carbonate chemistry  of the sea water. The scale of variability  in coccolith calcification in 
an environment with only  minor changes in the carbonate system is still unknown, as well as 

the consequences for the mean calcite mass of a coccolithophore community. For reliable 
predictions of future coccolith calcification under elevated CO2 conditions predicted for the 

end of the century  (Raven et al., 2005; IPCC 2007) it is necessary  to study them in a natural 
environment with relatively  constant CO2 conditions. The probably  relatively minor changes 

in the carbonate system over the last 10,000 years allow testing the influence of environ-
mental conditions (temperature, coccolithophore productivity) on coccolithophore calcifica-

tion. In our study, we focus on the coccolithophore family  Noelaerhabdaceae as it dominates 
the coccolithophore assemblage in the Holocene North Atlantic and represents up to 84 % of 

the assemblage (e.g. Andruleit, 1995; Andruleit & Baumann, 1998; Schwab et al., 2012). The 
variability  of single Noelaerhabdaceae coccolith weight was measured in three Holocene 

sediment cores along a North-South transect in the North Atlantic. The diverse trends and 
gradients of temperature, carbonate ion concentration and coccolithophore productivity  in the 

three studied cores allow to gain insights which of the factors are reflected in coccolith weight 
and therefore in their calcification.
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3.3 Material and Methods

3.3.1 Material

Holocene sediment samples from three sediment cores from the North Atlantic areas were 

analysed. Piston core GEOFAR KF 16 was retrieved southwest of the Azores islands 
(37°99.90ʼN, 31°12.83ʼW) from a water depth of 3050 m (GEOFAR cruise; Richter, 1998). 

Additionally, a surface sediment sample from the same location (boxcore GEOFAR KG 14) 
was analysed. ODP Site 980 (55°12.90ʼN, 14°14.20ʼW, 2179 m water depth) is located in the 

eastern North Atlantic at the Rockall Plateau and was taken during ODP Leg 162 (Jansen et 
al., 1996). The Calypso Square Core MD08-3192 was taken at 66°55.86ʼN, 007°33.92ʼE in 

1010 m water depth in the eastern Norwegian Sea (Kissel et al. 2009) (Fig. 3.1).

3.3.2 Age models

The age model for core GEOFAR KF 16 was published by  Schwab et al. (2012). The Holo-

cene part of the age model of this core is based on accelerator mass spectrometer (AMS) 
data of planktonic foraminifera (Globigerina bulloides, Globigerinoides ruber). In addition, an 

alkenone SST record and a planktonic oxygen isotope record were correlated with the 
NGRIP oxygen isotope record. The age model for ODP Site 980 relies on AMS measure-

ments of the benthic foraminifera C. wuellerstorfi (Oppo et al., 2006). We established an age 
model for MD08-3192 by  graphically  tuning red-green colour-scan data to the nearby  core 

MD95-2011, using the software package Analyseries (Paillard et al., 1996). Significant peaks 
in the colorscan data at the end of the Younger Dryas, during the Mid-Holocene and Late 

Holocene were used as tie points. The age model of core MD95-2011 is based on AMS 14C 
dates of the foraminifera Neogloboquadrina pachyderma (Risebrobakken et al., 2003). 

3.3.3 Methods

3.3.3.1 Sample preparation (Smear slides), imaging and SYRACO weight  measure-
ments

A few milligram of sediment were taken with a toothpick, mixed with a drop of water on a 
glass microscope slide and smeared homogeneously  on the slide. After drying quickly on a 

hot plate the sediment was fixed with 3 - 4 drops of the resin EUKITT and a cover slip. For 
scanning the smear slides a polarised light microscope (Leica DM6000B) with 1000x magni-

fication was used. The microscope was equipped with a SPOT Insight black and white cam-
era. Between 200 and 400 pictures of every  sample were taken. The light of the Microscope 

bulb was continuously  controlled to avoid a decrease in light intensity  over time. Every  10 
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smear slides, 200 images of two control-slides were taken and the brightness was checked 

with the program ImageJ and compared with the previous results. In addition a weekly  con-
trol with the highest possible light conditions of the microscope was conducted. Both meth-

ods revealed brightness changes of less than 2 % and are therefore negligible.
The automated recognition software for coccolithophores SYRACO (Beaufort and Dollfus, 

2004) was used to identify  and measure coccoliths. The software identifies and classifies 
coccoliths in the image files and returns output files containing coccoliths of a single species. 

In the output files, coccolith length and the grey  level of every  component pixel were meas-
ured. The sum of grey  levels of a coccolith image was used to estimate coccolith weight. The 

brightness of coccolith calcite depends on its thickness, which can be expressed in an equa-
tion. After calibration to a known calcite standard (method after Beaufort et al., 2005, with a 

calcite particle size of 1-2 µm) the summation of grey  level of every  single coccolith can be 
converted with an equation (weight = grey  level * 0.0016) into the estimated weight of the 

coccolith in picogram. Depending on coccolith content in the sediment sample and the prepa-
ration of the smear slide, roughly  between 100 and 3500 Noelaerhabdaceae coccoliths were 

measured in each sample, in total 89,160 single coccoliths (see supplementary  information). 
Error bars with 95% confidence intervals are shown in Fig. 3.2 and 3.5 - 3.10 to assess the 

statistical significance of each data point. For a more detailed description of SYRACO  see 
Beaufort et al. (2004 and 2005).

3.3.3.2 Carbonate chemistry, salinity, temperature and coccolithophore productivity

Alkenone Sea Surface Temperature data at the Azores is available from Schwab et al. (2012) 

and Repschläger et al. (in prep.). At the Rockall Plateau no published SST data were avail-
able for ODP Site 980, instead alkenone temperature data from site MD95-2015 (Marchal et 

al., 2002) were used as an indication. The SST data of MD95-2015 were compared to SST 
data from ODP Site 980 (Holtvoeth, unpublished) which confirm the general trend (with a dif-

ference of around 3° C upwards) but slightly  differ after 4 ka BP. Furthermore no SST data 
were obtainable for core MD08-3192, alkenone temperature from nearby  site MD95-2011 

were used (Calvo et al., 2002). 

Coccolith accumulation rate has been successfully  used to trace palaeoproductivity  dynam-

ics (Lototskaya et al., 1998; Stolz and Baumann, 2010; Schwab et al., 2012). Coccolith ac-
cumulation rates are available for the Azores from Schwab et al. (2012). Rockall Plateau 

coccolith concentrations base on SEM counts and were calculated into coccolith accumula-
tion rates by  using the bulk density  (Jansen et al., 2005) and sedimentation rate of ODP Site 

980 using the equation of Van Kreveld et al. (1996). Vøring Plateau coccolith concentrations 
were provided by  Giraudeau (MD95-2011, unpublished) and calculated into coccolith accu-
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mulation rates by  using the sedimentation rate and bulk density  of sediment core MD95-2011 

(Bassinot and Labeyrie, 1996). Carbonate ion concentrations at the coring sites were calcu-
lated with the program CO2Sys (Lewis and Wallace 1998). Salinity, temperature, total alkalin-

ity  and pCO2 were used as input parameters. Taylor Dome Ice Core data were used for at-
mospheric CO2 (Indermühle et al., 1999), total alkalinity  was calculated using the equation of 

Lee et al. (2006). Salinity  was reconstructed from Δδ18O, using the equation of Duplessy  et 
al. (1991). For the calculation of Δδ18O, Δδ18Oseawater was derived to correct the global sea 

level effect, and δ18Oice volume was calculated after Waelbroeck et al. (2002). At the Rockall 
Plateau, salinity  estimates from the adjacent core NA87-22 (Duplessy  et al., 2005) were 

used. At the Azores and the Vøring Plateau salinity  was calculated from Δδ18O, which bases 
on the data Geofar KF 16 from Schwab et al. (2012) and Repschläger et al. (in prep.) and 

MD95-2011 from Risebrobakken et al. (2003).

3.4 Palaeoceanographic changes during the Holocene

Sediment core Geofar KF 16 is positioned southwest of the Azores Islands, at the northern 

rim of the subtropical gyre (Richter, 1998). The northeastern boundary  of the subtropical gyre 
is defined by  the Azores Current System with the corresponding Azores Front (Klein and 

Siedler, 1989; Rogerson et al., 2004). The Azores Front separates two different productivity 
regimes: low primary  production in the subtropical gyre in the south, and nutrient rich condi-

tions in the north (Schwab et al., 2012). At the coring site, enhanced productivity  during the 
early  Holocene is followed by  a shift to modern oligotrophic conditions around 6 ka BP. The 

productivity  changes due to a northward shift of the Azores Front in the late Holocene 
(Schwab et al., 2012). Sea surface temperature (SST) at the coring site is around 20º C  in 

the early  Holocene, decreases to 17.8º C at 8.2 ka BP and stabilises after 8 ka BP to modern 
conditions of 18.5 - 19.5º C.

ODP Site 980 is located in the North Atlantic at the eastern edge of Rockall Plateau, in the 
high accumulation area of the Feni Drift, which is deposited along the northwestern flank of 

the Rockall Trough (Jansen et al., 1996). The Rockall Plateau is mainly influenced by  West-
ern North Atlantic water of the North Atlantic Current and its local northerly  flowing Rockall-

Hatton Branch, carrying warm and salty  water. Eastward of the Rockall Plateau, the warmer, 
more saline and less stratified Slope Current flows into the Rockall Trough (Hansen and Øs-

terhus, 2000; Pollard et al., 2004). This current belongs to East North Atlantic Water and ori-
gins in the Bay  of Biscay  (Read, 2001). Between 7 and 5.4 ka BP, a reorganisation of surface 

circulation patterns in the north-eastern North Atlantic occurred due to decreasing summer 
insolation and the end of meltwater influence.
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Figure 3.1. Core position and main oceanographic features: Red stars mark the location of the studied 
sediment cores, black dots mark the position of other locations providing data for calculations of the 
carbonate system or coccolith counts discussed in the text. Black arrows show major ocean surface 
currents: North Atlantic Current Rockall-Hatton branch (NAC-RH), Slope Current (SC), eastern branch 
of the Norwegian Current (NwC-E), Azores Current (AC) with the corresponding Azores Front (AzF) 
figured as black dashed line. The map  was designed with the ODV software by R. Schlitzer (Ocean 
Data View software, 2010, http//odv.awi.de).

The reorganisation resulted in a weaker North Atlantic current and a stronger influence of the 
Slope Current after 5 - 6 ka BP (Solignac et al., 2008). These regional changes are reflected 

in an increase of alkenone SST at ODP Site 980 between 3.5 ka and 2 ka and a following 
decrease (J. Holtvoeth, unpublished data, personal communication, 2013) and explain the 

opposing SST trend to site MD95-2015 after 3.5 ka BP. The coccolithophore productivity  at 
ODP Site 980 is highly fluctuating over the entire Holocene with highest rates in the early  and 

late Holocene.

Core MD08-3192, taken from the Vøring Plateau in the eastern Norwegian Sea is influenced 

by  the Norwegian Atlantic Current, an extension of the North Atlantic Current (Andersson et 
al., 2010). Most of this water inflow originates from the slope current, carrying warm and sa-

line water into higher latitudes (Blindheim and Østerhus, 2005). During the early  Holocene, 
the North Atlantic current increased in strength (Birks and Koç, 2002), warmest sea surface 

conditions during the Holocene occurred in the early  Holocene until approximately  6 ka BP 
(Berner et al., 2011). During the middle and late Holocene SST decreased to present-day 
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conditions, synchronous to decreasing summer insolation (Calvo et al., 2002). Coccolitho-

phore productivity  rates at the Vøring Plateau increased during the entire Holocene and 
reached a maximum peak between 3 and 4 ka BP (Giraudeau et al., 2010).

3.5 Coccolithophore family Noelaerhabdaceae

In our examined sites the coccolithophore family Noelaerhabdaceae includes Emiliania hux-
leyi and Gephyrocapsa. Both coccolithophore taxa in our study  can be classified into different 

morphotypes and species. The Holocene Gephyrocapsa complex consists of a number of 
different species with frequencies dependent on the location. Gephyrocapsa muellerae is 

highly  abundant in the North Atlantic, in a preferred temperature range of 12 - 18°C (Gi-
raudeau et al., 2010) and often used as a cold water indicator (Weaver and Pujol, 1988).

The small species Gephyrocapsa ericsonii and Gephyrocapsa ornata have a preference for 
high nutrient contents and less saline surface water conditions (Boeckel et al., 2006), but are 

less abundant in our examined sites, especially  in the two northernmost. Gephyrocapsa 
oceanica favours high nutrient concentrations and warmer waters (Kleijne et al., 1989; Boll-

mann et al., 1997). It is a minor taxa in our sites due to its distribution in lower latitudes (Ziv-
eri et al., 2004). 

The cosmopolitan coccolithophore species E. huxleyi has an extensive genetic and morphol-
ogic diversity  with diverse environmental tolerances (Medlin et al., 1996; Young, 2003) and 

dominates the assemblage in our examined sites. In the Holocene North Atlantic, E. huxleyi 
can be separated into different types, regarding coccolith size and weight. Coccoliths < 4 µm 

are highly abundant in Holocene samples while coccoliths > 4 µm, which serve as a cold wa-
ter indicator, are more common in glacial sediments and decrease during the deglaciation 

(Termination I) (Colmenero-Hidalgo et al., 2002; Flores et al., 2010). Recently, Smith et al. 
(2012) reported on increasing abundance of a heavily  calcified E. huxleyi morphotype in the 

North Atlantic (Bay of Biscay) during winter, when pH and CaCO3 saturation are lowest. 
These findings support the results of Beaufort et al. (2011), who observed a highly  calcified 

E. huxleyi morphotype (R-type), adapted to waters with low pH.

Regarding the mean coccolith weight of Noelaerhabdaceae, the different response of cocco-

lithophore species and their morphotypes to environmental factors should be taken into ac-
count. A major abundance shift of one species or morphotypes can have an influence on the 

mean weight of Noelaerhabdaceae coccoliths.
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3.6 Results 

3.6.1 Holocene Noelaerhabdaceae weight trends

Mean Noelaerhabdaceae coccolith weight in sediment core Geofar KF 16 (Azores) shows a 

two-part trend during the Holocene (Fig. 3.2a). Characterised by significant oscillations over 
the entire Holocene, the mean coccolith weight record fluctuates around 7 pg in the early  and 

middle Holocene until 6 ka BP, and subsequently  decreases to values of less than 6 pg in the 
late Holocene. The same change can be observed in the relative abundance of Noelaer-

habdaceae coccolith weight classes (Fig. 3.2a). During the early  and middle Holocene a rela-
tively  broad weight range reaches high relative abundance. In the late Holocene the range 

narrows and a distinct maximum between 2 and 3 pg is observed.
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Figure 3.2. a) Azores, core Geofar KF 16 b) Rockall Plateau, ODP Site 980 c) Vøring Plateau, core 
MD08-3192. Abundance of Noelaerhabdaceae coccoliths within weight bins (colours) and Noelaer-
habdaceae mean coccolith weight (black line). Abundance of Noelaerhabdaceae coccoliths within 
weight bins (colours) and Noelaerhabdaceae mean coccolith weight (black line). For the weight bins 
the data set has been divided into classes (bins) with a step  of 0.4 pg, each bin contains the frequency 
of data points in % of each sample from the Holocene data set. Error bars indicate 95 % confidence 
intervals of the mean weight. Abbreviations: early Holocene (EH), middle Holocene (MH), late Holo-
cene (LH)

At the Rockall Plateau mean Noelaerhabdaceae coccolith weight fluctuates around 6 pg dur-
ing the early, middle and the beginning of the late Holocene, followed by an increase to 8 pg 

after 3.5 ka BP in the late Holocene (Fig. 3.2b). The relative abundance of Noelaer-
habdaceae coccolith weight classes shows a maximum of light coccoliths between 3 and 5 

pg in the early  and middle Holocene (Fig. 3.2b). In the late Holocene the maximum of light 
coccoliths is less pronounced and narrows to 2.5 and 4 pg, paralleled by  an increase in the 

abundance of heavier weight classes. From 1 ka BP onwards, the maximum of light cocco-
liths further flattens, and simultaneously the weight classes extend to heavier values.
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At the Vøring Plateau mean Noelaerhabdaceae coccolith weight increases with a range of 

fluctuations during the entire Holocene from around 7 to more than 10 pg. The weight in-
crease is rather slight until 3 ka BP and notably  stronger afterwards (Fig. 3.2c). The relative 

abundance of Noelaerhabdaceae weight classes shows a narrowing maximum of light coc-
coliths from 2 - 4.5 pg in the early  Holocene to 2 - 3.5 pg in the late Holocene (Fig. 3.2c). 

From 1.2 ka BP onwards, the maximum of light coccoliths is less pronounced. The relative 
abundance of heavier weight classes is high over the entire Holocene.

3.6.2 Carbonate ion concentration

Despite the rather stable atmospheric CO2 conditions, the reconstructed carbonate ion con-

centration in all studied cores decreases over the Holocene (Fig. 3.3). At the Azores carbon-
ate ion concentration is highest. It decreases by about 30 µmol/kg SW over the Holocene, 

from more than 260 to 230 µmol/kg SW. At the Rockall Plateau the carbonate ion concentra-
tion is strikingly  lower and decreases by  15 µmol/kg SW from 200 to 185 µmol/kg SW. The 

carbonate ion concentration at the Vøring Plateau represents the highest decrease of 45 
µmol/kg SW from 225 to 180 µmol/kg SW from the early  to the late Holocene, with a slight 

increase from 2.5 ka BP onwards to 190 µmol/kg SW.

Figure 3.3. Holocene carbon dioxide concentration (black line), Holocene carbonate ion concentration 
of Azores (red line), Rockall Plateau (green line) and Vøring Plateau (blue line). Bold lines are 
smoothed (by factor 4), grey thin lines original data.
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3.7 Discussion

3.7.1 Comparison with previous studies

The decreasing coccolith weight trend of Noelaerhabdaceae observed at the Azores is in line 

with results from previous studies (Beaufort et al., 2011), see Fig. 3.4. In one site of the data 
set of Beaufort et al. (2011, supplementary  information), the authors studied a core near the 

Azores (SU90-08) covering the Holocene, and recognised a decrease in coccolith mass of 
the family  Noelaerhabdaceae of around 0.5 pg. Our own data from the Azores (Geofar KF 

16) confirms this trend and shows a decrease of about 1 pg for Noelaerhabdaceae coccolith 
mean weight (Fig. 3.4). It should be mentioned that the Noelaerhabdaceae weight of Beau-

fort et al. (2011) is represented by  five data points and is therefore able to reflect the mean 
trend but not the short-term changes of coccolith weight. Therefore the mean coccolith 

weights of sediment core SU90-08 and Geofar KF 16 are not exactly  the same but reflect the 
same decreasing trend.

The studied sites from Rockall and Vøring Plateau show some different developments of 
Noelaerhabdaceae coccolith weights (Fig. 3.4). At both sites the weight and the general 

variation in weight is rather comparable in the early  and middle Holocene and increases dur-
ing the late Holocene.

Figure 3.4. Noelaerhabdaceae coccolith weights from core SU90-08 (black line, Beaufort et al., 2011) 
in comparison to Noelaerhabdaceae smoothed mean weight record from the Azores (red line), Rockall 
Plateau (green line) and Vøring Plateau (blue line).
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According to Beaufort et al. (2011) decreasing carbonate ion concentration affects cocco-

lithophore calcification and explains the decrease in coccolith weight in their results. In our 
studied sites and in the results of Beaufort et al. (2011) the carbonate ion concentration de-

creases between 10 and 45 µmol/kg sea water (Fig. 3.3). Despite the decreasing trend in all 
sites, the coccolith weight reacts differently  and leads to the assumption that other factors 

have a stronger influence on mean Noelaerhabdaceae coccolith weight in our studied sites of 
the Holocene North Atlantic. Possible factors that have an influence on the mean weight are 

other environmental factors as the sea surface temperature and coccolithophore productivity 
or changes within the assemblage of Noelaerhabdaceae.

3.7.2 The influence of assemblage shifts within the Noelaerhabdaceae

Weight changes of Noelaerhabdaceae due to assemblage shifts could be either result from 
changes in the relative abundance of differently calcifying species and/or their individual 

morphotypes within Noelaerhabdaceae or changes in the weight of species and/or their mor-
photypes within the Noelaerhabdaceae.

Figure 3.5. Relative abundance of Noelaerhabdaceae species at the Azores from sediment core 
Geofar KF 16 over the Holocene (Schwab  et al., 2012): E. huxleyi (red line), G. muellerae (blue line), 
G. oceanica (orange line), small Gephyrocapsa (green line) and other Noelaerhabdaceae (light red 
line) in comparison to the Noelaerhabdaceae mean coccolith weight (black line).
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To improve the identification and quantification of our results we compared the Noelaer-

habdaceae mean weights to given SEM counts of our studied cores or nearby  cores. Accord-
ing to SEM counts of Schwab et al. (2012), the family  Noelaerhabdaceae at the Azores con-

sists of coccoliths from the species E. huxleyi, G. muellerae, few G. ericsonii and G. ornata 
and a very  small number of G. oceanica (Fig. 3.5). At the Rockall Plateau, Noelaer-

habdaceae counts from ODP Site 980 include primarily  E. huxleyi and G. muellerae and few 
G. oceanica and G. ericsonii (Fig. 3.6). At the Vøring Plateau, no SEM counts for the entire 

Holocene were available for MD08-3192, therefore a comparison to coccolith counts of An-
druleit (1995) from a nearby core (GIK 23071) is used as an indication (Fig. 3.7). At this site 

the family  Noelaerhabdaceae consist of E. huxleyi and G. muellerae, other coccolithophores 
of this family  are not mentioned, and in all probability  their number is less than 1 % and not 

worth considering.

Figure 3.6. Relative abundance of Noelaerhabdaceae species at Rockall Plateau from ODP Site 980 
over the Holocene (Baumann, previously unpublished): E. huxleyi (red line), G. muellerae (blue line), 
G. oceanica (orange line), G. ericsonii (green line) in comparison to the Noelaerhabdaceae mean coc-
colith weight (black line).

In all three SEM counts of Noelaerhabdaceae, the assemblage considerably  changes over 
the Holocene. In general, related to the main part of the assemblage, the relative abundance 

of the lighter species E. huxleyi increases by  around 30 %, while the heavier G. muellerae 
decreases in the same order. Interestingly, these changes are not reflected in the mean 
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weight of the studied sites, not even the strong decrease of G. muellerae at the Vøring Pla-

teau between 7 - 8 ka BP. Therefore it seems very  likely  that the species itself change their 
weight. This could be caused by changes in the weight of E. huxleyi or G. muellerae or both. 

Another explanation is a shift in the abundance of e.g. a heavily  calcifying morphotype of E. 
huxleyi or G. muellerae or both.

As verification we examined the uppermost sediment sample of the Vøring Plateau, with the 
highest Noelaerhabdaceae mean weight of all cores, under the SEM. Almost all coccoliths 

belong to the species E. huxleyi and a considerable number is heavily  calcified. At this site it 
is very likely  that the heavily calcifying morphotype increases the mean Noelaerhabdaceae 

weight. Our results do not support the high number of G.  muellerae reported in light-
microscopic counts of Giraudeau et al. (2010), which show an increase of G. muellerae at 

the Vøring Plateau after 2 ka BP. In our SEM counts we detected a very  low abundance of 
around 1 % G. muellerae. 

Figure 3.7. Relative abundance of Noelaerhabdaceae species at Vøring Plateau from sediment core 
GIK 23071 over the Holocene (Andruleit, 1995): E. huxleyi (red line), G. muellerae (blue line), in com-
parison to the Noelaerhabdaceae mean coccolith weight (black line).
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3.7.3 Environmental factors 

Based on our results, the individual response of single coccolithophore species and most 
likely  their morphotypes is primarily  responsible for changes in Noelaerhabdaceae weight. 

Hence, it is necessary  to consider the factors that have an influence on species weight or 
changes in the abundance of their morphotypes. It is known that different coccolithophore 

species or morphotypes are adapted to individual environmental conditions (Bollmann, 1997; 
Henderiks et al., 2012). This might explain the implication of Beaufort et al. (2011) that coc-

colith weight in the North Atlantic and South Indian Ocean differ from tropical settings, espe-
cially  during the Last Glacial Maximum, where coccolith weight displays a broad weight 

range but is not in line with the trend of coccolith weight from the tropical stack. Therefore it 
is not as simple as proposed to consider one main factor as for instance the carbonate sys-

tem as the key  factor for changes in coccolith weight especially  not for the North Atlantic that 
deviates from the tropical or global trend. In the data set of Beaufort et al. (2011), tempera-

ture, productivity  and salinity  are also correlated to coccolith calcification, but weaker than 
CO2 or carbonate ion concentration. This already  indicates that other factors than carbonate 

ion concentration are important for coccolith calcification. 

3.7.3.1 Temperature

Sea surface temperature (SST) in our examined sites decreases over the entire Holocene 

less than 2 ºC (Fig. 3.8c, 3.9c, 3.10c) and is unlikely  to have a strong influence on Noelaer-
habdaceae mean coccolith weight. Previous studies present indications for an influence on 

changes in SST on the abundance of coccolithophore species and their morphotypes or on 
their calcification, but with considerably  higher temperature gradients (Hagino et al., 2005; 

Henderiks et al., 2012; Bach et al., 2012). In addition, studies on correlations between tem-
perature and calcification rates of E. huxleyi showed different results (Langer et al., 2007; de 

Bodt et al., 2010). Beaufort et al. (2007) concluded that there is no global relationship be-
tween SST and the degree of E. huxleyi calcification. The influence of SST on E. huxleyi 

morphotypes is even more confusing due to its high morphologic and genetic diversity  with 
different temperature tolerances (Young et al., 2003; Hagino et al., 2011) and it seems that 

the same morphotype can react differently. A heavily  calcified E. huxleyi morphotype is re-
ported to increase in abundance when SST is higher (Beaufort and Heussner, 2001; Grelaud 

et al., 2009), contrary  to the results of Smith et al. (2012) where this morphotype increases 
during winter in the Bay  of Biscay. For Gephyrocapsa only  little is known about changes in 

calcification rate induced by  temperature variability. The distribution of Gephyrocapsa spe-
cies in the Holocene correlates with environmental gradients (Bollmann, 1997), e.g. G. muel-

lerae occurs in moderate productive cool surface waters (Winter et al., 1994) and is thus of-
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ten used as a cold water indicator (Weaver and Pujol, 1988), whereas G. oceanica has an 

affinity  to warm and nutrient rich waters (Kleijne et al., 1989; Giraudeau et al., 1993; Ziveri 
and Thunell, 2000) and is therefore reported to be abundant in temperate and tropical waters 

as well as equatorial and upwelling areas (Okada and McIntyre, 1979; Bollmann, 1997; Ziveri 
et al., 2004). Due to the different response of species and morphotypes to SST, it is difficult 

to make a general statement for the coccolithophore family  Noelaerhabdaceae to changes in 
SST. The slight decrease in temperature in our sites over the Holocene is unlikely  to influ-

ence the calcification of coccoliths. More likely  is the influence of morphotypes, which are 
adapted to different temperature conditions and therefore occur in different abundances in 

our sites. As detected by  Flores et al. (2010), the abundance of the E. huxleyi cold water type 
with coccoliths > 4 µm increases with higher latitudes and reaches a number of 1 - 5 % at 

Vøring Plateau. The opposite trend is found in the distribution of G. oceanica of our studied 
sites. The abundance record decreases from less than 5 % at the Azores to around 1 % at 

Rockall Plateau and is probably  absent at Vøring Plateau. Both coccolithophores could have 
an influence on the mean Noelaerhabdaceae coccolith weight, but the low  number of 1 - 5 % 

might be too small to have significant effects on the average weight. 

Figure 3.8. Azores, core Geofar KF 16. (a) Noelaerhabdaceae mean coccolith weight (black line), 
error bars indicate 95 % confidence intervals of the mean weight. (b) carbonate ion concentration 
(purple line) (c) SST (blue line) and coccolith accumulation rate (green line). Bold lines are smoothed 
(by factor 4), grey thin lines original data.
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3.7.3.2 Salinity

Reconstructed palaeo-salinity  changes at our coring sites are rather small at the Rockall Pla-
teau (35.9 - 36.2), slightly  higher at the Azores (35.9 - 37.4) and show high fluctuations at the 

Vøring Plateau (34.6 - 38.2). Despite some studies showed correlations between size and 
weight of E. huxleyi in plankton and culture studies with salinity  (Bollmann et al., 2009; Field-

ing et al., 2009), there is no correlation between Noelaerhabdaceae mean coccolith weight in 
our results and the reconstructed paleo-salinity (not shown).

3.7.3.3 Carbonate ion concentration

Different factors of the oceansʼ carbonate system are discussed to affect calcification rates of 
coccolithophores such as pH levels, carbonate ion or bicarbonate ion concentration (Bach et 

al.,2012). During the Holocene the atmospheric CO2 concentration changes only  minor and 
consequently  the reconstructed carbonate system of the ocean as well. As we focused more 

on environmental factors than on the oceansʼ carbonate system, we decided to show the pa-
rameter of the carbonate system which attracted attention in the study  of Beaufort et al. 

(2011) to compare our results with the large data set of the authors.

Despite the minor changes of the atmospheric CO2 concentration in the Holocene, the CO2 

solubility  in the ocean changes geographically  and seasonally due to the dependence on pa-
rameters such as SST, salinity, alkalinity  and productivity  (Feely et al., 2001; Zeebe & Wolf-

Gladrow, 2001). Nowadays, the average CO2 uptake of the ocean is smaller in the Azores 
region than at the Rockall or Vøring Plateau (see map of Takahashi et al., 2002). Our recon-

structions of the Holocene carbonate system show a regional difference, e.g. the decrease of 
the carbonate ion concentration over the Holocene at the Vøring Plateau is stronger than at 

the Azores or the Rockall Plateau. The influence of the biological productivity, which 
strengthens the biological pump and leads to a decrease in CO2 of the surface ocean and 

thus to changes in the oceansʼ carbonate system (Sigman and Haug, 2003), are not included 
in the reconstructions. It is therefore likely  that the rising productivity  at the Vøring Plateau 

enhanced the biological pump and led to a decrease in CO2 of the surface ocean. Possibly, 
the decrease in carbonate ion concentration is weaker than in our reconstructions. Vice 

versa, the decreasing productivity  at the Azores could lead to a stronger decrease in carbon-
ate ion concentration than reconstructed. But despite these uncertainties, the Holocene 

changes in the oceansʼ  carbonate system still are much smaller in comparison to e.g. the 
glacial/interglacial variability of the carbonate system.
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Figure 3.9. Rockall Plateau, ODP Site 980. (a) Noelaerhabdaceae mean coccolith weight (black line). 
Error bars indicate 95 % confidence intervals of the mean weight. (b) carbonate ion concentration 
(purple line) (c) SST (blue line) and coccolith accumulation rate (green line). Bold lines are smoothed 
(by factor 4), grey thin lines original data.

Further, it should be mentioned that our selected sites are located in areas affected by  sea-
sonal variations as productivity, temperature and pCO2 (Nilsen, 2003; Rios et al., 2005; Tans 

and Conway, 2005; Schwab et al., 2012). If coccolithophore weight would be e.g. influenced 
by  a seasonal change in the oceans carbonate chemistry  (Smith et al., 2012), which differs 

from the overall mean trend over the Holocene, these seasonal signals in coccolithophore 
weight would not be comparable to the Holocene mean trend of the carbonate system. But 

as we consider multi-annual Noelaerhabdaceae mean weights, seasonal responses are av-
eraged and can be neglected.

The decrease in carbonate ion concentration of around 30 µmol/kg in our results at the 
Azores might have an influence on coccolith mean weight (Fig. 3.8b), but here the carbonate 

ion concentration presents the highest values of all three studied sites, therefore the basic 
conditions for coccolithophores should be more favourable than at the Rockall or Vøring Pla-

teau. At the Rockall Plateau the decreasing trend in carbonate ion concentration of around 
10 µmol/kg sea water over the Holocene might be too small to have a large influence on 

coccolith calcification (Fig. 3.9b). At the Vøring Plateau, the decrease in Holocene carbonate 
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ion concentration is relatively  prominent (about 45 µmol, Fig. 3.10b) and is even stronger 

than at the Azores, but the increasing coccolith weight does not confirm the negative influ-
ence of carbonate ion concentration on the weight. Therefore there is no uniform trend of 

Noelaerhabdaceae weight at the three different sites, and a general influence of decreasing 
carbonate ion concentration in the range of 10 - 45 µmol on coccolith weight cannot be ob-

served. This indicates that the carbonate system can not be the main factor having influence 
on the mean coccolith weight in the Holocene North Atlantic. 

Figure 3.10. Vøring Plateau, core MD08-3192. (a) Noelaerhabdaceae mean coccolith weight (black 
line). Error bars indicate 95 % confidence intervals of the mean weight. (b) carbonate ion concentra-
tion (purple line) (c) SST (blue line) and coccolith accumulation rate (green line). Bold lines are 
smoothed (by factor 4), grey thin lines original data.

3.7.3.4 Coccolithophore productivity

The coccolithophore productivity decreases northwards in our examined sites in absolute 

numbers. The relative trends are different between the sites over the Holocene (Fig. 3.8c, 
3.9c, 3.10c). At the Azores, coccolithophore productivity  is highest. Beginning with the onset 

of a northward shift of the Azores Front and the following oligotrophic conditions after 6 ka 
BP (Schwab et al., 2012) the mean coccolith weight starts decreasing, suggesting a possible 

coupling between coccolithophore productivity  and coccolith calcification. Similarly, at the 
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Vøring Plateau, where absolute coccolithophore productivity is 2 to 3 orders of magnitude 

lower, an overall increase in coccolithophore productivity  over the entire Holocene is paral-
leled by the increasing Noelaerhabdaceae coccolith weight. At the Rockall Plateau the coc-

colithophore productivity  is on the same level as at the Vøring Plateau, but relatively  stable. 
Here, only  a slight increase in coccolith productivity  is observed during the Late Holocene 

when coccolith weight is increasing markedly, and coccolithophore productivity  peaks are 
only  slightly reflected in the mean weight. This may  be caused by undersampling of the mean 

coccolith weight data, which could exclude short-term fluctuations from being detected.

Previous studies have shown the influence of enhanced coccolithophore productivity  on coc-

colith weight. The weight of E. huxleyi increased during blooms and accordingly  during times 
with high coccolithophore production (Beaufort et al., 2007). In addition Engel et al. (2005) 

observed an increase in E. huxleyi coccolith weight by  25 to 50 % during blooms in meso-
cosm experiments after adding nutrients. Therefore, productivity  plays a major role in cocco-

lith calcification and is probably  rather prominent in our study because CO2 variability  is low 
during the Holocene. Considering the environmental factors in all three sites, the main trends 

of temperature and carbonate ion concentration are rather similar. The only  distinct differ-
ence of the studied environmental factors is the coccolithophore productivity, which seems to 

have an influence on mean Noelaerhabdaceae coccolith weight. As the absolute values in 
coccolithophore productivity  are extremely different between the Azores and the two northern 

sites, it is unlikely  that productivity as such is responsible for the observed changes in cocco-
lith weight. A more likely  explanation would be abundance changes of morphotypes within 

the Noelaerhabdaceae, which might be also caused by  different nutrient or primary  produc-
tivity  regimes. This may be due to oceanographic features such as the position of the sub-

tropical gyre and the frontal system at the Azores (Schwab et al., 2012), or the re-
organisation of the surface circulation patterns in the northern North Atlantic with a stronger 

influence of the Slope Current after 5 - 6 ka BP (Solignac et al., 2008; J. Holtvoeth, unpub-
lished data, personal communication, 2013) at the Rockall Plateau and Vøring Plateau.

At the Vøring Plateau, Noelaerhabdaceae mean coccolith weight is controlled by two spe-
cies, E. huxleyi and G. muellerae. Interestingly, and as previously  mentioned, the shift in the 

relative abundance of the species between 7 - 8 ka BP is not reflected in the mean weight as 
well as the increase in weight in the late Holocene. This leads to the assumption of changing 

calcification of the species or abundance shifts of morphotypes. Compared to G. muellerae, 
E. huxleyi is a tough competitor and able to adapt more quickly  to environmental changes 

(Okada and Wells, 1997; Schwab et al., 2012). A recently  conducted long term study  of Loh-
beck et al. (2012) revealed an adaptation of E. huxleyi calcification to enhanced CO2 due to 

genotypic selection as well as mutations within the population. The presence of a morpho-
type of E. huxleyi that is able to calcify  heavily  in waters characterised by  low carbonate ion 
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concentrations supports this theory  (Beaufort et al., 2011; Smith et al., 2012). Interestingly, in 

the findings of Beaufort et al. (2011) this morphotype appears in relatively  cold coastal or 
frontal upwelling waters with enhanced productivity. Additionally, laboratory  experiments of 

Müller et al., (2012) documented an increase of E. huxleyi coccolith volume with elevated 
pCO2 and nutrient replete conditions. Therefore it is not unlikely  to assume that the heavily 

calcifying E. huxleyi morphotype in the uppermost sediment sample at the Vøring Plateau is 
an adaptation to decreasing carbonate ion concentration, while other environmental factors 

as productivity  are rather favourable. In contrast to the Azores where the decreasing produc-
tivity  conditions are likely  to impair the conditions for coccolithophore species or morpho-

types. This might be a tentative indication that on a global scale, a part of the coccolith 
weight decrease expected to occur due to ocean acidification in the future could be compen-

sated by  increased productivity  of heavily  calcifying coccolithophore species or morphotypes 
(e.g. growing in frontal or upwelling regimes) adapted to calcify  heavily  at low carbonate ion 

concentrations. The same is true especially  for other heavily  calcifying coccolithophore spe-
cies, such as Coccolithus pelagicus or Calcidiscus leptoporus that may reach considerable 

abundance in parts of the oceans and have a large influence on the total coccolithophore 
carbonate production. Therefore, future studies should focus on assemblage and morpho-

type response to carbonate system changes.

3.8 Conclusion

The dominant coccolithophore family  Noelaerhabdaceae shows a strong variability  in mean 

coccolith weight during rather stable CO2 conditions of the pre-industrial Holocene in the 
North Atlantic. The recently  debated negative influence of decreasing carbonate ion concen-

tration on coccolithophore calcification could not be detected for a small decrease of 10 to 45 
µmol/kgSW. Our results show weight changes during the Holocene of the same amplitude 

than previously  reported for the CO2 increase of the last glacial to interglacial change, but 
with opposing trends in different regions. Variability  in Holocene Noelaerhabdaceae coccolith 

weight in a natural system of the North Atlantic is hardly  driven by  the carbonate system as a 
main reason. We show that in the absence of strong CO2 variability  in the North Atlantic coc-

colithophore productivity  has a substantial influence on Noelaerhabdaceae coccolith weight. 
Favourable environmental conditions such as high coccolithophore productivity  lead to in-

creasing weight, either due to increasing calcification or an abundance shift to heavily calcify-
ing morphotypes, even during times of decreasing carbonate ion concentration of 45 µmol/

kgSW over the Holocene. Differences in nutrient or productivity  settings between the sites 
are likely  influencing the response of Noelaerhabdaceae coccolith weight. The high natural 

variability  of coccolith weight during the Holocene raises the question, whether future 
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changes in the carbonate system of the oceans will have a positive or negative effect on 

coccolithophore calcification.
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4.1 Abstract
Glacial to interglacial environmental changes have a strong impact on coccolithophore as-
semblage composition. At the same time, glacial terminations are characterised by an in-

crease in atmospheric CO2 concentration. In order to determine how these two processes 
influence the calcite production of coccolithophores, we compared coccolith weight estimates 

obtained with the automated coccolith recognition system SYRACO with SEM assemblage 
counts covering the penultimate glacial termination (T II) from two sediment cores in the 

North Atlantic Ocean. At the temperate Rockall Plateau (ODP Site 980), mean coccolith 
weight shows positive excursions around the Heinrich event 11. This is paralleled by  a shift 

within the coccolith assemblage caused by  the changes of the oceanic frontal system during 
Termination II. In the tropical Florida Strait, far from influences of frontal zones, mean Noe-

laerhabdaceae coccolith weight doubles during Termination II. This is only  partly  due to an 
assemblage shift towards larger and heavier calcifying morphotypes, but mainly  an effect of 

increasing coccolithophore calcification. This increase is exactly  mirroring the rise in atmos-
pheric CO2, contradicting previous findings from Termination I. Reconstructions of DIC, alka-

linity  and calcite supersaturation at the Florida Strait during Termination II exceed all previous 
settings for which coccolith weight estimates are available, and therefore are the most likely 

cause for the coccolithophore calcification increase during atmospheric CO2 rise. Our results 
illustrate that even during rising atmospheric CO2 the conditions of the seawater carbonate 

system can be favourable for coccolithophore calcification. The total CaCO3 production of a 
coccolithophore assemblage under increasing CO2 therefore depends on regional seawater 

carbonate system characteristics and the local assemblage composition.

Highlights: Noelaerhabdaceae mean coccolith weight increases during rising atmospheric 
CO2 concentration; Increasing weight is induced by different factors at each site; Noelaer-

habdaceae mean weight is strongly  dependent on regional seawater conditions and assem-
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blage composition; Assemblage shifts and changes in calcification strongly  influence mean 

weight.

Keywords: Coccolith weight, Termination II, North Atlantic

4.2 Introduction
Coccolithophores, a group of marine calcifying phytoplankton, are known as major oceanic 
CaCO3 producers (Milliman, 1993). They  play  a significant role in the marine carbonate sys-

tem by  combining photosynthetic carbon fixation and calcification (Rost and Riebesell 2004). 
Their small calcite scales, the coccoliths, export inorganic carbon to the deep sea and further 

act as ballast for the transport of organic carbon (Klaas and Archer, 2002; Rost and Riebe-
sell, 2004). Changes in the calcite production of coccoliths therefore influence the carbon 

export and hence affect the global carbon cycle (Zondervan, 2007).
The uptake of atmospheric CO2 by the oceans leads to increasing surface seawater CO2 and 

HCO3- and decreasing pH and CO32- concentrations, a process termed ocean acidification 
(Feely  et al., 2004; Raven et al., 2005). Laboratory experiments on coccolithophore calcifica-

tion under elevated CO2 led to varying response patterns even within the same species or 
strain and revealed the sensitivity  of these organisms to changing ocean chemistry  (Riebe-

sell et al., 2000; Iglesias-Rodriguez et al., 2008; Langer et al., 2009). Furthermore, experi-
ments with a combination of rising CO2 and parameters as e.g. different temperature and nu-

trient supply  influenced coccolithophore calcification, and even improved or impaired the ef-
fects of changing carbonate chemistry  (e.g. De Bodt et al., 2010; Matthiessen et al., 2012; 

Fiorini et al., 2011). Still, the most common observation is a reduction of coccolithophore cal-
cification in response to increasing CO2 (Zondervan et al., 2002; De Bodt et al., 2010; Bach 

et al., 2012).
In natural assemblages it has been shown that varying seawater carbonate chemistry  and 

environmental factors can influence both coccolithophore calcification and shifts within the 
coccolithophore assemblage. E. huxleyi developed morphotypes with different weight or size 

adapted to diverse environmental conditions (Beaufort et al., 2011; Flores et al., 2010). In 
natural assemblages changing seawater conditions can lead to a dominance shift to better 

adapted morphotypes of the same species (e.g. Triantaphyllou et al., 2010; Flores et al., 
2010; Beaufort et al., 2011). Therefore, besides varying calcification of a species, abundance 

shifts of morphotypes can lead to changes in the total amount of calcite produced from one 
species. Similarly, abundance changes of species within an assemblage can change the total 

amount of CaCO3 produced by coccolithophores (Beaufort et al., 2007). The heterogenous 
composition of a coccolithophore assemblage within their natural environment is difficult to 
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establish in the laboratory. As a result most laboratory  studies on coccolithophores focus on 

monospecific cultures with single strains of one species (Ridgwell et al., 2009). For investi-
gating the responses of an entire coccolithophore assemblages and possible changes in its 

total calcite accumulation under increasing CO2, field and sediment studies provide support-
ing information from the natural habitat of coccolithophores to which they are evolutionary 

adapted (Smith et al., 2012). Past events in Earth`s history  with a notable increase in CO2 
help to clarify the possible response of coccolithophore assemblages in the future. During 

glacial to interglacial changes (deglaciations), atmospheric CO2 increased and surface-ocean 
pH as well as the saturation state declined. Because of the relatively  large timescale in the 

order of 10.000 years, deglaciations are a slow and moderate acidification event. Therefore 
they cannot be seen as an analogue to the current fast increase in CO2 (Zeebe et al., 2012), 

but still they  offer the opportunity for studies under increasing CO2 in a natural system. A 
lately  conducted study  on the calcification of the dominant coccolithophore family  Noelaer-

habdaceae has shown a decrease in coccolith weight (and therefore calcification) during the 
CO2 increase of the last deglaciation (Termination I, 19 - 10 ka BP, Beaufort et al., 2011). In 

the tropics, Noelaerhabdaceae mean coccolith weight decreased with declining CO32-, which 
is attributed to a shift within the assemblage composition as well as a decrease in calcifica-

tion (Beaufort et al., 2011). Aside from these results, few palaeo-studies on coccolith weight 
of natural assemblages under rising CO2 are available. A recent study from the temperate 

zone of the North Atlantic examined the variability  of coccolithophore calcification from differ-
ent assemblages during the rather stable CO2 conditions of the Holocene (Bauke et al., 

2013). Even without strong changes in the carbonate system, Noelaerhabdaceae mean coc-
colith weight displays a strong intrinsic variability  with opposing trends at different locations. 

Major causes for the weight changes are shifts within the assemblage as i.e. in the abun-
dance of species and heavily  calcifying morphotypes. The varying response of the different 

assemblages within the North Atlantic reveals the large influence of the assemblage compo-
sitions which varies regionally  in the Holocene (Bauke et al., 2013). This raises the question 

if the response of an assemblage-driven coccolithophore community  from the temperate 
zone of the North Atlantic is comparable to results of a community from the tropics, especially 

under rising CO2 conditions. To examine the individual response of coccolithophore commu-
nities from different areas, we focused on two sediment cores from the tropical (Florida Strait, 

SO 164-17-2) and from the temperate zone (Rockall Plateau, ODP Site 980) of the North At-
lantic during Termination II (135 - 125 ka BP). Termination II is the most rapid and abrupt 

termination of the late Quaternary  (Jouzel et al., 2007), and the accompanying CO2 increase 
is used here to test he response of coccolithophore calcification under a natural CO2 rise. As 

coccolith weight is an indicator for coccolithophore calcification (Bach et al., 2012), we 
measured coccolith weights from the dominant coccolithophore family Noelaerhabdaceae 
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(E. huxleyi and Gephyrocapsa spp.) to investigate if weight changes are induced by  assem-

blage shifts or by  factors which can have an influence on the calcification (carbonate system, 
temperature and coccolithophore productivity) (Raven et al., 2012). The selected sediment 

cores are also influenced by different environmental conditions during Termination II. ODP 
Site 980 from the temperate zone is under influence of oceanic front migrations, which has a 

strong effect on the coccolithophore community  and productivity  (Stolz and Baumann, 2010). 
SO164-17-2 from the tropics is far from the influence of oceanic frontal zones with compara-

bly  stable environmental conditions (Bahr et al., 2011). We show that the mean coccolith 
weight of the Noelaerhabdaceae increases during rising atmospheric CO2 in Termination II in 

the North Atlantic due to different mechanisms at each location.

4.3 Material and Methods

4.3.1 Material and age models

ODP Site 980 (55°12.90ʼN, 14°14.20ʼW; 2179 m water depth) was retrieved during ODP Leg 
162 (Jansen et al., 1996) from the Rockall Plateau in the eastern North Atlantic (Fig. 4.1). 

The age model for ODP Site 980 has been published by  Oppo et al. (2006) and relies on epi-
faunal benthic foraminiferal δ18O measurements.

Piston core SO164‐17‐2 (24°04.99′N; 80°53.00′W; 954 m water depth) is located at the 
southern Florida Strait (Fig. 4.1) and was recovered during R/V Sonne Cruise SO164 (Nürn-

berg et al., 2003). The age model for SO164-17-2 was established by  Bahr et al. (2011), us-
ing calcareous nannofossils and Globorotalia menardii biozones, a detailed age model of 

MIS 5 bases on the tuning of the benthic isotope record of Cibicidoides wuellerstorfi to the 
global benthic isotope stack LR04 (Bahr et al., 2011).

4.3.2 Sample preparation (Smear slides, SEM samples) and weight measurements

Smear slide samples were prepared from sediment samples and scanned with a polarised 
light microscope (Leica DM6000B, 1000x magnification). By  using a SPOT Insight black and 

white camera, connected to the microscope, 200 - 400 pictures of every  sample were ran-
domly  taken. The pictures were analysed with the automated recognition software for cocco-

lithophores SYRACO  (Beaufort and Dollfus, 2004), which identifies and measures coccoliths. 
SYRACO  creates output files containing coccoliths from the same morphogroups, which 

were automatically  measured in size and weight. The weighing relies on measuring the 
brightness (grey  level) of calcite particles which is proportional to their thickness in cross-

polarised light. The total brightness of a coccolith can be converted into the weight with an 
equation (weight = grey  level * 0.0016) after calibration to a known calcite standard (method 
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after Beaufort et al., 2005, with a calcite particle size of 1-2 µm). In total 21302 single cocco-

liths at site SO164-17-2 and 32158 coccoliths at ODP Site 980 were measured. To control 
the light of the Microscope bulb and avoid a decrease in light intensity  over time, 200 images 

of two control slides were taken after the imaging of 10 smear slides. The brightness of the 
control images was checked with the program ImageJ and compared with the previous re-

sults. Additionally, a weekly  control with the highest possible light conditions of the micro-
scope was conducted. Both methods revealed brightness changes of less than 2 % and are 

therefore negligible.
From site SO164-17-2, 28 samples for scanning electron microscope (SEM) were prepared 

with a combined dilution/filtration technique after Andruleit (1996). A small amount of dry  bulk 
sediment (approximately  0.07 g) was suspended in tap water, ultrasonicated and wet-splitted 

with a rotary  sampler divider (TMFritsch Laborette 27) by  a factor of 100. The splitted aliquot 
was filtered on a polycarbonate filter with a pore size of 0.4 µm and dried in the oven with 

40°C for 24 hours. Small pieces were cut out of each filter, mounted onto SEM-stubs and 
sputtered with gold/palladium. Coccoliths were counted using a CamScan 44 SEM, at a 

magnification of 5000x.

4.3.3 Temperature, coccolithophore productivity and carbonate chemistry
Sea surface temperature (SST) estimations from ODP Site 980 are available from Oppo et 

al. (2006) and base on planktonic foraminiferal assemblage changes, at site SO164-17-2, 
SST from Bahr et al. (2011) base on Mg/Ca reconstructions from the planktic foraminifera G. 

ruber. 
Coccolithophore accumulation rates can be used to reconstruct coccolithophore palaeopro-

ductivity  (Lototskaya et al., 1998; Stolz and Baumann, 2010; Schwab et al., 2012). Coccolith 
concentrations from Site SO164-17-2 base on our SEM counts and were calculated into coc-

colith accumulation rates by  using the bulk density  (Nürnberg et al., 2003) and sedimentation 
rate of Site SO164-17-2 using the equation of Van Kreveld et al. (1996). At ODP Site 980 

coccolith accumulation rates are available from Stolz and Baumann (2010).
Parameters of the surface ocean carbonate system were reconstructed with the program 

CO2Sys (Lewis and Wallace, 1998). As input parameters temperature (see above), pCO2, 
total alkalinity  and salinity  are required. Atmospheric CO2 data are available from Vostok ice 

core measurements (Petit et al., 1999), total alkalinity was calculated from salinity  after Lee 
et al. (2006), using the equation for the North Atlantic for ODP Site 980 and the equation for 

the (sub)tropics for site SO164-17-2. Salinity  was derived from Δδ18O, using the equation of 

Duplessy  et al. (1991). For the calculation of Δδ18O, Δδ18Oseawater was calculated after Bemis 

et al. (1998) and corrected with the global sea level effect (δ18Oice volume) after Waelbroeck et 
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al. (2002) using sea level data of Lea et al. (2003). At ODP Site 980 and SO164-17-2, δ18O  is 

available from Oppo et al. (2006) and Bahr et al. (2011).

4.4 Oceanographic settings 
ODP Site 980 is located at the eastern edge of the Rockall Plateau in the North Atlantic (Fig. 
4.1), within the high accumulation area of the Feni Drift (Jansen et al., 1996). The Rockall 

Plateau is influenced from a branch of the North Atlantic Current (NAC), the Rockall-Hatton 
branch (NAC-RH), a northward flowing extension of the Gulf Stream, which carries warm and 

salty  water. ODP Site 980 is located southwards of the Arctic front which separates the tem-
perate Atlantic from the cold Arctic waters (Swift, 1986). The transition from the penultimate 

glacial (Marine Isotope Stage 6) to the penultimate interglacial (Marine Isotope Stage 5), 
called Termination II, in the North 

Figure 4.1. Locations of ODP Site 980 and SO164-17-2 and the main oceanographic features of the 
North Atlantic. Red stars mark the location of the studied sites, black arrows show major ocean sur-
face currents: Caribbean Current (CC), Loop Current (LC), Florida Current (FC), Gulf Stream (GS), 
North Atlantic Current Rockall-Hatton branch (NAC-RH). The map  was designed with the ODV soft-
ware by R. Schlitzer (Ocean Data View software, 2010, http//odv.awi.de).

Atlantic is characterised by  changes in the palaeoceanographic conditions. The activity  of the 

NAC was reduced during Termination II and the position of the Arctic front migrated south-
wards, close to ODP Site 980. This resulted in harsh seawater conditions with sea ice and 

low  sea surface temperature. Lowest SST combined with reduced coccolith numbers and 
diversity  denote the Heinrich event 11 (H11). During MIS 5 the increasing influence of the 

NAC resulted in ameliorate climate conditions, with enhanced growth conditions for cocco-
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lithophores characterised by  increasing coccolith numbers and taxa (Stolz and Baumann, 

2010).
Site SO164-17-2 is located in the region of the Florida Strait (Fig. 4.1), which is highly  satu-

rated with respect to calcite (Schwarz and Rendle-Bühring 2005). Through the Florida Strait, 
the strong Florida Current flows between Florida and the Bahamas into the North Atlantic 

(Richardson et al., 1969). It is considered as the major source of the Gulf Stream and carries 
warm tropical waters to higher latitudes (Wennekens, 1959). The Florida Current derives 

from water masses of the Caribbean Current, which flows from the Caribbean Sea into the 
Gulf of Mexico, known as the Loop Current (Gordon, 1967; Molinari and Morrison, 1988). Ac-

cording to the results of Lynch-Stieglitz et al. (1999) who reported about a reduced Gulf 
Stream in the Florida Strait during the last glacial maximum, Bahr et al. (2011) found similar 

indications for a lowered Florida Current strength (and thus reduced Gulf stream) during MIS 
6, and an enhancement during early  MIS 5.5. The resulting stronger transport of warm water 

masses explain the strong SST increase at the end of Termination II (Bahr et al., 2011).

4.5 Results and Discussion

4.5.1 Noelaerhabdaceae weight trends

At ODP Site 980 mean Noelaerhabdaceae coccolith weight increases towards the end of 
MIS 6, between 133 ka BP and 130 ka BP, from 5 pg to 6 pg (Fig. 4.2a). Three significant 

weight peaks mark the early  MIS 5.5, one at its onset, two during H11, where the weight 
reaches around 7 - 7.7 pg. During the late Termination II, from around 128 ka BP onwards, 

the weight decreases and reaches approximately  5 pg after the end of Termination II. Mean 
Noelaerhabdaceae coccolith weight at SO164-17-2 is rather constant between 5 and 6 pg 

during MIS 6, from 143 until 135 ka BP (Fig. 4.3a). With the beginning of Termination II at 
135 ka BP the weight strongly  increases to around 12 pg until the end of Termination II at 

125 ka BP. From 125 ka BP until 112 ka BP, during MIS 5.5, the weight remains on a high 
level and shows a slight increase characterised by fluctuations between 9.5 and 13 pg.

At both studied sites Noelaerhabdaceae mean weight strongly  increases during the CO2 rise 
and the concomitant changes in the oceans carbonate system of Termination II, which impli-

cates that coccolithophore calcification was not negatively affected. This is in contrast to the 
recently  reported decrease of Noelaerhabdaceae mean coccolith weight during the CO2 in-

crease of Termination I of Beaufort et al. (2011) (Fig. 4.4).
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Figure 4.2. ODP Site 980, a) Noelaerhabdaceae mean coccolith weight. Error bars denote 95 % con-
fidence intervals of the mean weight; b) Coccolith accumulation rate; c) SST; d) IRD abundances. Ab-
breviations: Marine Isotope Stage 6 (MIS 6), Marine Isotope Stage 5.5 (MIS 5.5), Heinrich event 11 
(H11). Vertical light grey bar marks Termination II, vertical dark grey bar marks H11 (deduced from IRD 
abundances), MIS 5.5 and MIS 6 are labelled on top.

Obviously, Noelaerhabdaceae mean coccolith weight during Termination II at our sites is 

driven by  other factors than during Termination I in the study  of Beaufort et al. (2011). To as-
sess the factors influencing coccolith weight of the Noelaerhabdaceae assemblage it is im-

portant to disentangle the underlying mechanisms of the weight changes.
The mean weight of the Noelaerhabdaceae assemblage changes when the composition of 

the assemblage changes, e.g. by  a relative increase of a stronger calcifying species or mor-
photype, or if calcification is enhanced due to a physiological response to environmental 

processes. Both processes may  be interlinked, as the environmental factors influencing cal-
cification may also lead to an assemblage shift.
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Figure 4.3. Site SO164-17-2, a) Noelaerhabdaceae mean coccolith weight. Error bars denote 95 % 
confidence intervals of the mean weight; b) Coccolith accumulation rate; c) SST. Abbreviations: Marine 
Isotope Stage 6 (MIS 6), Marine Isotope Stage 5.5 (MIS 5.5). Vertical light grey bar marks Termination 
II, MIS 5.5 and MIS 6 are labelled on top.
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4.5.2 ODP Site 980 - Rockall Plateau

4.5.2.1 SEM counts and assemblage variations deduced from length and weight 

measurements
At the Rockall Plateau, SEM coccolith counts of Stolz and Baumann (2010) from ODP Site 

980 were compared to our results (Fig. 4.5). The coccolithophore family  Noelaerhabdaceae 
at this site consists of E. huxleyi, G. muellerae and G. ericsonii. In the first part of the record 

G. muellerae dominates the Noelaerhabdaceae assemblage with a relative abundance up  to 
85 %. Between 130 - 124 ka BP, the composition of the assemblage changes and E. huxleyi 

reaches a relative abundance up to 70 %, whereas G. muellerae decreases to around 30 %. 
The abundance of G. ericsonii is rather low and never exceeds 10 % of the assemblage.

Figure 4.5. ODP Site 980, Relative abundance of coccolith species from the coccolithophore family 
Noelaerhabdaceae: Gephyrocapsa muellerae (green line), Gephyrocapsa ericsonii (blue line), 
E. huxleyi (yellow line), compared to Noelaerhabdaceae mean coccolith weight (red line).

The shift in the composition of the assemblage largely  coincides with the increase in weight 

from 131 - 127 ka BP, but the increase in weight starts and ends earlier than the assemblage 
change and indicates an additional influence of other factors. Interestingly, Noelaer-

habdaceae weight is highest when the abundance of G. muellerae, the heaviest species in 
the assemblage, is lowest (Fig. 4.5). Therefore, the observed assemblage shift can not ac-

count for the positive weight excursions. For a more detailed analysis of the measurements 
from SYRACO, coccoliths length and weight from H11 and surrounding H11 were separated 

(Fig. 4.6a, b). During H11 the average weight and the abundance of coccoliths larger 3 µm 
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increases (Fig. 4.6a, b), whereas the abundance of the length class 2.3 - 3 µm decreases 

(Fig. 4.6a). The Noelaerhabdaceae mean coccolith weight increase is therefore mainly 
caused by  the increase in abundance and calcification of coccoliths > 3 µm which can be 

both E. huxleyi and G. muellerae. Due to the increasing abundance of E. huxleyi coccoliths, 
however, it is more likely  that this species is mainly  contributing to the weight shift. This will 

be discussed in the following chapters.
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Figure 4.6. ODP Site 980, a) Relative abundance of coccolith length classes prior to and after H11 
(black line) and during H11 (red line); b) Noelaerhabdaceae mean coccolith weight of different cocco-
lith length classes prior to and after H11 (black line) and during H11 (red line).

4.5.2.2 SST and coccolithophore productivity

Coccolithophores are known to be sensitive to changing seawater conditions (as nutrient or 
primary  productivity, SST and the oceans carbonate system) and respond with changes 

within the assemblage and their calcification (e.g.: Riebesell et al., 2000; Beaufort et al., 
2007; Grelaud et al., 2009). During Termination II, coccolithophore accumulation rates are 

rather low and suggest diminished coccolithophore productivity due to unfavourable seawa-
ter conditions. Close to the end of Termination  II at 126 ka BP, the accumulation rates and 

therefore the coccolithophore productivity  start to increase (Stolz and Baumann, 2010) (Fig. 
4.2b). During Termination II, neither the assemblage shift nor the increase in coccolithophore 

productivity  is reflected in the mean coccolith weight, other factors seem to have a stronger 
influence. 

Both, the assemblage shift and the increase in weight, coincide in main parts with the de-
crease in sea surface temperature induced by  the Heinrich event 11 (H11), which is marked 

by  enhanced ice-rafted detritus (IRD) layers (Oppo et al., 2006) between approximately 130 - 
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127,5 ka BP (Fig. 4.2c, d). The abundance of IRD in ODP Site 980 reflects the massive dis-

charge of detrital material from icebergs (Oppo et al., 2006). The arctic seawater conditions 
with reduced sea surface temperature and salinity  during H11 (Stolz and Baumann, 2010) 

seem to have a notable influence on the assemblage as well as on Noelaerhabdaceae mean 
weight. Stolz and Baumann (2010) noticed a higher number of reworked coccoliths around 

130 ka BP but these are no Noelaerhabdaceae or Reticulofenestrid taxa (K. Stolz, pers. 
comm. 2013) that could be misidentified by  SYRACO. Therefore the observed increase in 

weight is also not due to reworked coccoliths.

4.5.2.3 Carbonate system
A comparison to the carbonate system shows some correlations to the Noelaerhabdaceae 

mean weight and the assemblage shift during H11 as well. With the rising atmospheric CO2 
concentration during Termination II, CO32-, pH and the calcite saturation state decrease and 

show lowest values at highest CO2 concentrations between 128 - 129 ka BP (Fig. 4.7). At 
around 127 ka BP CO32- and the calcite saturation state return to initial values whereas pH 

increases just slightly  and levels off during MIS 5.5, CO32- and calcite saturation state show a 
decreasing trend until 115 ka BP. 

Dissolved inorganic carbon (DIC), HCO3- and total alkalinity  (TA) increase with rising atmos-
pheric CO2 concentration and reach a maximum peak at 130 ka BP. At 130 ka BP HCO3-, TA 

and DIC start decreasing whereas TA and DIC  show lowest values between 128 -129 ka BP, 
HCO3- at 127.5 ka BP. Until 115 ka BP HCO3- shows a slightly increasing trend, TA and DIC 

increases until 123.5 ka BP where the trend of TA starts decreasing and DIC displays a fluc-
tuating but in mean rather constant trend. Noelaerhabdaceae mean weight is slightly  corre-

lated to HCO3-, atmospheric CO2 and DIC (Fig. 4.7b, c, d) and in varying degrees anti-
correlated to CO3-, pH, TA and the calcite saturation state (Fig. 4.7e, f, g,h).

This indicates a combined influence of the assemblage shift, the oceanic carbonate system 
and the SST on Noelaerhabdaceae mean coccolith weight. As previously  mentioned, the 

weight is highest when G. muellerae, the heaviest species of the Noelaerhabdaceae assem-
blage, decreases. As E. huxleyi and G. muellerae represent the main part of the Noelaer-

habdaceae assemblage and its mean weight, it is highly  probable that either G. muellerae or 
E. huxleyi or both species increase their weight during the assemblage change. Due to the 

similar size of E. huxleyi and G. muellerae coccoliths it is difficult to disentangle shifts in size 
and weight of different species within the results of Noelaerhabdaceae measurements from 

SYRACO. Therefore, different explanations for the shift within the assemblage and the in-
crease in weight are possible: (I) The southward migration of the arctic front during Termina-

tion II resulted in arctic seawater conditions (Stolz and Baumann, 2010). This might have en-
hanced the number of a large cold water preferring E. huxleyi morphotype as E. huxleyi > 
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Figure 4.7. ODP Site 980, carbonate system compared to Noelaerhabdaceae mean weight: a) Noe-
laerhabdaceae mean weight; b) HCO3- concentration; c) atmospheric CO2 concentration; d) dissolved 
inorganic carbon (DIC); e) CO32- concentration; f) seawater pH; g) calcite saturation state (Ω); h) Total 
Alkalinity (TA).

4 µm (Colmenero-Hidalgo et al., 2002; Flores et al., 2010), which increases Noelaer-
habdaceae mean weight. (II) The decrease in pH, CO32- and TA increased the number of a 

heavily  calcifying E. huxleyi morphotype, which is adapted to lower pH (Beaufort et al., 2011; 
Smith et al., 2012). (III) G. muellerae growth rate decreases due to unfavourable environ-

mental conditions. Many  laboratory  studies have shown that during an inhibition of cell divi-
sion the calcification rate is maintained constant, which leads to an increase in cellular calci-

fication resulting in heavier coccoliths, especially  under high concentrations of HCO3-. (Shi-
raiwa et al., 2003; Raven et al., 2012; Jones et al., 2013). But even if HCO3- concentrations 
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increase and G. muellerae abundance decrease at the same time it is not verifiable if the 

laboratory results can be compared to the assemblage response of the Rockall Plateau. At 
the Rockall Plateau the increase in Noelaerhabdaceae mean weight is induced by  several 

factors and stands in close connection to the shift within the assemblage. Due to the low 
abundance of coccoliths during H11, only few measurements are possible, leading to large 

error bars of the Noelaerhabdaceae mean coccolith weight, which are however, mostly  not 
overlapping with the surrounding lower values (Fig. 4.2a). It can not be ruled out that the 

strong increase in weight during H11 is biased by  the lower number of measurements, but 
due to the coincidental change of the assemblage shift, the harsh seawater conditions and 

the coccolith weight we are confident that the increase in weight during H11 is not a statisti-
cal error. Therefore, according to our results, the main reason for the assemblage and weight 

change seem to be the harsh seawater conditions during H11, which altered the living condi-
tions of Noelaerhabdaceae.

Further factors which should be taken into consideration are the higher concentrations of 
HCO3- and DIC during most of Termination II. There is substantial evidence that HCO3- is the 

principal inorganic carbon source for the calcification of coccoliths (Sikes et al., 1980; Herfort 
et al., 2002; Bach et al., 2013). In the studies of Bach et al. (2013, 2012), calcification rates 

of E. huxleyi increased with increasing HCO3- concentration, resulting in larger and heavier 
coccoliths, while low  DIC results in decreasing calcification rates. The rising HCO3- and DIC 

concentration at the beginning of Termination II therefore possibly  facilitates the precipitation 
of calcite and could lead to an increase in coccolith weight. 

4.5.3 SO164-17-2 - Florida Strait

4.5.3.1 SEM counts and assemblage variations deduced from length and weight 
measurements

An SEM analysis of 28 sediment samples from Site SO164-17-2 showed that coccoliths were 
well-preserved, no effects of dissolution or calcite overgrowth were observed. The Noelaer-

habdaceae family  at this site predominantly  consists of gephyrocapsids with a diverse mor-
phological variability  (compare Samtleben et al., 1980), and few E. huxleyi, together repre-

senting up to 65 % of the total assemblage. In this study  gephyrocapsids were divided into 
small gephyrocapsids (mainly  G. ericsonii and small G. protohuxleyi) and large gephyrocap-

sids (G. oceanica and large G. protohuxleyi) (Fig. 4.8). 
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Figure 4.8. Site SO164-17-2, Relative abundance of coccolith species from the coccolithophore family 
Noelaerhabdaceae: Gephyrocapsa small (green line), Gephyrocapsa large (black line), E.  huxleyi 
(pink line), Gephyrocapsa large + E. huxleyi (blue shaded area) compared to Noelaerhabdaceae 
mean coccolith weight (red line).

The relative abundance of the species within Noelaerhabdaceae is rather constant during 
MIS 6, with small gephyrocapsids dominating the assemblage. At around 136.5 ka BP, close 

to the beginning of Termination II, small gephyrocapsids decrease from 98 % to around 88 % 
at the end of Termination II, while E. huxleyi and large gephyrocapsids increase. During Ter-

mination II, large gephyrocapsids reach two peaks of around 8 % at 132.5 ka BP and 126 ka 
BP while E. huxleyi increases to up to 6 % in between these peaks. Towards the end of Ter-

mination II at 126 ka BP, the abundance of small gephyrocapsids increase up to 95 %, con-
comitant to a decrease of E. huxleyi and large gephyrocapsids. At around 121 ka BP, small 

gephyrocapsids start decreasing to around 84 % at 112 ka BP while large gephyrocapsids 
increase up to 10 % and E. huxleyi up to 6 %.

Our SEM counts of SO164-17-2 show increasing abundances of larger coccoliths (Gephyro-
capsa large and E. huxleyi) during Termination II. This has an influence on Noelaer-

habdaceae mean weight but the increase of from 2 % before Termination II to 12 %  close to 
the end of Termination II does not explain the doubling of the weight (Fig. 4.8). Further, the 

decrease in abundance of the larger coccoliths after Termination II is not reflected in the 
mean weight. To disentangle the composition of the Noelaerhabdaceae assemblage from our 

measurements, mean weight and length before, during and after Termination II were sepa-
rated (Fig. 4.9a, b).
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Figure 4.9. Site SO164-17-2, a) Relative abundance of coccolith length classes prior to TII (green 
line), during TII (red line) and after TII (blue line); b) Noelaerhabdaceae mean coccolith weight of dif-
ferent coccolith length classes prior to Termination II (green shaded area), during Termination II (red 
shaded area) and after Termination II (blue shaded area).

Prior to Termination II, mean Noelaerhabdaceae coccolith weight is less than 10 pg with 
mean lengths smaller than 5 µm (Fig. 4.9b). During and after Termination II, mean lengths up 

to almost 6 µm and 7 µm, respectively, are encountered, certainly  reflecting the rising num-
ber of large Gephyrocapsa. However, the bulk of length classes lies between 1.8 and 3.3 µm 

for all intervals (Fig. 4.9a). Within these length classes, mean coccolith weight increases dur-
ing and after Termination II (Fig. 4.9b), in combination with a slight shift to a higher abun-

dance of larger coccoliths (Fig. 4.9a). The increase in weight and length of this class could 
result from increasing coccolith calcification or from an abundance shift within the morpho-

logically  highly  variably  gephyrocapsids to a more calcified species or morphotype (e.g. 
lighter/stronger calcified bridges or open/closed slits between the elements). Apparently, the 

increase in Noelaerhabdaceae mean coccolith weight during Termination II and the consis-
tent enhanced weight after Termination II originates mainly  from the enhanced calcification 

within the smaller size classes and partly  from the appearance of a larger coccolith size 
classes through Termination II. However, it is highly  likely  that the shifts in the assemblage 

and the calcification are connected to changes in the seawater conditions which will be dis-
cussed in the following chapters.

4.5.3.2 SST and coccolithophore productivity

Coccolith accumulation rates at SO164-17-2 were used as an indicator for coccolithophore 
productivity. Coccolith accumulation rates are comparably  low during MIS 6 and Termination 
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II, indication low coccolithophore productivity  (Fig. 4.3b). With the end of Termination II at 125 

ka BP, coccolith accumulation rates strongly  increase to a maximum at around 124 ka BP 
and subsequently  decrease to initial values at around 118.5 ka BP and remain at this level 

until 112 ka BP. The rather low coccolithophore accumulation rates during MIS 6 and Termi-
nation II indicate low coccolithophore productivity. The rising coccolithophore productivity  at 

the end of Termination II might favour the conditions for coccolith calcification and maintain a 
high coccolith weight even when the number of heavier coccoliths decreases. But there is no 

overall correlation between coccolithophore productivity  and Noelaerhabdaceae mean 
weight, indicating a minor influence of productivity on coccolith weight at the Florida Strait 

(Fig. 4.3b).
SST at the Florida Strait fluctuates between 29 and 31°C during late MIS 6 and Termination 

II, from 142 - 125 ka PB (Fig. 4.3c). With the end of Termination II SST increases to around 
33°C at 123 ka BP and subsequently  decreases during MIS 5.5. to 29°C. There is no correla-

tion between Noelaerhabdaceae mean weight or the assemblage and SST.

4.5.3.3 Carbonate system

During MIS 6 TA, DIC and HCO3- decrease until around 140 ka BP and start rising with the 
increasing atmospheric CO2 conditions, whereas highest levels are reached between 132 - 

130 ka BP, before atmospheric CO2 reaches maximum values at around 128.5 ka BP (Fig. 
4.10). Subsequently  TA, DIC  and HCO3- decrease and display  minimum levels at highest 

CO2 concentrations, followed by an increase to a maximum at the end of Termination II. TA 
and DIC decrease again and level off between 124 - 123 ka BP whereas HCO3- slightly  in-

creases until 115 ka BP. The trend of seawater pH is opposite to the atmospheric CO2 con-
centration, it decreases with rising atmospheric CO2 and levels at around 128.5 ka BP. The 

trends of CO32- and the calcite saturation state are identical and decrease until 140 ka BP, 
followed by  an increase from 140 ka BP until 131 ka BP, which is interrupted by  a minimum 

at 133.5 ka BP. A strong decrease between 131 and 128.5 ka BP is followed by  an increase 
until the end of Termination II. A comparison of Noelaerhabdaceae mean weight and the car-

bonate system shows some correlations. There is positive correlation between the increasing 
weight and the rising trends of HCO3-, atmospheric CO2, DIC and TA at the beginning of 

Termination II (Fig. 4.10b, c, d, h) and a negative correlation to the pH level as well as minor 
negative correlations to the trends of CO32- and the calcite saturation state (Fig. 4.10e, f, g). 

The decrease in the concentration of most carbonate system parameters between around 
130 and 125 ka BP is not reflected in the mean weight. There might be at least two explana-

tions for the increase in weight: As HCO3- is the main carbonate source for coccolithophores 
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Figure 4.10. Site SO164-17-2, carbonate system compared to Noelaerhabdaceae mean weight: a) 
Noelaerhabdaceae mean weight; b) HCO3- concentration; c) atmospheric CO2 concentration; d) dis-
solved inorganic carbon (DIC); e) CO32- concentration; f) seawater pH; g) calcite saturation state (Ω); 
h) Total Alkalinity (TA).

a positive correlation to the weight and therefore to the calcification is not unexpected (see 
chapter 4.5.2.3). HCO3- remains on a rather high level even during MIS 5.5, which possibly 

maintains the heavy  Noelaerhabdaceae mean weight during MIS 5.5. Further, there is a cor-
relation between the abundance of large Gephyrocapsa and the concentration of HCO3-, TA 

and DIC. This is in agreement with the study  of Rickaby et al. (2010) who reported about in-
creasing growth rates of G. oceanica at higher DIC. At the Florida Straits it is very  likely  that 

the increase in Noelaerhabdaceae coccolith weight is connected to the changing parameters 
of the carbonate system which affects the Noelaerhabdaceae mean weight in two ways: al-

tering coccolith calcification and changing species abundance.
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4.5.4 Comparison with previous results from Termination I 

In contrast to the Florida Strait, the coccolith weigh response of the Rockall Plateau to 
changing seawater conditions is more connected to the strong shifts within the assemblage 

induced by the harsh seawater conditions during H11. As assemblage compositions change 
with different ocean regions (McIntyre and Bé, 1967) it is likely  that the response of an as-

semblage to changing seawater conditions within the same ocean region is rather similar. To 
compare the coccolith weight response in Termination I and II we therefore focus in the fol-

lowing on similar conditions related to the ocean region, i.e. on our results from the tropics of 
Termination II (Florida Strait) in comparison to the tropical stack of Termination I from Beau-

fort et al. (2011).
As mentioned above, our results are in conflict with the findings of Beaufort et al. (2011) who 

reported a decrease in Noelaerhabdaceae mean coccolith weight during the conditions of the 
glacial interglacial change of Termination I. The authors noted a correlation of the weight to 

CO32- and an anti-correlation to HCO3- with the best accordance in the tropical stack and thus 
suggested the oceanic carbonate system to play  a key  role in coccolithophore calcification. 

Interestingly, in the authors results abundance changes of species and morphotypes within 
Noelaerhabdaceae were responsible for the decrease in Noelaerhabdaceae mean coccolith 

weight to the same extent as the decrease in single coccolith weights. Our results from the 
Florida Strait support the assertion of Beaufort et al. (2011) that the carbonate system plays 

a key  role in coccolith calcification, but our results show opposing trends to the findings of 
Beaufort et al. (2011). As Termination I and II basically  underlie the same mechanism related 

to increasing atmospheric CO2, there might be some differences in the carbonate system 
which seem to have an important influence on coccolith calcification. At both Terminations 

CO2 increased around 80 - 90 ppmv (Monnin et al., 2001; Petit et al., 1999) at a comparable 
time interval of approximately  10 ka (Kukla et al., 2002) (Fig. 4.4). The increase in atmos-

pheric CO2 generally leads to decreasing pH and CO32- and increasing DIC, H+ and HCO3-. 
However, the strength of CO2 uptake into the ocean and the resulting changes in the seawa-

ter carbonate system depend on parameters as e.g. SST and salinity, which results in re-
gional differences of the oceans chemistry  with various ion concentrations (Zeebe and Wolf-

Gladrow, 2001). Distinct differences in the parameters of the reconstructed seawater carbon-
ate system of Termination I and II are detectable in concentrations of CO32-, total alkalinity, 

DIC and the calcite saturation state, whereas HCO3- and pH show a similar trend or range. In 
the Florida Strait the reconstructed concentrations of CO32- during Termination II are higher 

and fluctuate stronger than in the results of Beaufort et al. (2011) during Termination I (Fig. 
4.11b). The observed increase in Noelaerhabdaceae weight during Termination II can not be 

explained by  CO32- since there is no clear coupling, but a potential positive effect on the coc-
colith calcification due to higher ion concentration is possible. Further, the calcite saturation 
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Figure 4.11. Comparison of selected parameters from the tropical carbonate system during the CO2 

increase of Termination I (Beaufort et al., 2011) and Termination II: a) Dissolved inorganic carbon 
(DIC); b) Carbonate ion concentration (CO32-); c) Total Alkalinity (TA); d) Calcite saturation state (Ω).

state in the Florida Strait during Termination I is higher than in the results of Beaufort et al. 
(2011) from Termination I (Fig. 4.11d). The concentrations of DIC and TA in the Florida Strait 

strongly  increase during the CO2 rise of Termination II followed by  high fluctuations but within 
high concentration levels, in the results of Beaufort et al. (2011) the changes of DIC and TA 

are comparably minor (Fig. 4.11a, c). Interestingly, in a previous study of Beaufort et al. 
(2008) coccolith weight increased with rising alkalinity  (excluding the highly calcifying 

E. huxleyi R-Type), and suggested a likely  fundamental importance of alkalinity  on coccolith 
calcification. Certainly, the high total alkalinity  and saturation state in Termination II offers fa-

vourable conditions for calcification, but overall it is difficult to entangle which factor of the 
carbonate system induced the opposing Noelaerhabdaceae weight response in Termination I 
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and II. Since there is no clear key factor responsible for the different weight trends it can not 

be ruled out that the calcification of coccoliths is not constrained to a specific seawater ion 
concentration but rather various combinations of ion concentration can offer favourable con-

ditions for coccolithophore calcification. The calcification response to changing carbonate 
chemistry  is likely  to underly  the same mechanisms in all coccolithophores (Krug et al., 

2011). This is reflected in an optimum curve response with species and strain specific opti-
mum concentrations to different carbonate chemistry conditions rather than various intra-

cellular calcification mechanisms between species and strains (Krug et al., 2011; Bach et al., 
2011). Proposed by  Bach et al. (2011), coccolith calcification is influenced by  different pa-

rameters of the carbonate system at both sides of their optimum. The differences in the com-
position of the carbonate system between Termination I and II show that two disparate car-

bonate systems are considered. Probably, the combination of the carbonate system parame-
ters during Termination II at the Florida Strait is more favourable for coccolith calcification 

than during Termination I. Possibly, the moderate CO2 increase during Termination II in the 
highly  supersaturated waters of the Florida Strait is too weak to cause a decline in cocco-

lithophore calcification. Instead, the rise in DIC  and HCO3- caused by  the CO2 rise may  fa-
vour coccolithophore calcification above a threshold in calcite super-saturation.

4.6 Conclusion
We show that despite increasing atmospheric CO2 and the resulting changes in the oceans 

carbonate system during a glacial interglacial change, the Noelaerhabdaceae mean weight 
can strongly  increase. This is caused by  different mechanisms at each site. At the Rockall 

Plateau the increase in Noelaerhabdaceae coccolith mean weight is in strong connection to a 
shift within the assemblage induced by  a combination of several factors from the harsh sea-

water conditions around Heinrich event 11. At the Florida Strait, the concentration of 
carbonate-system-related ions is favourable for calcification and stimulates an increase in 

Noelaerhabdaceae coccolith mean weight. Additionally, the increase in Noelaerhabdaceae 
weight is intensified by  an increase in the relative abundance of E. huxleyi and Gephyro-

capsa large. The influence of other environmental factors at the Florida Strait as coccolitho-
phore productivity  or temperature are exceeded by the strong changes in the carbonate sys-

tem. Our results illustrate that regional coccolithophore assemblage compositions have a 
variable response to changing seawater conditions and therefore have a major influence on 

the total amount of CaCO3 production from coccolithophores. The calcification of a cocco-
lithophore assemblage can be quite sensitive to the relative concentration of carbonate-

system-related ions in the ocean, but shifts in the assemblage due to other environmental 
factors can have the same effects on the coccolithophore mean weight. The individual re-
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sponse of a coccolithophore assemblage enhances the difficulty  to make general statements 

about the total amount of coccolithophore calcite production in past, present and future 
oceans. 
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5.1 Abstract
Rising coccolithophore productivity due to favourable nutrient conditions can increase cocco-
lith weight, in contrast to the possible negative effects on coccolith weight due to the ongoing 

ocean acidification. In coastal areas, both processes are influenced by  human activity  over 
the past 200 years. We studied a record from the Gulf of Taranto, central Mediterranean Sea, 

a region which is affected by  enhanced nutrient loads from the Po River due to the increased 
use of fertilizers since 1800 AD. At the same time, ocean pH has decreased due to rising at-

mospheric CO2 and the concomitant changes in the seawater carbonate system. Neither of 
these two processes is directly  reflected in Noelaerhabdaceae coccolith weight records of the 

past 200 years. Coccolith weight increases during times of a negative North Atlantic Oscilla-
tion index, when the nutrient rich Po River discharge is strongest, and the coccolith cocco-

lithophore productivity  season is prolonged. The continuous ocean acidification is so far not 
reflected in the coccolith weight. Therefore, the increase of nutrient availability  leads to more 

coccolithophore productivity  which has so far reduced the negative effect of ocean acidifica-
tion on coccolithophore calcification.

5.2 Introduction
With the beginning of the industrial revolution the emission of anthropogenic CO2 started in-
creasing due to deforestation and burning of fossil fuels. Since 1800 AD, the atmospheric 

CO2 concentration has risen more than 100 ppmv  (Sabine et al., 2004). The absorption of 
atmospheric CO2 by  the oceans has altered the seawater carbonate system towards increas-

ing dissolved inorganic carbon (DIC) bicarbonate ion concentration (HCO3-), and a reduction 
of carbonate ion concentration (CO32-) and seawater pH. This ongoing shift to higher acidity 
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is known as ocean acidification (Feely  et al. 2004; Raven et al., 2005; IPCC, 2007). Since the 

industrial revolution, about half of the CO2 emission has been stored in the oceans, which led 
to a decrease in pH of 0.1 units compared with preindustrial levels (Orr et al., 2005). By  the 

end of the century  the pH is predicted to decrease by  another 0.4 units (Caldeira and Wick-
ett, 2003). The changing seawater carbonate system will have impacts on marine organisms, 

in particular on marine calcifiers such as coccolithophores. Coccolithophores are known to 
be sensitive to changing seawater carbonate chemistry  (e.g. Riebesell et al., 2000; Beaufort 

et al., 2011) but the response of their calcification is different between species and strains 
under future CO2 scenarios (Langer et al., 2009; Krug et al., 2011). Under the influence of 

other environmental parameters (temperature, nutrients, salinity) the complexity  of the re-
sponse to changing carbonate chemistry  is even higher (Zondervan et al., 2002; Feng et al., 

2008; De Bodt et al., 2010; Müller et al., 2012; Rouco et al; 2013).

Beside the changes in the seawater carbonate system due to increasing atmospheric CO2, 

the anthropogenic activity  of the last 200 years is observable in e.g. the rising use of fertilizer 
in agriculture and discharge of wasted water which has significant consequences for the ma-

rine environment as well. Especially  coastal areas are under influence of the rising delivery  of 
nutrients from river discharge which affects the primary  production in the ocean by  e.g. 

stimulating their productivity  (Spatharis et al., 2007; Rabalais et al., 2009; Zonneveld et al., 
2012). In the coastal environments of the Adriatic Sea and the Gulf of Taranto in the central 

Mediterranean Sea, primary  producers are under strong influence of the Po River discharge, 
representing a primary  source of nutrients (Degobbis & Gilmartin, 1990; Pušcarić et al., 

1990; Penna et al., 2004). The rising nutrient load of the Po River is reflected in e.g. a rising 
total abundance of dinoflagellate cysts and coccolithophores (Sangiorgi and Donders, 2004; 

Pušcarić et al., 1990; Zonneveld et al., 2012). Coccolithophores are one of the dominant phy-
toplankton groups in the Mediterranean Sea, and their coccoliths dominate the carbonate flux 

(Ziveri et al., 1995, 2000; Mozetič et al., 1998; Malinverno et al., 2003). Thus, changes in 
coccolith calcification affect the carbonate flux to depth. It has been reported that coccoliths 

are heavier during enhanced coccolithophore productivity  (Beaufort et al., 2007). As coccolith 
weight can be used as an indicator for coccolithophore calcification rates (Bach et al., 2012), 

variations in the primary production are likely  to be reflected in the coccolith weight. However, 
it is unclear if a possible positive effect of enhanced nutrient load from the Po River on coc-

colithophore calcification is counteracting the consequences of the changing seawater car-
bonate system. 

To obtain insights into coccolithophore calcification during human induced environmental 
changes of the past 200 years, we reconstructed the calcification response of the dominant 

coccolithophore family  Noelaerhabdaceae. Mean Noelaerhabdaceae coccolith weights of a 
sediment core from the Gulf of Taranto were measured between 1830 - 2006 AD. We com-
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pared the weights with possible environmental factors which are known to affect coccolith 

calcification (e.g. temperature, nutrients, carbonate system, Po River discharge) in order to 
gain insights into the response of coccolithophores to the recent environmental changes. The 

main questions are to which extent coccolith weight changes and whether changes in cocco-
lith weight are referable to the carbonate system or rather to other environmental factors i.e. 

the elevated nutrient load from the Po River. 

5.3 Material and Methods

5.3.1 Material and age models

Sediment core GeoB 10709-5 (39°45.39´N; 17°53.57´E, 172.3 m water depth) was retrieved 
with a multicoring device during the POSEIDON cruise “CAPPUCCINO“ in June 2006 from 

the Gulf of Taranto (Zonneveld et al., 2008) (Fig. 5.1). The age model bases on 210Pb/137Cs-
dating via gamma spectroscopy  from 9 sediment slices from depths between 0.5 - 34.75 cm 

(Elshanawany, 2010).

5.3.2 Sample preparation and weight measurements

Smear slides were prepared by  taking a few milligram of sediment with a toothpick, mixing it 

with a drop of water on a glass microscope slide and smearing it homogeneously  on the 
slide. After drying quickly on a hot plate the sediment was fixed with 3 - 4 drops of the resin 

EUKITT and a cover slip. After drying, the smear slides were scanned with a polarised light 
microscope (Leica DM6000B,1000x magnification), which was equipped with a SPOT Insight 

black and white camera. Between 200 and 400 pictures of every  sample were taken. The 
light of the microscope bulb was continuously  controlled to avoid a decrease in light intensity 

over time. Consistently after the imaging of 10 smear slides, each 200 pictures of two 
control-slides were taken and the brightness was checked with the program ImageJ and 

compared with the previous results. In addition a weekly control with the highest possible 
light conditions of the microscope was conducted. Both methods revealed brightness 

changes of less than 2 % and are negligible.
The automated recognition software for coccolithophores SYRACO (Beaufort and Dollfus, 

2004) was used to identify  and measure coccoliths. The software identifies and classifies 
coccoliths in the image files and returns output files containing coccoliths of a single species. 

In the output files, coccolith length and the grey  level of every  component pixel were meas-
ured. The sum of grey  levels of a coccolith image was used to estimate coccolith weight. The 

brightness of coccolith calcite depends on its thickness, which can be expressed in an equa-
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tion. After calibration to a known calcite standard (method after Beaufort et al., 2005, with a 

calcite particle size of 1-2 µm) the summation of grey  level of every  single coccolith can be 
converted with an equation (weight = grey  level * 0.0016) into the estimated weight of the 

coccolith in picogram. Depending on coccolith content in the sediment sample, preparation of 
the smear slide and state of preservation of the coccoliths, roughly between 150 and 2300 

Noelaerhabdaceae coccoliths were measured in each sample, in total 42,842 single cocco-
liths. Error bars are shown in Fig. 2 and 3 to assess the statistical significance of each data 

point. For a more detailed description of SYRACO  see Beaufort et al. (2004 and 2005). SEM 
samples for assemblage counts were processed following standard protocols (Andruleit, 

1996).

5.3.3 Carbonate chemistry, temperature, and salinity
Sea surface temperature (SST) reconstructions are available from Grauel et al. (2013) and 

base on alkenone measurements of sediment core GeoB10709-4. The alkenone tempera-
tures from the Gulf of Taranto reflect winter/spring conditions when alkenone production of 

coccolithophores is highest (Leider et al., 2010; Grauel et al., 2013). The reconstruction of 
the carbonate system largely  bases on these temperatures and consequently  reflects winter/

spring conditions as well. Parameters of the surface ocean carbonate system were recon-
structed with the program CO2Sys (Lewis and Wallace, 1998). As input parameters salinity, 

temperature, total alkalinity and pCO2 are required. Atmospheric CO2 data are available from 
Law Dome DE08 and DSS ice cores measurements (Etheridge et al., 1998), total alkalinity 

was calculated using the equation of Lee et al. (2006) for the zone 3 (North Atlantic). Salinity 

was derived from Δδ18O, using the equation of Duplessy  et al. (1991). For the calculation of 

Δδ18O, Δδ18Oseawater was calculated after Bemis et al. (1998) and corrected with the global 

sea level effect (δ18Oice volume) after Waelbroeck et al. (2002) using sea level data of Jevrejeva 

et al. (2008). δ18O is available from the planktic foraminifera Globigerinoides ruber (white) of 
the adjacent core NU04 (Grauel et al., 2012). 

The solubility  of CO2 in seawater is dependent on parameters such as SST, salinity, alkalinity 
and productivity, which can lead to strong geographical and seasonal differences (Feely  et 

al., 2001; Zeebe & Wolf-Gladrow, 2001). Reconstructions of the carbonate system at our cor-
ing site do not include influences of the biological productivity. Enhanced productivity 

strengthens the biological pump, leading to a decrease in CO2 of surface waters and to 
changes in the oceanic carbonate system (Sigman and Haug, 2003). High productivity  at the 

coring site could therefore weaken the decrease in pH and CO32- as well as the increase in 
HCO3- and DIC. On the contrary  it should be mentioned that the Mediterranean is a sensitive 

system, the reaction to environmental changes are faster compared to the open ocean (Be-
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thoux et al., 1999). Especially  in the coastal zones, the CO2 uptake is higher than e.g. in the 

Atlantic Ocean (Goyet and Touratier, 2008).

5.4 Oceanographic settings

Site GeoB 10709-5 is located in the Gulf of Taranto in the northwestern Ionian Sea between 
Calabria and Apulia (Fig. 5.1). Its hydrography  is influenced by  the ocean circulation of the 

Adriatic Sea and the Ionian Sea. In the Adriatic Sea the surface waters are strongly influ-
enced by  the discharge of the Po-river, the so called “Po-discharge plume“, which is the pri-

mary source of nutrients to the Adriatic Sea (e.g. Penna et al., 2004). 

Figure 5.1. Position of Site GeoB 10709-5 (red star) and main oceanographic features. Black arrows 
show major ocean surface currents: Adriatic Surface Water (ASW), Ionian Surface Water (ISW).

An anti-clockwise surface water circulation transports the fresh, nutrient rich and low salinity 
waters along the southwest Adriatic coast and in the Gulf of Taranto (Lee et al., 2007). These 

waters, called Adriatic Surface Water (ASW), lead to a nutrient rich belt with enhanced pro-
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ductivity  along the western Italian coast (Turchetto et al., 2007). Within the Golf of Taranto, 

water masses of the ASW mix with the warmer and more saline Ionian Surface Water (ISW), 
coming from Eastern Mediterranean (Socal et al., 1999; Poulain, 2001; Turchetto et al., 

2007). The distribution of the water masses is characterised by  a high seasonal variability 
with stronger ASW during winter/spring and weaker ASW during summer as a result of re-

duced Po River discharge (Poulain, 2001; Milligan and Cattaneo, 2007).

5.5 Results and discussion

There is considerable short term variability  in the Noelaerhabdaceae mean weight record, 
that is most probably  due to the sampling resolution of 0.5 cm, sporadically 0.25 cm. As 

sedimentation rates are more than 1 cm y-1, it is likely that the coccolith weight record dis-
plays seasonal variations in, e.g. nutrient content or CO2 uptake. To observe the overall de-

velopment of the Noelaerhabdaceae mean coccolith weight of the past 200 years we focus 
on the long term trend.

Around 1860 and 1960 the Noelaerhabdaceae mean coccolith weight trend shows elevated 
values of around 9.8 pg while otherwise there is no strong trend (Fig. 5.2a). E. huxleyi is the 

dominant species of the coccolithophore and the Noelaerhabdaceae assemblage, contribut-
ing up to 90 %  of the Noelaerhabdaceae assemblage. Other members of the Noelaer-

habdaceae are Gephyrocapsa oceanica, Gephyrocapsa muellerae, and Gephyrocapsa eric-
sonii but with relatively  low relative abundances. The relative abundance of the species 

within Noelaerhabdaceae is rather constant, changes are less than 8 % (Fig. 5.2b). The as-
semblage composition is therefore unlikely to have a strong influence on the Noelaer-

habdaceae mean weight, especially  after 1900 AD. Between 1830 and 1900 the decrease in 
abundance of large Gephyrocapsa could point to a decrease in Noelaerhabdaceae mean 

weight but the increase in weight after 1900 can not be explained by  an abundance shift of 
any of the species (Fig. 5.2b). This suggests that Noelaerhabdaceae weight changes at the 

coring site are primarily induced by variations in the coccolith calcification of the single spe-
cies.

The atmospheric CO2 concentration has risen by more than 100 ppmv over the last 200 
years, leading to a decrease in surface pH by 0,1 unit, and in CO32- by  around 57 µmol/kgSW 

(Fig. 5.2c, d, e). This increase is rather comparable to the rising CO2 conditions of the last 
two deglaciations but on a completely  different time scale (Pelejero et al., 2010; Hönisch et 

al., 2012; Zeebe et al., 2012). During the last two deglaciations, the CO2 increase took place
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Figure 5.2. a) Noelaerhabdaceae mean coccolith weight (red line: original data, black line: smoothed 
data), error bars indicate 95 % confidence intervals of the mean weight; b) Relative abundance of 
Noelaerhabdaceae species: E. huxleyi (red line), small Gephyrocapsa (green line), large Gephyro-
capsa (blue line); c) Atmospheric CO2 from Law Dome DE08 and DSS (black line); d) CO32- concen-
tration (green line: smoothed data, grey thin lines: original data; e) pH levels (orange line).

over approximately  10000 years, and factors as assemblage shifts and environmental 

change have lead to a non-uniform response of Noelaerhabdaceae assemblages to this CO2 
increase (Beaufort et al., 2011; Bauke et al., submitted). The relatively  quick increase in at-

mospheric CO2 over the last 200 years is, however, not reflected in the Noelaerhabdaceae 
mean coccolith weight (Fig. 5.2a, c). This is surprising, as different field studies have shown 

a decrease of coccolith calcification even at slower rates of CO2 decrease, if assemblages 
are stable (e.g. Beaufort et al. 2011). Other studies also have shown the potential influence 
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of other environmental parameters that may  lead to an increase in coccolithophore calcifica-

tion and therefore potentially  could counteract the ocean acidification effect (e.g. Beaufort et 
al., 2007).

The effect of SST on coccolith calcification has been investigated in previous studies and has 
shown different results (e.g. Langer et al., 2007; de Bodt et al., 2010). Beaufort et al. (2007) 

concluded the absence of a global relationship between SST and the calcification of E. hux-
leyi coccoliths and further noticed no strong correlation between SST and Noelaerhabdaceae 

weight (Beaufort et al., 2011). The alkenone-based SST (UKʼ37) at the coring site mainly  re-
flects winter/spring conditions because alkenone production in coccolithophores is highest 

during the colder seasons when vertical mixing and nutrient transport from the ASW are 
strongest (Leider et al., 2010). SST of the last 200 years (Fig. 5.3b) is in agreement with pre-

sent SST in the Gulf of Taranto which varies from 13 - 18 °C between late autumn and late 
spring (Grauel et al., 2013). The general decreasing alkenone SST trend over the last 200 

years is not reflected in the mean Noelaerhabdaceae coccolith weight, indicating no influ-
ence of the SST on the weight.

Previous studies show correlations between salinity  and the size of E. huxleyi in plankton 
and culture studies (Bollmann et al., 2009; Fielding et al., 2009), while coccolith weight gen-

erally  shows no strong correlation with salinity  (Beaufort et al., 2011; Bauke et al., 2013). 
There is also no correlation between Noelaerhabdaceae mean coccolith weight in our results 

and the reconstructed palaeo-salinity (not shown).

Alkenone concentrations at the coring site (Grauel et al., 2013) document an increase in 

Noelaerhabdaceae productivity  from 1800 that has intensified in the early  20th century  (Fig. 
5.3c). This is an anthropogenic effect due to the increasing use of fertilizers. From 1800 AD 

the population in Italy  strongly increased, leading to enhanced agricultural productivity  and 
high input of nutrients in major rivers (Lotze et al., 2011). The Adriatic Sea and the Gulf of 

Taranto are under influence of discharge waters from the Po River (Degobbis & Gilmartin, 
1990; Pušcarić et al., 1990; Penna et al., 2004). Variations in the river runoff influence the 

strength of the ASW and thus the nutrient input into the Adriatic Sea and the Gulf of Taranto 
(Poulain, 2001; Milligan and Cattaneo, 2007; Zonneveld et al., 2012). The enhanced anthro-

pogenic nutrient supply  stimulates primary  productivity in the Adriatic Sea and in the Gulf of 
Taranto, as indicated by  e.g. a rising total abundance of dinoflagellate cysts (Sangiorgi and 

Donders, 2004; Zonneveld et al., 2012) or increasing abundance of coccolithophores 
(Pušcarić et al., 1990). The high nutrient supply in the Gulf of Taranto is further reflected in 

δ13C values, rising marine lipid biomarker concentrations and an increase in TOC (Grauel et 
al., 2013).
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Figure 5.3. a) Noelaerhabdaceae mean coccolith weight (red line: original data, black line: smoothed 
data); b) Alkenone SST from Grauel et al. (2013) (blue line); c) Alkenone concentration from site 
GeoB10709-4, note the axis break (Grauel et al., 2013) (purple line) d) Relative abundance (grey 
shaded) and accumulation rate (black line) of the dinoflagellate cyst species L. machaerophorum from 
Zonneveld et al. (2012); e) NAO index (black line, note the reversed scale)

Furthermore, a change in the dinoflagellate assemblage with an increase of Lingulodinium 

machaerophorum documents the effect of increased fertilizer use in agriculture and resulting 
eutrophication at the coring site (Fig. 5.3d) (Zonneveld et al., 2012). 

It has been shown that enhanced productivity  of coccolithophores due to rising nutrient con-
tent can increase coccolith calcification (Beaufort et al., 2007; Engel et al., 2005). At the cor-

ing site this seems not to be the case as the coccolithophore weight trend does not follow the 
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coccolithophore productivity  increase. Alkenone concentration reflects the overall increasing 

nutrient content at the coring site, but the coccolithophore production is additionally  under the 
influence of the NAO index (Grauel et al., 2013). The Po River discharge as well as the entire 

Mediterranean region is strongly  influenced by  the North Atlantic Oscillation (NAO), espe-
cially  in cold seasons (Dünkeloh and Jacobeit, 2003; Xoplaki et al., 2004). During periods of 

negative NAO  index, North Atlantic storm tracks shift southwards into the Mediterranean re-
gion, leading to enhanced precipitation and higher river discharge of i.e. the Po River (Quad-

relli et al., 2001; Brunetti et al., 2004; Struglia et al., 2004; Zanchettin et al., 2008). Grauel et 
al. (2013) suggested that the higher river discharge and nutrient load during times of a nega-

tive NAO index lead to enhanced ASW strength. As a result, more nutrients are brought into 
the photic zone due to ASW transport and due to increased vertical mixing at the coring site 

(Poulain, 2001; Leider et al., 2010; Grauel et al., 2013). This results in an extension of the 
alkenone production period to late spring, which can also be seen in the warmer alkenone 

SSTs during these periods (Fig. 5.3b, e). The NAO  therefore has a strong influence on the 
seasonality  of the Noelaerhabdaceae production at the coring site, as these coccolithophores 

are the main alkenone producers. The Noelaerhabdaceae weight trend coincides with the 
reverse trend of the NAO  index, i.e. coccolith weight is highest when the NAO index is nega-

tive (Fig. 5.3a, e). Noelaerhabdaceae mean weight seems to be higher when the coccolitho-
phore productivity  season is extended during times of negative NAO. Increased productivity 

during negative NAO index phases is not reflected in the dinoflagellates and alkenone con-
centration, likely  due to the lower nutrient concentration during the first period of a negative 

NAO index (~1820 - 1870).

Although the trends of productivity  and ocean acidification are not reflected in the mean coc-

colith weight, there might be a connection or probably  a compensation between these proc-
esses. Enhanced biological productivity  at the coring site is likely  to strengthen the biological 

pump. This could result in a decrease of surface CO2 in the ocean and therefore change the 
seawater carbonate system, which leads to a higher pH in the surface waters (Sigman and 

Haug, 2003; Doney  et al., 2012). The rising nutrient load during winter/spring due to stronger 
ASW could therefore lead to more favourable carbonate system for calcification than during 

other seasons with comparably  higher CO2 concentration in the surface ocean. Ocean 
eutrophication and ocean acidification are happening at exactly  the same time in the Gulf of 

Taranto. Both processes are known to have a considerable impact on coccolithophore calcifi-
cation, but neither the increasing coccolithophore productivity  nor the changes in the carbon-

ate system over the last 200 years are reflected in the long term trend of the Noelaer-
habdaceae coccolith weight. We therefore propose that the increasing nutrient content is 

able to counterbalance the negative influence of the seawater carbonate system, leading to a 
relatively  stable mean Noelaerhabdaceae coccolith weight. Only  during times of a negative 
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NAO index, when the coccolithophore growth seasons extends into late spring, the mean 

coccolith weight in the Gulf of Taranto is increased. Our results suggest that a possible nega-
tive effect of the rising ocean acidification on coccolith calcification can be at least temporar-

ily  outcompeted by  enhanced nutrient content. However, this is likely to be a local effect due 
to the specific environmental setting in the Gulf of Taranto. If eutrophication and acidification 

will proceed at the same rates than during the last years, the balance between the two proc-
esses will likely  not be sustained. Future work should therefore focus on sedimentary  records 

that are not under the influence of eutrophication. 
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6.1 Abstract

The coccolithophore Emiliania huxleyi is a marine phytoplankton species capable of forming 

small calcium carbonate scales (coccoliths) which cover the organic part of the cell. 
Calcification rates of E. huxleyi are known to be sensitive to changes in seawater carbonate 

chemistry. It has, however, not yet been clearly  determined how these changes are reflected 
in size and weight of individual coccoliths and which specific parameter(s) of the carbonate 

chemistry  drive morphological modifications. Here, we compare data on coccolith size, 
weight, and malformation from a set of five experiments with a large diversity  of carbonate 

chemistry  conditions. This diversity  allows distinguishing the influence of individual carbonate 
chemistry  parameters such as carbon dioxide (CO2), bicarbonate (HCO3-), carbonate (CO32-), 

and protons (H+) on the measured parameters. Measurements of fine-scale morphological 
structures reveal an increase of coccolith malformation with decreasing pH suggesting that H
+ is the major factor causing malformations. Coccolith distal shield area varies from about 5 
to 11 µm2. Changes in size seem to be mainly  induced by  varying [HCO3-] and [H+] although 

influence of [CO32-] cannot be entirely  ruled out. Changes in coccolith weight were 
proportional to changes in size. Increasing CaCO3 production rates are reflected in an 

increase in coccolith weight and an increase of the number of coccoliths formed per unit 
time. The combined investigation of morphological features and coccolith production rates 

presented in this study may  help to interpret data derived from sediment cores, where 
coccolith morphology is used to reconstruct calcification rates in the water column. 
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6.2 Introduction

Coccolithophores are unicellular photoautotrophic organisms, able to form blooms in all 
major ocean basins (Moore et al., 2012). Their unique feature is the intracellular formation of 

small scales (coccoliths) made of calcium carbonate (CaCO3) covering the organic surface of 
the cell. Coccolithophores appeared for the first time about 220 million years ago in the fossil 

record and are found ever since in marine sediments although their abundance was highly 
variable (Bown et al., 2004). They  are important components in the marine carbon cycle 

because the CaCO3 in their coccoliths serves as ballasting material accelerating the organic 
carbon flux from the surface into the deep ocean (e.g. Honjo, 1976; Ploug et al., 2008). In 

modern oceans, Emiliania huxleyi is the most abundant species (Paasche, 2002). It evolved 
from Gephyrocapsa spec. about 291-270 ky  ago and dominates the coccolithophore 

community  for the last ~82-63 ky (Thierstein et al., 1977; Raffi et al., 2006). E. huxleyi 
frequently  forms large blooms that can cover up to a million km2 and can be seen from space 

(Holligan et al., 1993; Tyrell and Young, 2009). These blooms are typically  found in stratified 
waters during later stages of the phytoplankton spring succession (Tyrell and Merico, 2004), 

although, recently, high E. huxleyi abundance has also been reported in turbulent regimes 
when cell numbers are integrated over the whole water column (Schiebel et al., 2011). 

The invasion of anthropogenic CO2 into the ocean currently  changes the marine carbonate 
chemistry  by  increasing [CO2] and decreasing seawater pH – a process known as ocean 

acidification (Raven et al., 2005). Although these changes in carbonate chemistry  are known 
to influence calcification rates of E. huxleyi (Riebesell and Tortell, 2011), it is still not 

understood how changing calcification rates are reflected in coccolith size, weight, and 
exocytosis rate (i.e. the number of coccoliths formed and egested per day). Such knowledge 

is, however, urgently  needed in case morphometric data originating for example from 
sediment cores is used to reconstruct calcification rates within the water column. The 

influence of changing carbonate chemistry on the appearance of coccolith malformations in 
E. huxleyi is better understood (Langer et al., 2010; 2011) but key questions such as for 

example which carbonate chemistry  parameter is actually  causing malformations are still 
unknown.

The study  presented here aims to improve our understanding on the following three research 
questions. 1) Does morphology  (size and weight) of E. huxleyi coccoliths change in response 

to changing carbonate chemistry  conditions? 2) Are potential changes in morphology 
reflected in calcium carbonate production rates? 3) Which particular carbonate chemistry 

parameter(s) drive potential changes in E. huxleyi coccolith morphology? In order to address 
these questions, we evaluated samples for E. huxleyi coccolith size, weight and malformation 

from five culture experiments with a large diversity  of carbonate chemistry  conditions. This 
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diversity  allowed us to disentangle the carbonate system and assess which of the carbonate 

system parameters that can directly  influence the cell physiology  (i.e. CO2, HCO3-, CO32- and 
H+) are responsible for possible changes in the morphology  of coccoliths formed by  E. 

huxleyi.

6.3 Material and methods

6.3.1! Basic experimental settings

Five experiments were conducted with monospecific cultures of the coccolithophore 

Emiliania huxleyi strain PML B92/11 (morphotype A), isolated in 1992 at the field station of 
the University  of Bergen (Raunefjorden; 60°18' N, 05°15'E). At this site, E. huxleyi usually 

blooms during late spring at typical surface water temperatures between 10-12°C (e.g. 
Schulz et al., 2008). All experiments are generally  similar in their design. Differences 

between them are exclusively  manifested in the carbonate chemistry  parameters of the 
culture medium (see section 6.3.2). 

All experiments were conducted with dilute batch cultures (LaRoche et al., 2010) at 15 °C 
and 150 µmol photons m-2 sec-1 incident photon flux density  in a 16/8 light/dark cycle. The 

growth medium was artificial seawater, prepared as described in Kester et al. (1967) but 
without the addition of NaHCO3. The artificial seawater medium (free of dissolved inorganic 

carbon (DIC) and total alkalinity (TA)) was enriched with ~64 µmol/kg nitrate, 4 µmol/kg  
phosphate, f/8 concentrations for trace metals and vitamins (Guillard and Ryther, 1962), 2 ml 

kg-1 of natural North Sea water and 10 nmol kg-1 of SeO2 to avoid nutrient limitation in the 
course of the experiments. Samples for nitrate and phosphate were 0.7 µm filtered at the 

beginning and the end of the experiments and measured according to Hansen and Koroleff 
(1999). The nutrient-enriched medium was sterile-filtered (0.2 µm) into sterile polycarbonate 

bottles where the carbonate system was adjusted (see following section). Samples for 
carbonate chemistry  measurements (~500 mL) were taken from these bottles after 

adjustment. The remaining medium was gently  transferred into sterile 2 L polycarbonate 
bottles. The headspace in the 2 L bottles was kept below 5 mL. The culture medium was 

acclimated to 15 °C overnight to avoid a thermal shock when transferring the cells from the 
pre-cultures to bottles in which the main experiments were performed. Cells were acclimated 

to the carbonate chemistry  conditions of the main experiment for at least 7 generations prior 
to inoculation. 
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6.3.2 Carbonate chemistry manipulations

The experiments only  differed with respect to the carbonate chemistry  manipulation of the 
culture medium. In the first experiment, cells were cultured at constant total alkalinity  (2320 

±22 µmol kg-1) and varying fCO2 levels, ranging from ~20 to ~5960 µatm. Here, DIC  and TA 
levels were adjusted by adding calculated amounts of Na2CO3 and hydrochloric acid (3.571 

mol L-1, certified by  Merck) (Gattuso et al., 2010). In the second, third and fourth experiment, 
pH was kept constant at pHf (free scale) 7.74 (±0.004), 8 (±0.01), and 8.34 (±0.008), while 

fCO2 was increased from ~100 to ~3600, from ~40 to 3650, and from ~21 to ~1163 µatm, 
respectively. Carbonate chemistry  in the constant pH approaches was adjusted by  adding 2 

mmol kg-1 of 2-[-4-(2-Hydroxyethyl)-1-piperazinyl]-ethanesulfonic acid (HEPES) to the culture 
medium which was adjusted to the target pHf levels. DIC was added as NaHCO3. The small 

change in pH in the HEPES buffered seawater medium due to NaHCO3 addition was 
compensated by  adding small amounts of strong NaOH or HCl. In the fifth experiment, fCO2 

was kept constant (430 ±47 µatm), while DIC ranged from ~500 to 4100 µmol kg-1. DIC and 
fCO2 were adjusted by  adding calculated amounts of Na2CO3 and hydrochloric acid (Gattuso 

et al., 2010). For an overview of carbonate chemistry  conditions in all treatments see Fig. 6.1 
and table 6.1. Note that each culture bottle is considered as individual treatment in our data 

analysis and the error given in Fig. 6.1 and table 6.1 denotes the change of the carbonate 
chemistry within the culture bottle from the beginning to the end of the experiment. 

6.3.3 Carbonate chemistry sampling and measurements

Samples for TA measurements were filtered (0.7 µm), poisoned with a saturated HgCl2 
solution (0.5‰ final concentration) and stored at 4°C until measurements. TA was measured 

in duplicate applying a two-stage potentiometric open cell titration (Dickson et al., 2003) and 
corrected with certified reference material (Prof. A. Dickson, La Jolla, CA). Some TA samples 

of the constant CO2 experiment were higher than ~4700 µmol kg-1 and had to be diluted in 
order to get reliable results. Therefore, these TA samples were mixed with double de-ionised 

water, containing no alkalinity. The ratio of double de-ionised water relative to the TA sample 
was determined on a balance (Sartorius) with a precision of +- 0.01 g. (2001). In most 

treatments of the constant pH experiments, DIC was either too high or too low to be 
measured according to Stoll et al. (2001). To solve this problem, sample medium was mixed 

with artificial seawater of known DIC concentration. The ratio of the mixing solvent to the 
original DIC sample was determined by  first weighing the mixing solvent alone and in a 

second step  the mixing solvent plus the original DIC sample on a balance with a precision of 
±0.01 mg (Sartorius).
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Table 6.1. Overview on investigated samples. DIC, HCO3-, CO32- in µmol kg-1; fCO2 in µatm; Ωcalcite 
dimensionless; weight (of coccoliths) in pg CaCO3; DSA in µm2; malformation dimensionless. The 
error values shown in brackets represent the standard deviation of all measured coccoliths within a 
treatment. Empty fields indicate that data was not collected for these treatments.

* no coccoliths found by scanning electron microscopy

** coccoliths not detectable in cross-polarized light 

*** coccoliths incomplete

**** no slit present in between adjacent distal shield elements so that malformation could not be 
determined with the applied method

Figure 6.1. Morphological quantities measured by SEM. (A) Measured size attributes, distal shield 
area (DSA), distal shield length (DSL), distal shield width (DSW), central area length (CAL), central 
area width (CAW), and outer shield length (OSL). (B) Measurements for calculation of malformation 
index, proximal distance between two adjacent slits (pl), length of slit (sl), and distal distance between 
two adjacent slits (dl). pl, sl, and dl were measured for each slit of the investigated coccolith and then 
processed with eq. 6.8. (C) Examples of coccoliths with corresponding malformation calculated from 
eq. 6.8. The arrow indicates increasing malformation.

Samples for DIC  were sterile filtered (0.2 µm) with gentle pressure and stored bubble-free at 

4 °C  in 4 ml borosilicate bottles. All DIC samples were measured according to Stoll et al., The 

96



mixture was carefully  rotated in a 50 mL tube with ~1 mL headspace. The ratio of sample to 

mixing solvent was adjusted to result in a final DIC concentration of approximately 1800 – 
2200 µmol kg-1. After the mixing procedure, DIC samples were processed identical to 

undiluted samples (see above).

Samples for pHf were measured potentiometrically  at 15°C with separate glass and 

reference electrodes (Metrohm) which were calibrated with reference material certified for TA 
and DIC with a salinity of 33.3 (Prof. A. Dickson, La Jolla, CA). pHf of the reference material 

was calculated from certified TA and DIC applying the constants of Roy  et al. (1993). 
Measured electromotive force (E) of the samples and standards were used to calculate the 

pHf of the sample as

# # # # # # # # (6.1)

where, pHf_ref is the calculated pHf of the certified reference material, T is the temperature of 
the sample in Kelvin, R is the universal gas constant, F the Farady  constant and Es and Ex 
are the measured electromotive forces in Volts of the standard and the sample, respectively, 

(Dickson et al., 2007). 

6.3.4 DIC estimations 

Unfortunately, we lost all DIC measurements of the constant TA experiment and the DIC 

measurements from the beginning of constant pHf 8 experiment due to storage problems. 

The estimation of DIC of these samples is shown in detail in Bach et al. (2011) and shall be 
outlined only briefly  in the following. DIC concentrations from the beginning of the constant 
pHf 8 experiment were estimated by  adding the total particulate carbon build-up which was 

produced during the experiment to the final DIC concentrations. Initial DIC concentrations 

from the constant TA experiment were calculated as:

# # # # # # # (6.2)

where TAmeasured is the measured TA in µmol kg-1 at the beginning of the experiment, 

Volumeacid is the volume of acid that was added in µl kg-1 and 3.571 is the molarity  of the acid 
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(certified by  Merck) in mol l-1. This estimate has an uncertainty  of approximately  40-50 µmol 

kg-1 which is small compared to the large DIC range in this experiment (Bach et al., 2011). 
DIC concentrations at the end of the constant TA experiment were calculated by subtracting 

the measured total particulate carbon build-up from the initial DIC concentrations.

6.3.5 Carbonate chemistry calculations

Carbonate chemistry conditions within experiments were calculated from temperature, 

salinity, inorganic phosphate concentrations and two measured (or estimated) carbonate 
system parameters, applying the equilibrium constants of Roy  et al. (1993) and the program 

CO2Sys (Lewis and Wallace, 1998). Measured (or estimated) carbonate system parameters 
were: TA and DIC in the constant TA experiment; pHf and DIC in the constant pH 

experiments; TA and pHf in the constant CO2 experiment. The biological response data are 
plotted to the mean of initial and final carbonate chemistry conditions.

 

6.3.6 Sampling and calculation of coccolith exocytosis rate

Sampling started two hours after the onset of the light period and lasted no longer than two 
and a half hours. Two samples for particulate organic carbon (POC) and two for total 

particulate carbon (TPC) were filtered (200 mbar) onto precombusted (5 hours, 500°C) GF/F 
filters and stored in the dark at -20°C. POC and TPC samples from constant pH experiments 

were rinsed with artificial seawater after filtration (supersaturated with respect to calcite) in 
order to wash off HEPES buffer which otherwise would have contributed ~40 pg of carbon to 

every TPC and POC measurement. POC samples were stored for two hours in a desiccator 
containing fuming HCl to remove all inorganic carbon and subsequently dried for ~6 hours at 

60°C. TPC filters were dried in the same way as the POC filters, but in a separate oven and 
without prior acid treatment. Carbon concentrations of POC and TPC filters were measured 

using an isotope ratio mass spectrometer (Finnigan) combined with an elemental analyzer 
(EuroEA, Hekatech GmbH). Particulate inorganic carbon (PIC) was calculated as the 

difference between TPC and POC. Four POC samples from the constant pHf 8 experiment 
were lost during measurements.    

Cell numbers were measured at the beginning and the end of the experiment with a Coulter 
Counter (Beckmann). The growth rate (µ) was calculated from initial and final cell numbers 

as

µ
# # # # # # # # # # (6.3)
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where t0 and tfin is the cell number at beginning and the end of the experiment, respectively 

and d is the number of days the cell culture was growing. PIC production rates were 
calculated by  multiplying µ and PIC cell-1. CaCO3 production rates were calculated by 

multiplying PIC production rates (in µmol C cell-1 d-1) with the molecular weight of CaCO3. 
The number of egested coccoliths per day was subsequently determined as

# # # # # # (6.4)

 

where coccolith weight was measured as described in section 6.3.8.  

6.3.7 Scanning electron microscopy (SEM)

5-10 mL of sample were filtered by gravity  on a polycarbonate filters (0.2 µm pore size). 
Samples taken from the constant TA and the constant pHf 8 experiment were dehydrated 

with ethanol and bis(trimethylsilyl)amine solution, to conserve the organic part of the cell, and 
subsequently  dried in a desiccator (Bach et al., 2011). Samples for the other three 

experiments were not dehydrated and dried for 2 hours at 60°C directly after filtration. All 
samples were kept in the desiccator until they  were sputtered with gold-palladium and 

processed with the scanning electron microscope.  

SEM pictures were taken with a CamScan CS 44 scanning electron microscope and 

evaluated using the software imageJ. Measured lengths or areas on the pictures were 
calibrated with the size bar given on each SEM picture. Manually  measured parameters on 

coccoliths were the surface area of the distal shield (DSA), the length of the distal shield 
(DSL), the width of the distal shield (DSW), the length of the central area (CAL) and the width 

of the central area (CAW) (compare Fig. 6.1A). CAL and CAW could not be determined in 
case the coccolith was lying upside down on the filter. In average, 82 coccoliths per sample 

were investigated for DSA, DSL and DSW and 36 for CAL and CAW. Note that not all 
treatments could be investigated with SEM due to the extremely  elaborate manual 

evaluation. Evaluated treatments are shown in table 1. 

Measured DSA was compared to an estimated value calculated from DSL and DSW as

## # # # # # # (6.5)
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assuming an elliptical shape of the coccolith. The outer shield length (OSL) was calculated 

as 

# # # # # # # # (6.6)

6.3.8 Determination of coccolith weight by birefringence

5-10 ml of sample were filtered with ~100 mbar on a cellulose nitrate filter (0.45 µm pore 
size). Filters were dried for 2 hours at 60°C  and subsequently  embedded with Acrifix 192 

(Roehm) on microscope slides. Acrifix makes cellulose nitrate filters transparent without 

damaging the coccoliths and has a refraction index of 1.44 so that it does not interfere with 
the optical analysis.

!
Figure 6.2. Carbonate chemistry speciation in relation to DIC. Error bars denote the change in 
carbonate chemistry from the beginning to the end of the experiment. Note that error bars are in most 
cases masked by symbol size. (A) fCO2 (B) HCO3- (C) CO32- (D) pHf. Symbol and colour coding is 
shown in panel B.
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Images of coccoliths were taken with a Leica DM6000B light microscope equipped with a 

SPOT Insight b/w camera. Under cross-polarized light only the birefringent calcite of the 
coccoliths is illuminated. 200 images were randomly  taken per sample and analyzed with the 

software SYRACO  (Beaufort and Dollfus, 2004). The software identifies E. huxleyi coccoliths 
and measures the grey level for each pixel. Coccolith weight was subsequently  calculated 

from measured grey  level following Beaufort et al., (2008). On average, ~500 coccoliths were 
evaluated for each sample.

6.3.9 Calculation of malformation 

Coccolith malformation has been defined as ʻirregular coccolith formation as a result of 
departure from the normal growth processʼ and is commonly expressed in reduced symmetry 

or altered shape of individual elements (Young and Westbroek, 1991). In order to meet the 
demands given in this definition, fine-scale morphological structures of individual coccoliths 

were measured and subsequently  used in an algorithm to quantify  the degree of 
malformation. The measured morphological quantities comprised vectors associated to the 

openings between distal shield elements (slits). These were: (1) the distances between the 
distal ends of two adjacent slits (dl). 2) the distances between the proximal ends of two 

adjacent slits (pl). 3) The length of each slit (sl) (compare Fig. 6.1B). Incomplete coccoliths 
were not measured.

In general, regular and repetitive structures like the individual elements composing a 
coccolith appear to be malformed in case these adjacent structures differ in an irregular 

manner. Malformations are therefore characterized in the evaluation procedure as the degree 
of asymmetry of adjacent slits.

The algorithm to calculate the malformation index makes use of the average deviation. It is 
defined as: 

# # # # # # # (6.7)

where n is the number of all measured elements, xi is a measured element and mean(x)n is 

the mean value of all measured elements. Using the average deviation has the advantage 
that it is not influenced by  the number of measured elements. Hence, the malformation index 
is not sensitive to the number of distal shield elements of the investigated coccolith. Applying 

the average deviation the degree of malformation is calculated as:
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Malformation

# # # # # # # # # # # # (6.8)

where dl, sl and pl are the measured quantities of the distal shield elements (see above) and 
n is the total number of slits. In this way, higher values calculated from eq. 6.8 reflect 

increased malformation (Fig. 6.1C). In average, 27 coccoliths were evaluated per sample 
with eq. 6.8.

!
Figure 6.3. Morphology of coccoliths. Each data point represents an individual coccolith. (A) 
Correlation between measured DSA and DSA calculated from DSL and DSW using eq. 6.4. (B) Aspect 
ratio of distal shield with increasing DSL. (C) Aspect ratio of central area with increasing CAL. (D) 
Percentage of OSL that contributes to the total DSL. Symbol size and colour coding is shown in panel 
A.
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6.4 Results 

6.4.1 Carbonate chemistry

A large diversity  of carbonate chemistry  conditions was set up in the five experiments 
presented in this study. In each one of the five experiments, one particular carbonate system 

parameter was kept constant while all the others changed with increasing DIC (Fig. 6.2). In 
the constant TA experiment, fCO2 and [HCO3-] increased, while pH and [CO32-] decreased 

with increasing DIC. The carbonate system manipulation of this experiment is similar to the 
way  seawater carbonate chemistry  is currently  changing due to anthropogenic CO2 invasion. 

In the three constant pH experiments, all carbonate system parameters except for pHf were 
increasing linearly  with increasing DIC. pHf remained constant in all of these experiments but 

at different levels. In the constant CO2 experiment, all carbonate system parameters except 
for CO2 were increasing with DIC. 

6.4.2 General morphological features

Measured and calculated DSA are in excellent agreement to each other. The slope of the 
linear regression is close to one which shows that DSA can reliably  derived from DSL and 

DSW (Fig. 6.3A). The aspect ratio of the coccolith (i.e. DSL:DSW) gets closer to one with 
increasing coccolith length, indicating that larger coccoliths are rounder than smaller ones 

(Fig. 6.3B). The same trend was found for the aspect ratio of the central area. The larger the 
central area became, the rounder it was (Fig. 6.3C) which is in good agreement with results 

obtained by  Young and Westbroek (1991). The relative contribution of OSL to total DSL 
increased with increasing DSL (Fig. 6.3D).

6.4.3 Malformation

Malformations of coccoliths correlated best to seawater pHf, indicating a key  influence of H+. 
Malformations remained relatively  stable above a pHf of about 8 whereas they  increased with 

decreasing pHf in the range from ~8 down to 7.1 (Fig. 6.4). CaCO3 production rates did not 
correlate with malformations (data not shown) suggesting that the appearance of 

malformations is not coupled to calcification rates in E. huxleyi. 

 

6.4.4 Coccolith size

Changes in DSA, DSL and DSW in response to varying carbonate chemistry  conditions were 

largely  identical to each other. All three parameters increased most pronounced in the range 
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from low to intermediate [HCO3-] or fCO2 whereas changes were minor above this threshold 

in all except the constant TA experiment where a decreasing trend above ~1000 µatm was 
observed (Fig. 6.5A-D; data for DSW not shown).

Figure 6.4. Malformation of coccoliths calculated with eq. 6.8. Error bars denote the standard 
deviation from measured mean malformation of all coccoliths of a treatment.

The smallest coccoliths were measured at very  low  HCO3- of ~500 µmol kg-1 (Fig. 6.5; Table 
6.1). These carbonate chemistry  conditions are unrealistically  low and most likely  rarely 

existed in the natural habitat of E. huxleyi since its appearance about 270 ky  ago. Hence, 
sizes determined in these particular treatments should be considered as physiological 

potentials rather than realistic representations of naturally  occuring E. huxleyi coccolith sizes. 
Variations in size were minor within a realistic DIC and fCO2 range of the last 270 kyears (i.e. 

from present conditions down to about 1800 µmol kg-1 and 180 µatm, respectively). DSA for 
example, varied from about 8 to 9 µm2 and showed no clear trend within that range if all 

experiments are considered. Note, however, that DSA increases in the constant TA 
experiment which simulates ocean acidification, from ~180 to 650 µatm by  about 10% and 

starts to decrease slightly above this threshold. 

CAL and CAW remained largely  unaffected by changing carbonate chemistry  except for the 

very  lowest fCO2 levels in the constant TA experiment (below ~100 µatm) where they  showed 
a decreasing tendency (Fig. 6.5E and F).

!
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6.4.5 Coccolith weight and production

The mean weight of coccoliths increased by approximately  100% from lowest to highest 
CaCO3 production rates (estimated from linear fit).  Measured mean weight ranged from ~1 

to 4 pg (Fig. 6.6A) which is in reasonable agreement with previous estimates of ~2 pg for the 
same E. huxleyi morphotype (Fagerbakke et al., 1994; Young and Ziveri, 2000). The 

coccolith exocytosis rate also increased with CaCO3 production by  an estimated 100%, 
similar as for coccolith weight. Minimum and maximum calculated coccolith exocytosis rates 

were ~12 and 45 coccoliths cell-1 d-1, respectively  (Fig. 6.6B). Changes in coccolith weight 
correlate with changes in coccolith size (Fig. 6.6C). 

In the three highest DIC treatments of the constant pH 8 experiment, mean coccolith weight 
was up to 8 pg which seems unrealistically  high. After careful re-evaluation of SEM samples 

we occasionally  found coccoliths that were associated with cubic crystals of unknown 
material. This might have caused interference with the coccolith weight estimation. Since we 

could not find a concomitant increase in the CaCO3 content per cell we expect these values 
to be the result of non-biological processes.  

6.5 Discussion

6.5.1 Comparison of different evaluation methods of malformations

Malformations of coccoliths in response to changing carbonate chemistry conditions have 
been observed in several coccolithophore species (e.g. Riebesell et al. 2000; Langer et al. 

2006; Müller et al. 2010). In case these malformations were quantified, it was done by  visual 
comparisons of individual coccoliths and subsequent classifications to fixed categories like 

for example ʻnormalʼ, ʻslightly  malformedʼ, ʻstrongly  malformedʼ, and ʻincomplete (Langer et 
al. 2006; Kaffes et al., 2010; Langer et al., 2011; Bach et al. 2011). Here, we propose an 

alternative method to approximate malformations of E. huxleyi which aims to quantify 
malformations by  direct measurements of fine-scale morphological structures (see section 

6.3.9). A direct comparison of both methods shows that they  both lead to similar conclusions. 
Bach et al. (2011) have visually  evaluated the same samples of the constant TA and the 

constant pHf 8 experiment as used in this study and concluded ʻthat malformations are 
mainly  induced by seawater pHf below  ~8. This is largely  confirmed by  the results from the 

evaluation of malformation by  eq. 6.8 (Fig. 6.4) indicating that both methods seem to be 
equally  appropriate to evaluate malformations of E. huxleyi. The application of these two 

methods reveals distinct advantages of each one of them. Visual evaluations can be done 
ʻonlineʻ during scanning of the sample by  electron microscopy whereas measurements of 
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morphological structures require a time-intensive analysis of pictures taken by  the 

microscope after having scanned the sample.

!
Figure 6.5. Coccolith size (DSA, DSL, and DSW) as a function of carbonate chemistry speciation. (A, 
C, E) in relation to HCO3-. (B, D, F) in relation to fCO2. Symbol size and color coding shown in panel E. 
Error bars denote the standard deviation from measured mean size of all coccoliths of a treatment.

Hence, visual evaluations facilitate analysis of high number of coccoliths per treatment and 

therefore usually  lead to an investigation of a more representative sample size. (Typically 
350 evaluated coccoliths per sample with visual evaluations (e.g. Langer et al., 2011) in 

contrast to 27 evaluated coccoliths with the new method presented in our study.) 
Furthermore, visual evaluations are easy  to adapt to all coccolithophore species whereas 

quantification of malformations by direct measurements of morphological structures can so 
far only  be applied to complete coccoliths from E. huxleyi morphotype A (including var. 

corona), B, C, and O while it cannot be applied to morphotype R since there are 

106



Figure 6.6. Coccolith weight, production and size. (A) Correlation between cellular CaCO3 production 
rate and mean coccolith weight. (B) Correlation between cellular CaCO3 production rate and the 
number of coccoliths formed per day. (C) Correlation between coccolith size and weight. Error bars 
denote the standard deviation from measured mean weight or size of all coccoliths of a treatment. 
Regression line shows a fit through data from all experiments with fit equation and significance given 
in the figure. Note that the correlation does not apply equally well for individual experiments.

usually  no slits between two adjacent distal shield elements in the latter (for morphotype 
taxonomy see Young et al., 2003; Hagino et al., 2011). Although adaption of eq. 6.8 to other 

species or morphotype R is generally  possible, it would require measurements of other fine 
scale structures than the ones used in E. huxleyi. The major advantage of the new method is 

the reduction of subjectivity. A direct measurement of morphological structures reduces 
human influence on the measurement and makes it easier to compare with results of other 

studies. Furthermore, eq. 6.8 could be implemented in an evaluation software which would 
analyze malformations automatically. This would be the most efficient and the most 

reproducible way to quantify malformations. 

!
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6.5.2 Cause of malformations

Malformations of E. huxleyi coccoliths are most likely  induced by high concentrations of H+ 
(Fig. 6.4). In order to understand how excess seawater [H+] could interfere with coccolith 

formation, it may be helpful to consider the development of a coccolith on a cellular basis. 
The formation takes place in a Golgi-derived vesicle (coccolith vesicle or ʻCVʼ) which is 

closely  associated with a labyrinthine membrane system (reticular body). Coccolith formation 
is initiated inside the CV with the production of an organic base plate which serves as 

template (van der Wal et al., 1983; Westbroek et al., 1984; 1989; Young et al., 1999). 
Nucleation of calcite occurs subsequently on the rim of the organic base plate from where 

the initial crystals start to grow in a radial direction until coccolith formation is completed 
(Westbroek et al., 1984, 1989; Young et al., 1992). Crystal growth is tightly  controlled by  the 

cellular machinery. The inner side of the CV membrane always remains in close contact with 
the coccolith and is actively  expanded from the outside by  the cytoskeleton located within the 

cytosol so that the growing calcite crystals fill the space defined by the expanding vesicle 
(Westbroek et al., 1984; 1989; Didymus et al., 1994, Marsh et al., 1994 Young et al., 2009). 

Inside the CV, coccolith-associated polysaccharides (CAPs) bound to the inner side of the 
membrane, have a crucial role in controlling CaCO3 precipitation due to their potential to bind 

Ca2+ (De Jong et al., 1976) and inhibit precipitation at places where they cover the calcite 
(Borman et al., 1982; Henriksen et al., 2004). 

Considering the pathway  described above, the cytoskeleton and CAPs seem to be two major 
cellular components controlling the correct growth of calcite crystals within E. huxleyi (Young 

et al., 1999; Langer et al., 2006). Langer et al., (2010) examined in detail the consequences 
of a malfunctioning of the cytoskeleton on coccolith formation by  applying chemical inhibitors 

for microtubules and actin filaments. They  found an increasing degree of coccolith 
malformation, the more these cytoskeleton structures and therefore the active expansion of 

the CV was disturbed by  these inhibitors. Possibly, malformations found in our study  are also 
resulting from a malfunctioning of the cytoskeleton, in our case with the chemical driving 

force being H+. This explanation seems plausible since H+ is known to easily  enter into the 
cytosol of E. huxleyi (Suffrian et al., 2011). Here, a change in [H+] could disturb the correct 

functioning of cytoskeleton elements or the enzymes associated with them so that the 
controlled expansion of the CV is handicapped (Langer et al., 2006). 

The second possible option of a negative effect of H+ on crystal growth is a disturbance of 
CAPs inside the CV (Langer et al., 2006; 2011). Henriksen and Stipp (2009) demonstrated 

that the capability  of CAPs to bind onto calcite crystals depends on the ion composition of the 
solution in which CAPs are dissolved. A change of the ion composition inside the CV may 

therefore disturb controlled crystal growth. Such a change could be the direct consequence 
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of a change in [H+] inside the CV in case H+ can somehow enter this compartment. Ion 

composition inside the CV could, however, also indirectly be altered by  changing [H+] in the 
cytosol assuming that H+ gradients between the cytosol and the CV potentially  drive 

numerous transport processes of major ions such as Ca2+ or Mg2+ (Langer et al., 2006; 
Mackinder et al., 2010; 2011).   

The prominent influence of [H+] on malformations observed in the investigated E. huxleyi 
strain raises the question whether this particular carbonate chemistry  parameter is also 

responsible for observed malformations in other coccolithophore species and E. huxleyi 
strains. Langer and Bode (2011) examined coccolith malformation of Calcidiscus leptoporus 

in response to various carbonate system parameters. In contrast to our findings, they 
identified CO2 as the key carbonate chemistry  parameter causing malformations which 

suggests that the control mechanisms of coccolith formation are affected by  different 
carbonate system parameters on a species level. A comparison on the strain level is not 

possible because there is no such data on different strains of the same species available so 
far. The only information available at the moment is that the carbonate chemistry conditions 

at which malformations start to appear differ between different strains of E. huxleyi (Langer et 
al., 2011). Clearly, this does not mean that the key carbonate chemistry  parameter causing 

malformations differs between E. huxleyi strains but it shows that sensitivities to changes in 
carbonate chemistry do. 

6.5.3 Influence of individual carbonate chemistry parameters on coccolith size

There is experimental evidence that HCO3- is the principal inorganic carbon source utilised 
for calcification (Sikes et al., 1980; Buitenhuis et al., 1999). The dependence of calcification 

on HCO3- seems to be reflected in DSA, DSL, and DSW which increased comparably  in all 
experiments from low to high [HCO3-] up to ~2000 µmol HCO3- kg-1. The close correlation to 

[HCO3-] makes this ion a key  candidate responsible for at least some of the pronounced 
increase in DSA, DSL, and DSW observed within that range (Fig. 6.5A-D; data for DSW not 

shown). Next to HCO3-, H+ is another factor with potential influence. H+ might be particularly 
important in the high fCO2 range of the constant TA experiment. Here, the observed 

decrease in size cannot be explained by  [HCO3-] since the concentration of this ion is still 
increasing whereas DSA, DSL, and DSW are already decreasing (Fig. 6.5D). A potential 

negative effect of very high [H+] seems possible since H+ has already been shown to be 
detrimental to calcification rates above certain thresholds (Bach et al., 2011). In contrast to 

HCO3- and H+, the influence of CO2 is of minor importance (Fig. 6.5A-D; data for DSW not 
shown). DSA, DSL, and DSW clearly  decreased in the constant CO2 experiment. If CO2 was 

of primary  importance in determining these morphological parameters, then DSA, DSL, and 
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DSW would have remained constant in the constant CO2 experiment. The fourth parameter 

with possible influence is CO32-. CO32- is of high importance for the dissolution of calcite due 
to its influence on the calcium carbonate saturation state of seawater. Whether it is of direct 

physiological influence on coccolith formation is more difficult to assess because relatively 
little is known about the possibilities of cells to transport CO32- across membranes. Such 

transporters have so far not been identified (Mackinder et al., 2010). In our study, a 
differentiation between HCO3- and CO32- is only  possible in the constant TA experiment 

because they positively correlate in all others (Fig.6.1). In the constant TA experiment, DSA, 
DSL and DSW correlate with [HCO3-] and not [CO32-] in the low fCO2 range. This indicates 

that increasing [CO32-] is not likely to be responsible for increasing DSA, DSL and DSW. 

CAL and CAW displayed no clear change in response to changing carbonate chemistry 

except for the very low  fCO2 range in the constant TA experiment where they  tended to 
decrease (Fig. 6.5F, data for CAW not shown). As discussed in section 4.2, coccolith 

formation starts with the construction of an organic base plate on which calcite crystals start 
to grow in a radial direction. The dimensions of the central area of the coccolith largely  reflect 

the dimensions of the organic base plate (Westbroek et al., 1984; Young, 1994). Hence, if the 
dimensions of the central area are affected to a lesser extent by changing carbonate 

chemistry, so are the dimensions of the organic base plate. Accordingly, we hypothesize that 
changing carbonate chemistry  primarily  influences crystal growth and not so much formation 

and size of the organic base plate. 

6.5.4 Correlation between calcification rates and coccolith weight

Changes in cellular calcification rates can be expressed in three different ways. 1) A change 

in coccolith weight at constant coccolith exocytosis rate. 2) A change in coccolith exocytosis 
rate at constant coccolith weight. 3) A simultaneous change in coccolith weight and 

exocytosis rate. Results presented in Fig. 6.6A and B support the third option, indicating that 
a correlation between calcification rates and coccolith weight exists in the investigated E. 

huxleyi strain. This suggests that measurements of coccolith weight could potentially  be 
useful to reconstruct calcification rates. Nevertheless, this correlation bears uncertainties 

which should be considered before extrapolating these results to the field. There is the high 
genetic variability between different coccolithophore species and even strains of the same 

species (e.g., Brand et al., 1982; Westbroek and Young, 1991; Iglesias-Rodriguez et al., 
2006). It has been demonstrated that this variability  translates in species- and strain-specific 

sensitivities of calcification rates to simulated ocean acidification (Langer et al., 2006, 2009). 
Genetically  based differences in sensitivities to changes in carbonate chemistry could also 

be reflected in strain- and species-specific coupling between CaCO3 production and coccolith 
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weight. On the other hand, differences in sensitivities within a certain fCO2 range do not 

necessarily  result in a fundamentally  different response if the whole fCO2 range at which the 
strain is able to calcify  is considered. It has been speculated that the general response of 

presumably all E. huxleyi strains to a very  broad fCO2 range is similar (resembling an 
optimum curve), even though there are strain-specific differences within distinct parts of the 

whole optimum curve (Bach et al., 2011). Therefore, it seems feasible that the positive 
physiological correlation between CaCO3 production rates and coccolith weight that has 

been found for the investigated E. huxleyi strain also emerges in other strains and possibly 
even in other coccolithophore species at least when a very  wide range of carbonate 

chemistry conditions is investigated.   

Another factor to consider is the driving force that causes changes in CaCO3 production 

rates and coccolith weight. Aside from carbonate chemistry, temperature can influence 
CaCO3 production. A temperature rise from 10 to 20°C increases CaCO3 production rates in 

E. huxleyi by  more than 40% under ambient carbonate chemistry  conditions (Langer et al., 
2007) whereas it influences coccolith size (and therefore most likely  also coccolith weight) 

only  marginally  (Watabe and Wilbur, 1966; Fielding et al., 2009). Under this consideration it 
seems possible that the physiological coupling between CaCO3 production and coccolith 

weight is not universal but rather specific for changes induced by  the carbonate chemistry 
conditions.

Furthermore, it is important to keep in mind that the correlation between coccolith weight and 
CaCO3 production rates given in Fig. 6.6A is derived from monoclonal culture experiments 

which exclude ecological processes. This is a limitation of the correlation because in a 
natural E. huxleyi assemblage, changing carbonate chemistry  could not only directly  affect 

the cell physiology  but also induce a shift in the dominant strain. A strain shift in a natural 
assemblage can change both, mean calcification rate and mean coccolith weight but these 

two factors do not necessarily have to be correlated to each other as implied in Fig. 6.6A. 
The unknown role of ecological processes should therefore clearly  be considered before 

using the correlation between calcification rates and coccolith weight to interpret field data.

# #

6.5.5 Environmental control of coccolith size and weight
There are two different mechanisms how an environmental change in the habitat of an E. 

huxleyi assemblage can induce a change of mean coccolith size and/or weight: 
1) The changing environmental factor (e.g. temperature) induces a dominance shift in the 

assemblage towards an E. huxleyi strain or morphotype which forms coccoliths of different 
size and weight than the one dominant initially. Here, the influence is indirect and in the 

following termed ʻecologicallyʼ driven change in coccolith size and/or weight. Morphotype-
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specific size and weight variations range from 2.5 – 5 µm and 0.6 – 4.6 pg, respectively 

(Young and Ziveri, 2000). Coccoliths of morphotye R or over-calcified coccoliths of 
morphotype A are usually relatively  heavy, whereas the delicate coccoliths of morphotype B 

(pujosiae) are particularly large (Young and Ziveri, 2000; Young et al., 2003). 
2) A change in some environmental factor directly  affects the physiology  of the dominant E. 

huxleyi strain or morphotype present in the assemblage thereby directly causing a change in 
mean size and weight (in the following termed ʻphysiologicallyʼ driven change in coccolith 

size and/or weightʼ). Environmental factors known to modify  size and/or weight are salinity 
(Green et al., 1998; Bollmann and Herrle, 2007; Fielding et al., 2009), temperature (Watabe 

and Wilbur, 1966), nutrient availability  (Batvik et al., 1997; Paasche, 1998), growth stage 
(Westbroek and Young, 1991), seasonality  (Triantaphyllou et al., 2010) and carbonate 

chemistry  (Iglesias-Rodriguez et al., 2008; Halloran et al., 2008; Beaufort et al., 2011; this 
study). In the following we discuss the potential of some of these environmental factors 

(salinity, temperature and carbonate chemistry) to induce either ecologically or 
physiologically driven change in coccolith size and/or weight of E.huxleyi.

Increasing salinity was shown to positively  influence the size of E. huxleyi coccoliths (e.g. 
Green et al., 1998). Fielding et al. (2009) reported a 30% increase in DSW in a salinity 

gradient ranging from 26 to 41 under constant culture conditions indicating that salinity  has a 
relatively  high physiological influence on coccolith size. However, whether changing salinity 

also has the potential to cause a shift in the dominant morphotype in a natural E. huxleyi 
assemblage is unknown. An ecophysiological influence seems conceivable in coastal 

environments with comparatively  large salinity variations while it is less likely  in the more 
stable conditions found in the open ocean. 

Temperature seems to have a small physiological influence on E. huxleyi coccolith size. 
Watabe and Wilbur (1966) observed no change in DSL from 7 to 18°C and only a minor 

decrease of about 10% from 18 to 27°C. This is largely  in line with results by Fielding et al., 
(2009) who found no detectable influence between 10 and 20°C. In contrast to that, the 

ecological influence of temperature on coccolith size could be considerably  larger. It is likely 
that coccolithophores are adapted to the mean temperature of their natural habitat 

(Buitenhuis et al., 2008). In case the mean temperature in a given area changes, another 
strain or morphotype (potentially  having a different coccolith size and/or weight) could take 

over. A possible example where this might have been observed is given by  Triantaphyllou et 
al. (2010) who investigated changes in E. huxleyi coccolith size in a seasonal cycle in the 

Aegean Sea (Eastern Mediterranean Sea). They  reported a shift towards larger coccoliths 
during cooler winter/spring periods with one possible explanation being the dominance of 

another E. huxleyi strain during that time of the year.
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The results presented in our study demonstrate a negligible physiological influence of 

carbonate chemistry  on E. huxleyi coccolith size and weight within a realistic range (DIC 
~1800 – 2400 and fCO2 ~180 – 1000 (Sarmiento and Gruber, 2006). However, there seems 

to be a high potential of changing carbonate chemistry  to cause ecologically driven change in 
coccolith size and/or weight. In a recent investigation, Beaufort et al. (2011) concluded that 

carbonate chemistry  conditions regulate the relative abundance of different species and 
morphotypes in the oceans and that species and morphotypes which form heavier coccoliths 

are predominantly  found at sites with supposedly  more favourable carbonate chemistry 
conditions. According to the interpretations by Beaufort et al. (2011), the carbonate chemistry 

has a particularly large ecological influence on coccolith weight.
Currently, the physiological influence of the environmental factors mentioned above is 

understood better than the ecological influence. This is probably  due to the fact that 
physiological experiments are in most cases easier to perform and easier to evaluate than 

ecological data sets. However, in order to improve our understanding of what drives changes 
in coccolith size and weight in the oceans, it is essential to focus particularly  on the 

ecological component since this seems to be of larger influence.  
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7. Conclusions and outlook

7.1 Conclusions
The results of this thesis emphasise the complex response of natural Noelaerhabdaceae as-
semblages to changing environmental conditions. Mean coccolith weights from the cocco-

lithophore family  Noelaerhabdaceae show a high intrinsic variability  under the rather stable 
atmospheric CO2 conditions of the Holocene, reflecting the strong influence of other envi-

ronmental factors. Main factors controlling mean Noelaerhabdaceae coccolith weight in the 
absence of strong CO2 variability  are the coccolithophore assemblage composition and coc-

colithophore productivity. Increasing coccolithophore productivity  generally  accompanies an 
increase in Noelaerhabdaceae coccolith weight, when the assemblage is stable. Changes in 

the assemblage composition can have a strong influence on the total CaCO3 produced by 
Noelaerhabdaceae. Abundance shifts of the assemblage are ecologically  driven during times 

of strong environmental change or on longer timescales due to evolutionary  shifts within spe-
cies, e.g. adaptation to a better adjusted morphotype. The variable assemblage compositions 

in different regions of the ocean and the various response of the species to changing seawa-
ter conditions enhance the difficulty  to make a general statement about the total coccolitho-

phore calcification with the results from single locations. More advantageous are compari-
sons from assemblages of the same ocean region, e.g. from the tropics where the composi-

tion of the species, and likely  its response to changing environmental conditions, is rather 
similar. 

The recently debated negative influence of increasing atmospheric CO2 and the concomitant 
ocean acidification on coccolithophore calcification could not be detected on shorter (past 

200 years) and longer time scales (Termination II). In contrast, coccolith weight strongly in-
creased (Termination II) or was driven by  other environmental factors (past 200 years). As 

well as in the Holocene record, the assemblage composition has a large influence on the 
mean weight over longer time scales. Species shifts which are induced by other environ-

mental factors beside the acidifying ocean, are able to mask a possible negative influence of 
the changing carbonate system. In regions as the tropics which are far from strong environ-

mental changes and have a high calcite saturation state, shifts in the assemblage are minor. 
These conditions allow a strong increase in coccolith weight on long term scales, even under 

rising atmospheric CO2 conditions and despite constant coccolithophore productivity.
The coccolith weight response to ocean acidification on shorter time scales (past 200 years) 

of a stable assemblage can be so far counteracted by  the rising ocean eutrophication. As a 
result, neither the ocean acidification nor the eutrophication is reflected in the weight trend, 

but the duration of the growth season of the coccolithophores is mirrored in the mean Noe-
laerhabdaceae coccolith weight.
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The results of this thesis show that in non of the studied time intervals changes in the car-

bonate system have a significant negative influence on the total Noelaerhabdaceae coccolith 
weight. Even during the increasing atmospheric CO2 conditions of Termination II the seawa-

ter carbonate system can offer favourable conditions for calcification. However, the condi-
tions of the moderate CO2 increase during Termination II (~100 ppmv  in 10000) years can 

not be used as an analogue for the recent rising CO2 conditions (~100 ppmv  in 200 years). 
Further, assemblage shifts and evolutionary  adaptation play  a major role over larger time 

scales and can have a strong influence on the mean weight. But the results of the past 200 
years suggest that up to now a possible negative effect of the rising ocean acidification on 

coccolith calcification may  be compensated by  enhanced nutrient availability. Despite these 
results, it is difficult to predict the total response of Noelaerhabdaceae calcification in the fu-

ture on a global scale due to the different factors which should be taken into account such as 
the assemblage composition and its various response in different regions as well as the 

strong influence of the coccolithophore productivity. Additionally, adaptations of coccolitho-
phores to changing seawater conditions should be taken into account, especially  over long-

term scales.

7.2 Outlook
The present study  provides new information on the total calcification of the coccolithophore 
family  Noelaerhabdaceae which dominates the coccolithophore assemblage in most regions 

and contributes a major part to the calcite production. To gain insights into the entire calcite 
production of a complete coccolithophore assemblage, studies on coccolith weights beside 

Noelaerhabdaceae are required. Especially  weight measurements on large species such as 
Calcidiscus leptopoturs and Coccolithus pelagicus which produce heavy  coccoliths with large 

amounts of calcite will complete the results. An improvement of SYRACO which allows the 
identification and weight assessment of more species beyond Noelaerhabdaceae would be 

beneficial. Recently, a new method to measure coccolith weights in cross polarised light with 
the application of a circular polariser has been introduced, which eliminates the extinction 

pattern and thus displays complete coccoliths (Bollmann et al., 2013). This method will sim-
plify  the identification of coccoliths in light microscope. Beside different species, an additional 

recognition of morphotypes would further advance the record. Differently  calcified morpho-
types of the same species have other coccolith weights and can influence the mean coccolith 

weight of a species when e.g. the abundance of this morphotype changes. As it is rather dif-
ficult to distinguish morphotypes with the light microscope, coccolith weight measurements of 

SYRACO  combined with SEM counts which focus on morphotypes in more detail will be ad-
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vantageous. In any  case, SEM samples will improve the understanding of morphotype evolu-

tion and adaptation as well as their influence on the total calcite production of coccolitho-
phores. With a quantitative analysis which includes coccolith abundance and weight of single 

species and morphotypes, a more accurate calculation of the CaCO3 production from cocco-
lithophores would be possible.

The results of this study  further reveal the variable response of different coccolithophore as-
semblages in various regions of the ocean. Even in the Holocene North Atlantic the response 

of the mean Noelaerhabdaceae coccolith weight changed in three investigated locations. 
Due to the ecological differences, studies on heterogeneous natural coccolithophore assem-

blages are of great importance but more complicated than laboratory  experiments with single 
species or strains and should be considered more frequently. To give an improved statement 

on a global scale about the calcification from different coccolithophore assemblages in past 
or present oceans, more observations which equally  cover all biogeographic areas will be 

valuable and facilitate predictions about calcification in the future. 
The local results of the tropics from Termination II show that despite rising atmospheric CO2 

concentration an increase in coccolith weight is possible. Although the rates of the recent and 
the CO2 increase during Termination II strongly  differs, the question arises if the calcite pro-

duction of coccolithophores in some regions of the ocean probably benefits at least tempo-
rarily  from the changing seawater carbonate chemistry. Indeed, in some regions of the ocean 

e.g. in the coastal areas, the enhanced nutrient supply  is likely  to outcompete the recent ris-
ing ocean acidification up to a certain degree. For the future it is possible that despite the 

counterbalance between changing seawater carbonate chemistry and enhanced nutrient 
supply  the rising ocean acidification reaches a tipping point below  which coccolithophore cal-

cification is probably  impeded. In the worst-case scenario, coccolithophores could stop calci-
fication or completely disappear in some regions of the ocean. As coccolithophores form an 

important part of the food chain, this is likely  to have strong influences on the entire ecosys-
tem (Fabry et al., 2008).
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Appendix 

I) Reconstructions of the carbonate system

Site Age (yrs BP) TA (µmol/
kgSW)

HCO3 
(μmol/
kgSW)

CO3 
(µmol/
kgSW)

CO2  
(µmol/
kgSW)

DIC pH ΩCa 

Geofar KF 16 1362.40 2383.71 1800.80 231.28 7.55 2039.63 8.48 5.50

Geofar KF 16 1572.00 2382.82 1796.05 232.82 7.46 2036.33 8.48 5.54

Geofar KF 16 1696.66 2383.47 1800.16 231.44 7.54 2039.14 8.48 5.51

Geofar KF 16 1821.31 2378.79 1796.14 231.15 7.51 2034.80 8.48 5.50

Geofar KF 16 1945.97 2380.95 1796.06 232.05 7.49 2035.60 8.48 5.52

Geofar KF 16 2070.63 2380.79 1795.51 232.21 7.48 2035.20 8.48 5.53

Geofar KF 16 2195.28 2387.03 1796.47 234.35 7.43 2038.24 8.49 5.58

Geofar KF 16 2319.94 2391.47 1801.39 234.18 7.48 2043.05 8.48 5.57

Geofar KF 16 2444.59 2392.21 1797.91 235.87 7.40 2041.18 8.49 5.61

Geofar KF 16 2569.25 2390.28 1791.82 237.52 7.30 2036.63 8.49 5.65

Geofar KF 16 2693.91 2390.91 1791.37 237.96 7.28 2036.61 8.49 5.66

Geofar KF 16 2818.56 2394.71 1790.11 240.00 7.21 2037.32 8.50 5.71

Geofar KF 16 2943.22 2390.54 1792.23 237.46 7.30 2036.99 8.49 5.65

Geofar KF 16 3067.88 2375.91 1788.93 232.87 7.39 2029.19 8.49 5.55

Geofar KF 16 3192.53 2367.81 1785.41 231.00 7.41 2023.82 8.48 5.51

Geofar KF 16 3317.19 2364.43 1787.46 228.82 7.49 2023.76 8.48 5.46

Geofar KF 16 3441.84 2369.25 1789.10 230.11 7.47 2026.68 8.48 5.48

Geofar KF 16 3566.50 2375.70 1794.22 230.67 7.50 2032.40 8.48 5.49

Geofar KF 16 3706.07 2379.53 1796.56 231.29 7.51 2035.36 8.48 5.51

Geofar KF 16 3845.64 2381.12 1796.15 232.09 7.48 2035.73 8.48 5.53

Geofar KF 16 3985.21 2388.60 1796.80 234.86 7.41 2039.08 8.49 5.59

Geofar KF 16 4124.78 2398.06 1801.80 236.69 7.42 2045.91 8.49 5.63

Geofar KF 16 4264.35 2404.42 1802.80 238.87 7.37 2049.04 8.49 5.68

Geofar KF 16 4473.70 2401.90 1798.28 239.65 7.30 2045.24 8.49 5.69

Geofar KF 16 4822.62 2380.48 1781.51 237.68 7.19 2026.38 8.50 5.66

Geofar KF 16 5101.76 2381.96 1785.73 236.59 7.26 2029.58 8.49 5.63

Geofar KF 16 5799.61 2391.77 1791.12 238.42 7.26 2036.80 8.49 5.67

Geofar KF 16 5993.23 2394.33 1790.57 239.67 7.23 2037.46 8.50 5.70

Geofar KF 16 6108.67 2401.58 1793.02 241.63 7.20 2041.85 8.50 5.74

Geofar KF 16 6397.27 2443.07 1811.84 250.95 7.15 2069.94 8.50 5.94

Geofar KF 16 6570.43 2403.63 1788.42 244.30 7.09 2039.81 8.50 5.80



Geofar KF 16 6685.87 2408.73 1788.15 246.47 7.03 2041.66 8.51 5.85

Geofar KF 16 6974.46 2406.67 1780.40 248.73 6.91 2036.04 8.51 5.91

Geofar KF 16 7147.62 2393.40 1775.46 245.33 6.94 2027.73 8.51 5.83

Geofar KF 16 7263.06 2386.90 1772.76 243.78 6.95 2023.50 8.51 5.80

Geofar KF 16 7551.66 2383.11 1771.55 242.73 6.97 2021.25 8.51 5.78

Geofar KF 16 7724.82 2392.39 1775.53 244.90 6.95 2027.38 8.51 5.82

Geofar KF 16 7840.26 2395.59 1776.47 245.82 6.94 2029.23 8.51 5.84

Geofar KF 16 8112.50 2366.06 1773.64 235.01 7.18 2015.83 8.50 5.60

Geofar KF 16 8187.50 2360.08 1774.49 232.26 7.26 2014.01 8.49 5.54

Geofar KF 16 8237.50 2362.53 1776.96 232.26 7.29 2016.51 8.49 5.54

Geofar KF 16 8421.89 2432.60 1779.18 259.75 6.64 2045.58 8.53 6.16

Geofar KF 16 8568.15 2429.13 1777.25 259.11 6.64 2043.01 8.53 6.14

Geofar KF 16 8665.66 2436.92 1780.24 261.09 6.62 2047.95 8.53 6.19

Geofar KF 16 8958.19 2452.76 1789.44 263.85 6.65 2059.93 8.53 6.24

Geofar KF 16 9055.70 2448.85 1787.53 263.02 6.65 2057.20 8.53 6.22

Geofar KF 16 9153.21 2450.59 1788.31 263.42 6.65 2058.37 8.53 6.23

Geofar KF 16 9396.99 2442.91 1786.12 261.17 6.67 2053.97 8.53 6.18

Site Age [yrs] TA (µmol/
kgSW)

HCO3  
(mmol/
kgSW)

CO3  
(mmol/
kgSW)

CO2  
(mmol/
kgSW)

DIC pH ΩCa 

ODP 980 539.10 2375.17 1900.37 188.15 10.31 2098.82 8.37 4.48

ODP 980 937.50 2374.47 1906.91 185.26 10.54 2102.70 8.36 4.42

ODP 980 1142.10 2372.71 1901.84 186.57 10.40 2098.81 8.36 4.45

ODP 980 1657.50 2377.96 1904.48 187.63 10.39 2102.50 8.37 4.47

ODP 980 2124.50 2381.26 1910.38 186.61 10.52 2107.51 8.36 4.44

ODP 980 2854.40 2372.11 1898.41 187.69 10.30 2096.41 8.37 4.47

ODP 980 3602.17 2383.47 1901.90 190.88 10.20 2102.97 8.37 4.55

ODP 980 4265.70 2382.97 1896.80 192.71 10.04 2099.55 8.38 4.59

ODP 980 4750.30 2394.55 1900.41 195.94 9.94 2106.30 8.38 4.66

ODP 980 5103.20 2391.56 1895.76 196.59 9.86 2102.20 8.39 4.68

ODP 980 5279.80 2386.27 1897.45 193.78 10.00 2101.24 8.38 4.61

ODP 980 6041.80 2376.65 1882.10 196.03 9.71 2087.83 8.39 4.67

ODP 980 6575.20 2390.67 1882.90 201.36 9.49 2093.75 8.40 4.79

ODP 980 7087.30 2377.17 1874.97 199.08 9.49 2083.54 8.40 4.74

ODP 980 7624.40 2376.02 1865.88 202.24 9.25 2077.37 8.41 4.82

ODP 980 8046.50 2376.06 1868.45 201.24 9.32 2079.00 8.40 4.80

ODP 980 8595.38 2363.22 1862.87 198.29 9.37 2070.53 8.40 4.73



ODP 980 9202.10 2370.32 1869.60 198.47 9.45 2077.51 8.40 4.73

ODP 980 9602.88 2369.94 1860.60 201.90 9.20 2071.70 8.41 4.81

ODP 980 9854.46 2374.73 1870.02 200.07 9.38 2079.48 8.40 4.77

Site Age [yrs] TA (µmol/
kgSW)

HCO3  
(mmol/
kgSW)

CO3  
(mmol/
kgSW)

CO2  
(mmol/
kgSW)

DIC pH ΩCa 

MD08-3192 533.00 2455.08 1946.04 202.20 10.25 2158.48 8.38 4.79

MD08-3192 540.00 2420.94 1927.91 195.63 10.31 2133.85 8.37 4.64

MD08-3192 551.00 2377.41 1902.79 188.08 10.34 2101.22 8.37 4.48

MD08-3192 558.00 2370.21 1898.39 186.94 10.34 2095.67 8.37 4.46

MD08-3192 570.00 2350.10 1890.56 181.97 10.48 2083.01 8.36 4.35

MD08-3192 577.00 2374.91 1901.79 187.48 10.36 2099.62 8.37 4.47

MD08-3192 595.00 2379.76 1903.41 188.78 10.32 2102.51 8.37 4.50

MD08-3192 607.00 2353.62 1890.20 183.53 10.40 2084.12 8.36 4.38

MD08-3192 614.00 2382.09 1906.42 188.52 10.37 2105.31 8.37 4.49

MD08-3192 633.00 2368.90 1897.86 186.62 10.35 2094.83 8.37 4.45

MD08-3192 644.00 2365.28 1897.36 185.36 10.40 2093.12 8.36 4.42

MD08-3192 651.00 2390.75 1907.67 191.51 10.24 2109.42 8.37 4.56

MD08-3192 663.00 2366.75 1895.72 186.61 10.32 2092.65 8.37 4.45

MD08-3192 670.00 2387.15 1903.12 191.87 10.17 2105.16 8.37 4.57

MD08-3192 681.00 2351.08 1893.00 181.39 10.54 2084.94 8.36 4.33

MD08-3192 685.00 2379.77 1901.18 189.68 10.24 2101.10 8.37 4.52

MD08-3192 728.00 2373.24 1910.81 183.21 10.69 2104.71 8.35 4.37

MD08-3192 754.00 2408.11 1918.77 194.09 10.27 2123.12 8.37 4.61

MD08-3192 793.00 2348.76 1890.78 181.34 10.51 2082.63 8.36 4.33

MD08-3192 832.00 2382.90 1913.04 186.20 10.57 2109.82 8.36 4.43

MD08-3192 870.00 2408.76 1929.84 189.94 10.61 2130.39 8.36 4.51

MD08-3192 922.00 2343.82 1893.57 178.25 10.71 2082.53 8.35 4.26

MD08-3192 948.00 2358.91 1899.91 181.79 10.62 2092.31 8.36 4.34

MD08-3192 1032.00 2378.99 1912.53 184.84 10.63 2108.00 8.36 4.40

MD08-3192 1050.00 2410.07 1924.60 192.56 10.42 2127.57 8.37 4.57

MD08-3192 1078.00 2401.13 1922.31 189.86 10.52 2122.68 8.36 4.51

MD08-3192 1123.00 2375.01 1915.64 181.99 10.83 2108.46 8.35 4.34

MD08-3192 1141.00 2364.21 1911.06 179.47 10.90 2101.43 8.35 4.28

MD08-3192 1171.00 2381.02 1918.53 183.26 10.80 2112.59 8.35 4.37

MD08-3192 1195.00 2391.84 1922.39 186.08 10.71 2119.18 8.36 4.43

MD08-3192 1231.00 2398.98 1929.59 186.09 10.80 2126.49 8.35 4.43



MD08-3192 1255.00 2366.05 1909.02 181.03 10.78 2100.83 8.35 4.32

MD08-3192 1292.00 2351.92 1900.50 178.74 10.79 2090.02 8.35 4.27

MD08-3192 1316.00 2404.51 1929.00 188.55 10.67 2128.23 8.36 4.48

MD08-3192 1352.00 2383.35 1913.52 186.20 10.58 2110.30 8.36 4.43

MD08-3192 1376.00 2332.26 1881.65 178.35 10.54 2070.54 8.36 4.27

MD08-3192 1412.00 2371.09 1903.26 185.35 10.48 2099.09 8.36 4.42

MD08-3192 1424.00 2394.23 1916.27 189.49 10.45 2116.21 8.36 4.51

MD08-3192 1496.00 2415.56 1927.59 193.58 10.41 2131.57 8.37 4.60

MD08-3192 1532.00 2361.07 1897.86 183.47 10.50 2091.83 8.36 4.38

MD08-3192 1593.00 2350.60 1893.20 181.12 10.56 2084.88 8.36 4.33

MD08-3192 1617.00 2360.72 1897.57 183.45 10.50 2091.51 8.36 4.38

MD08-3192 1665.00 2344.42 1887.43 180.94 10.49 2078.85 8.36 4.32

MD08-3192 1713.00 2358.06 1899.86 181.46 10.63 2091.96 8.36 4.33

MD08-3192 1749.00 2372.19 1906.32 184.57 10.56 2101.45 8.36 4.40

MD08-3192 1785.00 2358.50 1899.62 181.74 10.62 2091.97 8.36 4.34

MD08-3192 1834.00 2353.05 1894.29 181.67 10.55 2086.50 8.36 4.34

MD08-3192 1858.00 2355.68 1890.86 184.09 10.38 2085.33 8.36 4.39

MD08-3192 1894.00 2312.13 1871.84 174.19 10.62 2056.66 8.35 4.18

MD08-3192 1942.00 2342.72 1888.34 179.89 10.56 2078.79 8.36 4.30

MD08-3192 2011.00 2342.85 1884.56 181.44 10.42 2076.43 8.36 4.34

MD08-3192 2080.00 2338.46 1880.72 181.21 10.38 2072.32 8.36 4.33

MD08-3192 2126.00 2338.62 1880.34 181.43 10.37 2072.14 8.36 4.34

MD08-3192 2194.00 2384.79 1904.24 190.48 10.25 2104.96 8.37 4.54

MD08-3192 2240.00 2359.59 1895.41 183.85 10.45 2089.71 8.36 4.39

MD08-3192 2309.00 2360.33 1906.15 179.87 10.80 2096.83 8.35 4.29

MD08-3192 2338.00 2387.00 1914.10 187.44 10.53 2112.06 8.36 4.46

MD08-3192 2412.00 2374.88 1908.85 184.65 10.59 2104.10 8.36 4.40

MD08-3192 2456.00 2309.03 1870.62 173.43 10.65 2054.70 8.35 4.16

MD08-3192 2485.00 2344.67 1886.20 181.52 10.44 2078.17 8.36 4.34

MD08-3192 2529.00 2301.66 1864.77 172.81 10.60 2048.18 8.35 4.15

MD08-3192 2588.00 2292.26 1859.62 171.10 10.61 2041.34 8.35 4.11

MD08-3192 2647.00 2417.59 1922.97 196.24 10.22 2129.44 8.37 4.66

MD08-3192 2691.00 2458.27 1946.32 203.38 10.20 2159.89 8.38 4.81

MD08-3192 2750.00 2409.03 1914.70 196.09 10.12 2120.91 8.38 4.66

MD08-3192 2823.00 2505.85 1962.01 216.43 9.84 2188.28 8.40 5.10

MD08-3192 2896.00 2393.08 1902.77 194.41 10.04 2107.22 8.38 4.63



MD08-3192 2970.00 2419.63 1916.67 199.58 9.99 2126.24 8.38 4.74

MD08-3192 3043.00 2360.82 1884.06 188.87 10.06 2082.98 8.38 4.51

MD08-3192 3117.00 2354.93 1884.91 186.16 10.20 2081.27 8.37 4.44

MD08-3192 3190.00 2402.47 1904.66 197.44 9.93 2112.03 8.38 4.69

MD08-3192 3264.00 2401.41 1906.46 196.30 10.01 2112.76 8.38 4.67

MD08-3192 3337.00 2384.35 1901.86 191.25 10.18 2103.28 8.37 4.55

MD08-3192 3411.00 2393.24 1900.41 195.41 9.97 2105.79 8.38 4.65

MD08-3192 3484.00 2421.50 1916.92 200.24 9.96 2127.12 8.38 4.75

MD08-3192 3557.00 2439.64 1930.91 201.99 10.06 2142.96 8.38 4.79

MD08-3192 3631.00 2462.44 1941.91 206.83 9.99 2158.73 8.39 4.89

MD08-3192 3704.00 2449.42 1927.86 207.17 9.80 2144.83 8.39 4.91

MD08-3192 3776.00 2450.65 1933.31 205.49 9.94 2148.75 8.39 4.87

MD08-3192 3842.00 2504.61 1955.67 218.45 9.68 2183.81 8.40 5.15

MD08-3192 3908.00 2476.57 1943.51 211.93 9.80 2165.24 8.39 5.01

MD08-3192 3974.00 2477.90 1946.18 211.40 9.85 2167.43 8.39 4.99

MD08-3192 4039.00 2441.85 1920.61 207.00 9.72 2137.33 8.39 4.90

MD08-3192 4105.00 2464.40 1939.77 208.49 9.89 2158.15 8.39 4.93

MD08-3192 4237.00 2483.86 1947.10 213.45 9.78 2170.33 8.40 5.04

MD08-3192 4289.00 2452.58 1930.14 207.54 9.82 2147.50 8.39 4.91

MD08-3192 4368.00 2442.05 1922.36 206.39 9.77 2138.51 8.39 4.89

MD08-3192 4597.00 2417.61 1909.98 201.44 9.82 2121.24 8.39 4.78

MD08-3192 4760.00 2438.19 1923.25 204.47 9.86 2137.57 8.39 4.85

MD08-3192 4842.00 2443.51 1921.42 207.35 9.72 2138.48 8.39 4.91

MD08-3192 4923.00 2442.13 1919.64 207.50 9.69 2136.83 8.40 4.92

MD08-3192 5005.00 2444.65 1925.28 206.27 9.81 2141.36 8.39 4.89

MD08-3192 5087.00 2471.65 1935.73 213.04 9.66 2158.43 8.40 5.04

MD08-3192 5168.00 2459.32 1929.26 210.63 9.68 2149.56 8.40 4.98

MD08-3192 5331.00 2429.39 1917.21 203.31 9.83 2130.36 8.39 4.82

MD08-3192 5413.00 2406.89 1905.06 199.07 9.86 2113.99 8.39 4.73

MD08-3192 5494.00 2395.55 1900.37 196.36 9.92 2106.65 8.38 4.67

MD08-3192 5576.00 2432.36 1917.81 204.28 9.80 2131.89 8.39 4.84

MD08-3192 5658.00 2450.85 1924.36 209.15 9.68 2143.19 8.40 4.95

MD08-3192 5739.00 2446.92 1919.55 209.48 9.61 2138.63 8.40 4.96

MD08-3192 5821.00 2468.75 1920.68 217.88 9.29 2147.85 8.41 5.15

MD08-3192 5902.00 2437.62 1912.17 208.66 9.55 2130.38 8.40 4.95

MD08-3192 6017.00 2455.14 1912.98 215.43 9.29 2137.71 8.41 5.10



MD08-3192 6066.00 2460.67 1918.38 215.52 9.35 2143.25 8.41 5.10

MD08-3192 6310.00 2468.94 1914.85 220.29 9.14 2144.28 8.42 5.21

MD08-3192 6555.00 2489.37 1932.20 221.65 9.28 2163.14 8.41 5.23

MD08-3192 6718.00 2462.91 1915.00 217.78 9.23 2142.01 8.41 5.15

MD08-3192 6800.00 2499.28 1934.07 224.94 9.19 2168.19 8.42 5.30

MD08-3192 6881.00 2481.64 1922.20 222.51 9.14 2153.85 8.42 5.25

MD08-3192 6963.00 2483.42 1924.14 222.46 9.16 2155.76 8.42 5.25

MD08-3192 7044.00 2516.33 1941.42 228.94 9.13 2179.48 8.42 5.39

MD08-3192 7126.00 2491.35 1925.61 225.09 9.08 2159.79 8.42 5.31

MD08-3192 7208.00 2461.51 1910.07 219.18 9.12 2138.38 8.42 5.18

MD08-3192 7289.00 2471.23 1920.48 218.97 9.25 2148.70 8.41 5.18

MD08-3192 7371.00 2481.17 1927.94 220.03 9.30 2157.26 8.41 5.20

MD08-3192 7452.00 2443.92 1905.24 213.98 9.26 2128.48 8.41 5.07

MD08-3192 7534.00 2464.55 1916.59 217.82 9.25 2143.65 8.41 5.15

MD08-3192 7615.00 2430.56 1899.87 210.72 9.32 2119.90 8.41 5.00

MD08-3192 7697.00 2419.62 1892.07 209.40 9.28 2110.75 8.41 4.97

MD08-3192 7963.00 2486.54 1928.64 221.93 9.23 2159.80 8.42 5.24

MD08-3192 8095.00 2496.54 1929.06 225.83 9.10 2163.98 8.42 5.33

MD08-3192 8228.00 2515.09 1929.69 233.13 8.85 2171.67 8.43 5.49

MD08-3192 8361.00 2487.96 1915.92 227.60 8.89 2152.40 8.43 5.37

MD08-3192 8494.00 2505.93 1930.73 228.98 9.01 2168.72 8.43 5.40

Site Age [yrs] TA (µmol/
kgSW)

HCO3 
(mmol/
kgSW)

CO3 
(mmol/
kgSW)

CO2 
(mmol/
kgSW)

DIC pH ΩCa 

ODP 980 110180 2451.62 1882.87 229.77 9.99 2122.63 8.22 5.37

ODP 980 110180 2448.63 1883.06 228.44 10.02 2121.53 8.22 5.34

ODP 980 110410 2431.04 1875.26 224.38 10.08 2109.72 8.22 5.26

ODP 980 110530 2421.79 1871.14 222.25 10.11 2103.50 8.22 5.21

ODP 980 111000 2409.38 1867.50 218.64 10.21 2096.35 8.21 5.13

ODP 980 111120 2401.38 1870.01 214.26 10.37 2094.63 8.21 5.03

ODP 980 111940 2469.47 1913.40 224.65 10.52 2148.56 8.21 5.24

ODP 980 112180 2428.24 1892.80 216.07 10.61 2119.49 8.20 5.06

ODP 980 112650 2419.44 1892.94 212.40 10.77 2116.11 8.20 4.98

ODP 980 113120 2433.68 1893.60 218.03 10.57 2122.20 8.20 5.11

ODP 980 113710 2451.37 1912.97 217.36 10.80 2141.14 8.20 5.08

ODP 980 113940 2429.36 1901.74 212.97 10.90 2125.61 8.19 4.99

ODP 980 114530 2407.94 1892.74 207.84 11.01 2111.59 8.19 4.88



ODP 980 115000 2419.23 1895.97 211.15 10.90 2118.03 8.19 4.95

ODP 980 115470 2446.05 1907.48 217.47 10.77 2135.71 8.20 5.09

ODP 980 115710 2434.59 1897.55 216.80 10.67 2125.03 8.20 5.08

ODP 980 116180 2398.44 1879.08 209.38 10.69 2099.15 8.20 4.92

ODP 980 116650 2408.62 1881.36 212.71 10.63 2104.70 8.20 4.99

ODP 980 117080 2418.75 1891.84 212.58 10.75 2115.17 8.20 4.99

ODP 980 117170 2423.73 1884.62 217.70 10.54 2112.85 8.20 5.10

ODP 980 117380 2387.95 1877.28 205.85 10.85 2093.98 8.19 4.84

ODP 980 117640 2460.71 1885.13 233.00 10.14 2128.28 8.20 5.44

ODP 980 117810 2439.18 1894.76 219.97 10.60 2125.33 8.20 5.15

ODP 980 117980 2491.44 1889.22 244.22 9.92 2143.37 8.20 5.68

ODP 980 118150 2464.72 1883.35 235.51 10.11 2128.96 8.19 5.50

ODP 980 118360 2490.92 1910.80 235.01 10.37 2156.17 8.20 5.47

ODP 980 118440 2492.31 1892.71 243.19 10.01 2145.91 8.19 5.66

ODP 980 118660 2366.54 1845.33 210.44 10.49 2066.26 8.18 4.96

ODP 980 118780 2447.94 1878.55 230.50 10.21 2119.27 8.19 5.39

ODP 980 118950 2446.88 1876.59 230.88 10.18 2117.65 8.19 5.40

ODP 980 119170 2465.96 1890.93 232.85 10.24 2134.02 8.19 5.43

ODP 980 119340 2457.18 1879.00 234.16 10.10 2123.25 8.19 5.47

ODP 980 119630 2479.23 1891.20 238.23 10.06 2139.49 8.20 5.55

ODP 980 119720 2433.35 1876.14 225.31 10.26 2111.71 8.20 5.28

ODP 980 119890 2412.33 1866.88 220.37 10.30 2097.55 8.20 5.17

ODP 980 120060 2407.18 1865.95 218.61 10.34 2094.90 8.20 5.13

ODP 980 120270 2462.66 1868.41 240.87 9.83 2119.11 8.20 5.62

ODP 980 120360 2400.60 1865.93 215.99 10.49 2092.41 8.19 5.07

ODP 980 120530 2419.98 1858.16 227.40 10.15 2095.71 8.19 5.33

ODP 980 120690 2435.72 1875.43 226.79 10.34 2112.55 8.18 5.31

ODP 980 120820 2427.27 1881.34 220.77 10.55 2112.65 8.18 5.17

ODP 980 120990 2439.31 1870.52 230.32 10.18 2111.03 8.19 5.39

ODP 980 121200 2423.71 1874.19 222.24 10.43 2106.86 8.19 5.21

ODP 980 121540 2483.51 1878.25 245.56 9.84 2133.65 8.19 5.72

ODP 980 121630 2442.48 1866.16 233.43 10.03 2109.62 8.19 5.46

ODP 980 121800 2413.64 1861.35 223.37 10.25 2094.97 8.19 5.24

ODP 980 121970 2438.06 1859.60 234.30 9.94 2103.84 8.19 5.48

ODP 980 122180 2458.21 1863.79 241.01 9.83 2114.62 8.19 5.63

ODP 980 122270 2452.03 1874.84 233.80 10.11 2118.74 8.19 5.46



ODP 980 122480 2474.16 1877.83 241.85 9.95 2129.62 8.19 5.64

ODP 980 122820 2502.03 1876.69 254.01 9.65 2140.35 8.19 5.90

ODP 980 122900 2481.79 1880.99 243.70 9.91 2134.61 8.19 5.68

ODP 980 123070 2480.95 1887.06 240.78 10.02 2137.86 8.19 5.61

ODP 980 123240 2485.66 1884.27 243.91 9.91 2138.09 8.20 5.68

ODP 980 123460 2498.69 1871.15 254.85 9.53 2135.54 8.20 5.93

ODP 980 123540 2488.92 1876.91 248.32 9.72 2134.95 8.20 5.78

ODP 980 123750 2511.67 1885.72 254.16 9.64 2149.52 8.20 5.90

ODP 980 124010 2491.12 1869.37 252.33 9.52 2131.22 8.20 5.87

ODP 980 124180 2508.35 1871.16 258.81 9.39 2139.37 8.21 6.01

ODP 980 124350 2479.42 1868.62 247.78 9.64 2126.04 8.20 5.77

ODP 980 124690 2483.62 1887.31 241.90 10.06 2139.27 8.19 5.63

ODP 980 124810 2451.08 1882.99 230.05 10.32 2123.36 8.19 5.38

ODP 980 125030 2408.47 1872.36 216.66 10.59 2099.61 8.18 5.09

ODP 980 125280 2448.21 1880.96 229.66 10.28 2120.90 8.19 5.37

ODP 980 125450 2433.76 1875.66 225.82 10.33 2111.81 8.19 5.29

ODP 980 125710 2465.69 1873.79 239.96 9.94 2123.68 8.19 5.60

ODP 980 126000 2373.55 1847.23 212.46 10.37 2070.06 8.19 5.01

ODP 980 126090 2416.59 1845.59 231.08 9.83 2086.50 8.20 5.42

ODP 980 126260 2454.78 1861.70 240.27 9.72 2111.69 8.20 5.61

ODP 980 126430 2421.49 1855.16 229.05 9.92 2094.13 8.20 5.37

ODP 980 126640 2406.67 1843.35 227.80 9.85 2081.00 8.20 5.35

ODP 980 126730 2456.73 1854.92 243.89 9.55 2108.36 8.21 5.70

ODP 980 126900 2484.01 1859.75 253.33 9.40 2122.49 8.21 5.90

ODP 980 127070 2458.44 1867.56 239.41 9.83 2116.80 8.20 5.59

ODP 980 127280 2352.53 1855.04 200.52 10.87 2066.43 8.18 4.74

ODP 980 127360 2388.96 1855.94 215.34 10.44 2081.73 8.18 5.07

ODP 980 127580 2426.98 1871.77 224.62 10.34 2106.72 8.19 5.26

ODP 980 127920 2309.51 1919.38 155.76 13.56 2088.69 8.18 3.70

ODP 980 127920 2303.53 1919.24 153.35 13.69 2086.28 8.17 3.65

ODP 980 128000 2285.23 1914.80 147.64 13.98 2076.42 8.17 3.52

ODP 980 128210 2294.94 1917.02 150.72 13.82 2081.55 8.17 3.59

ODP 980 128430 2298.56 1939.75 142.93 14.80 2097.48 8.16 3.40

ODP 980 128690 2378.47 1977.33 160.32 14.18 2151.83 8.17 3.78

ODP 980 128800 2363.37 1979.93 152.94 14.65 2147.51 8.17 3.62

ODP 980 129490 2469.61 1941.86 212.81 11.18 2165.85 8.21 4.97



ODP 980 129600 2476.35 1975.72 201.39 11.91 2189.03 8.21 4.70

ODP 980 129820 2425.97 1953.70 189.55 12.14 2155.40 8.21 4.45

ODP 980 129895 2436.66 1941.84 198.98 11.64 2152.47 8.21 4.66

ODP 980 130055 2554.69 2005.49 221.68 11.44 2238.61 8.22 5.14

ODP 980 130349 2532.01 1974.89 224.95 11.01 2210.84 8.23 5.22

ODP 980 130589 2540.28 1961.51 234.00 10.59 2206.09 8.23 5.42

ODP 980 130669 2538.05 1956.17 235.29 10.49 2201.95 8.23 5.45

ODP 980 130803 2367.91 1866.74 201.60 10.69 2079.03 8.21 4.75

ODP 980 131043 2496.28 1937.03 225.68 10.54 2173.25 8.23 5.25

ODP 980 131230 2499.70 1934.01 228.34 10.41 2172.76 8.24 5.31

ODP 980 131417 2500.14 1930.54 229.93 10.31 2170.78 8.24 5.35

ODP 980 131657 2534.64 1945.64 238.00 10.18 2193.83 8.25 5.52

ODP 980 131844 2526.31 1938.85 237.31 10.12 2186.27 8.25 5.51

ODP 980 131977 2464.42 1904.23 225.86 10.12 2140.21 8.24 5.27

ODP 980 132217 2492.51 1916.11 232.58 10.00 2158.69 8.25 5.42

ODP 980 132404 2513.55 1924.56 237.81 9.91 2172.28 8.26 5.53

ODP 980 132591 2473.53 1901.19 230.79 9.87 2141.85 8.25 5.39

ODP 980 132778 2477.87 1900.81 232.72 9.79 2143.32 8.26 5.43

ODP 980 132911 2455.98 1886.78 229.41 9.74 2125.93 8.26 5.36

ODP 980 133018 2586.41 1951.52 256.95 9.57 2218.04 8.27 5.93

ODP 980 133205 2505.16 1903.85 242.77 9.50 2156.12 8.27 5.65

ODP 980 133392 2521.55 1909.78 247.09 9.42 2166.29 8.27 5.74

ODP 980 133579 2464.93 1878.06 236.59 9.37 2124.02 8.27 5.53

ODP 980 133765 2433.02 1859.85 230.79 9.33 2099.97 8.27 5.41

ODP 980 133952 2386.27 1833.18 222.40 9.28 2064.85 8.28 5.24

ODP 980 134139 2507.99 1887.59 250.36 9.00 2146.95 8.29 5.82

ODP 980 134459 2399.73 1819.27 233.68 8.81 2061.77 8.29 5.49

ODP 980 134833 2359.00 1785.83 230.70 8.59 2025.12 8.28 5.45

ODP 980 135229 2383.77 1786.45 240.66 8.34 2035.45 8.29 5.67

ODP 980 135683 2365.25 1774.47 237.85 8.25 2020.58 8.30 5.61

ODP 980 136136 2410.73 1808.86 242.49 8.47 2059.82 8.30 5.69

ODP 980 136589 2451.58 1837.53 247.37 8.52 2093.42 8.31 5.79

ODP 980 137883 2398.63 1867.21 212.64 9.56 2089.41 8.32 5.01

ODP 980 139437 2385.96 1860.41 210.22 9.57 2080.20 8.31 4.96

ODP 980 140343 2387.49 1848.61 215.87 9.33 2073.81 8.31 5.09

ODP 980 141314 2470.05 1876.26 238.79 9.00 2124.05 8.31 5.58



ODP 980 142155 2548.52 1857.15 279.62 7.96 2144.74 8.33 6.48

ODP 980 142285 2535.42 1850.10 277.06 7.95 2135.10 8.33 6.42

Site Age Samples 
Florida

TA (µmol/
kgSW)

HCO3 
(mmol/
kgSW)

CO3 
(mmol/
kgSW)

CO2 
(mmol/
kgSW)

DIC pH ΩCa 

SO164-17-2 111827.5 2412.28 1621.66 324.08 6.72 1952.46 8.19 7.69

SO164-17-2 112100 2406.54 1624.72 320.42 6.80 1951.94 8.18 7.61

SO164-17-2 112300 2404.62 1630.68 317.08 6.89 1954.66 8.18 7.53

SO164-17-2 112900 2415.59 1605.19 333.02 6.59 1944.79 8.18 7.92

SO164-17-2 113100 2459.75 1624.02 343.56 6.58 1974.16 8.18 8.12

SO164-17-2 113700 2444.54 1632.43 333.52 6.75 1972.70 8.18 7.89

SO164-17-2 113900 2443.99 1640.82 329.85 6.88 1977.56 8.17 7.80

SO164-17-2 114500 2460.00 1649.49 333.08 6.93 1989.50 8.17 7.87

SO164-17-2 114700 2495.63 1648.04 349.00 6.76 2003.80 8.17 8.21

SO164-17-2 115300 2443.10 1648.42 326.04 6.95 1981.41 8.18 7.71

SO164-17-2 115500 2441.30 1641.41 328.26 6.87 1976.54 8.18 7.76

SO164-17-2 116125 2448.30 1622.58 339.25 6.61 1968.44 8.18 8.03

SO164-17-2 116375 2471.77 1623.60 348.89 6.53 1979.02 8.18 8.24

SO164-17-2 117375 2523.43 1639.45 364.35 6.51 2010.31 8.18 8.55

SO164-17-2 117625 2509.63 1634.08 360.87 6.52 2001.47 8.18 8.49

SO164-17-2 118375 2433.95 1620.18 334.84 6.75 1961.77 8.17 7.95

SO164-17-2 118625 2444.93 1619.81 339.70 6.70 1966.21 8.17 8.06

SO164-17-2 119375 2447.91 1616.40 342.34 6.63 1965.37 8.17 8.12

SO164-17-2 119625 2440.49 1613.41 340.33 6.61 1960.35 8.17 8.07

SO164-17-2 120375 2464.21 1623.81 346.15 6.65 1976.61 8.17 8.19

SO164-17-2 120625 2466.54 1630.10 344.68 6.75 1981.52 8.16 8.15

SO164-17-2 121375 2443.23 1617.05 340.28 6.70 1964.02 8.17 8.07

SO164-17-2 121625 2444.11 1613.17 342.31 6.64 1962.12 8.17 8.12

SO164-17-2 122375 2442.13 1610.36 342.80 6.64 1959.80 8.16 8.14

SO164-17-2 122625 2439.94 1611.56 341.42 6.67 1959.65 8.16 8.11

SO164-17-2 123097.5 2435.73 1605.17 342.24 6.60 1954.02 8.17 8.14

SO164-17-2 123160 2435.18 1604.32 342.36 6.59 1953.27 8.17 8.14

SO164-17-2 123347.5 2456.83 1600.54 353.26 6.46 1960.26 8.17 8.38

SO164-17-2 123410 2471.49 1598.87 360.29 6.39 1965.54 8.17 8.54

SO164-17-2 123597.5 2486.71 1594.90 368.52 6.29 1969.71 8.17 8.72

SO164-17-2 123660 2482.72 1593.94 367.20 6.29 1967.43 8.17 8.69

SO164-17-2 123847.5 2476.80 1597.05 363.08 6.31 1966.44 8.17 8.60



SO164-17-2 123910 2476.66 1601.12 361.17 6.34 1968.63 8.18 8.55

SO164-17-2 124097.5 2506.08 1615.99 367.22 6.36 1989.57 8.18 8.65

SO164-17-2 124160 2525.48 1621.11 373.30 6.33 2000.75 8.18 8.77

SO164-17-2 124347.5 2543.25 1631.07 376.69 6.38 2014.13 8.18 8.83

SO164-17-2 124410 2529.64 1638.26 367.85 6.52 2012.64 8.18 8.63

SO164-17-2 124597.5 2607.68 1690.63 378.89 6.77 2076.29 8.17 8.80

SO164-17-2 124660 2623.80 1703.32 380.22 6.81 2090.36 8.18 8.81

SO164-17-2 124847.5 2546.09 1689.32 352.77 6.98 2049.07 8.17 8.24

SO164-17-2 124910 2537.76 1678.02 354.13 6.91 2039.06 8.17 8.28

SO164-17-2 125937.5 2487.54 1639.58 348.99 6.67 1995.24 8.18 8.22

SO164-17-2 126562.5 2462.73 1622.15 345.61 6.54 1974.30 8.18 8.17

SO164-17-2 128437.5 2444.28 1660.82 322.10 7.26 1990.18 8.15 7.62

SO164-17-2 129062.5 2491.06 1666.06 339.49 7.02 2012.58 8.17 7.99

SO164-17-2 130375 2619.74 1661.37 395.48 6.25 2063.09 8.20 9.16

SO164-17-2 130625 2613.50 1654.69 395.53 6.18 2056.40 8.21 9.17

SO164-17-2 131375 2658.26 1642.17 419.71 5.86 2067.75 8.22 9.69

SO164-17-2 131625 2656.39 1639.89 419.70 5.82 2065.41 8.22 9.69

SO164-17-2 132375 2624.40 1610.34 418.27 5.62 2034.23 8.23 9.70

SO164-17-2 132625 2614.10 1596.16 419.85 5.52 2021.53 8.23 9.75

SO164-17-2 133375 2497.23 1574.12 378.80 5.61 1958.54 8.24 8.90

SO164-17-2 133625 2474.23 1563.92 373.14 5.56 1942.62 8.24 8.79

SO164-17-2 134375 2468.54 1527.44 385.79 5.19 1918.42 8.26 9.11

SO164-17-2 134625 2471.26 1520.93 389.67 5.12 1915.73 8.26 9.20

SO164-17-2 135877.5 2485.20 1495.17 406.33 4.85 1906.35 8.27 9.59

SO164-17-2 136460 2461.48 1491.90 397.64 4.89 1894.42 8.27 9.41

SO164-17-2 138207.5 2395.12 1469.27 378.53 4.80 1852.60 8.28 9.02

SO164-17-2 138792.5 2400.38 1468.65 381.09 4.79 1854.53 8.28 9.08

SO164-17-2 140540 2386.51 1472.49 373.84 4.89 1851.22 8.27 8.92

SO164-17-2 141122.5 2395.53 1479.02 374.92 4.93 1858.87 8.27 8.94

SO164-17-2 142451.2712 2457.62 1481.08 399.91 4.73 1885.72 8.28 9.46

Site Age [AD] TA (µmol/
kgSW)

HCO3  
(mmol/
kgSW)

CO3  
(mmol/
kgSW)

CO2  
(mmol/
kgSW)

DIC pH 
out ΩCa 

GeoB10709-5 1800.98 2474.08 1879.32 241.33 10.06 2130.71 8.18 5.63

GeoB10709-5 1804.85 2520.24 1884.59 258.51 9.71 2152.80 8.18 6.00

GeoB10709-5 1808.72 2503.71 1882.08 252.62 9.82 2144.52 8.18 5.87



GeoB10709-5 1812.59 2488.45 1875.93 248.79 9.87 2134.58 8.18 5.79

GeoB10709-5 1816.46 2467.55 1870.21 242.42 9.97 2122.60 8.18 5.66

GeoB10709-5 1820.33 2499.19 1886.64 248.82 9.95 2145.41 8.18 5.79

GeoB10709-5 1824.20 2503.54 1887.48 250.29 9.93 2147.70 8.18 5.82

GeoB10709-5 1828.07 2462.98 1868.83 241.09 10.00 2119.92 8.18 5.63

GeoB10709-5 1831.94 2452.50 1867.03 237.45 10.07 2114.55 8.18 5.55

GeoB10709-5 1835.81 2457.94 1866.40 239.99 10.00 2116.38 8.18 5.60

GeoB10709-5 1839.68 2530.96 1894.59 258.83 9.78 2163.19 8.19 6.00

GeoB10709-5 1843.55 2507.63 1881.00 254.72 9.77 2145.49 8.18 5.92

GeoB10709-5 1847.42 2455.50 1863.38 240.24 9.97 2113.59 8.18 5.61

GeoB10709-5 1851.29 2444.88 1865.42 234.95 10.13 2110.50 8.17 5.49

GeoB10709-5 1855.16 2482.61 1887.82 241.39 10.16 2139.36 8.18 5.62

GeoB10709-5 1859.03 2471.08 1884.57 237.92 10.23 2132.72 8.18 5.55

GeoB10709-5 1862.90 2466.92 1880.59 237.86 10.20 2128.65 8.18 5.55

GeoB10709-5 1866.77 2492.25 1891.97 243.72 10.15 2145.84 8.18 5.67

GeoB10709-5 1870.64 2514.67 1903.32 248.39 10.14 2161.85 8.18 5.77

GeoB10709-5 1874.51 2499.24 1895.55 245.18 10.17 2150.90 8.18 5.70

GeoB10709-5 1878.38 2459.59 1877.22 236.26 10.25 2123.73 8.17 5.52

GeoB10709-5 1882.25 2423.44 1861.37 227.80 10.36 2099.53 8.16 5.34

GeoB10709-5 1886.12 2476.93 1887.85 239.13 10.31 2137.29 8.17 5.57

GeoB10709-5 1889.99 2449.63 1871.00 234.77 10.29 2116.06 8.16 5.49

GeoB10709-5 1893.86 2435.04 1866.88 230.39 10.38 2107.64 8.16 5.39

GeoB10709-5 1897.73 2460.45 1885.34 233.30 10.46 2129.11 8.16 5.45

GeoB10709-5 1901.60 2446.20 1875.47 231.49 10.44 2117.40 8.16 5.41

GeoB10709-5 1905.47 2451.04 1883.96 229.99 10.57 2124.52 8.16 5.38

GeoB10709-5 1909.34 2467.28 1892.39 233.28 10.58 2136.25 8.16 5.44

GeoB10709-5 1913.21 2499.01 1914.92 237.18 10.68 2162.78 8.16 5.51

GeoB10709-5 1917.08 2464.47 1888.48 233.79 10.56 2132.83 8.16 5.46

GeoB10709-5 1920.00 2434.19 1873.89 227.24 10.62 2111.75 8.15 5.32

GeoB10709-5 1921.00 2428.05 1875.30 224.08 10.73 2110.11 8.15 5.25



GeoB10709-5 1922.00 2427.98 1876.45 223.58 10.76 2110.79 8.15 5.24

GeoB10709-5 1923.00 2427.79 1877.41 223.10 10.78 2111.30 8.15 5.23

GeoB10709-5 1924.00 2442.54 1883.21 226.85 10.73 2120.80 8.15 5.31

GeoB10709-5 1925.00 2455.23 1888.49 229.96 10.70 2129.15 8.15 5.37

GeoB10709-5 1926.00 2459.46 1894.13 229.38 10.77 2134.28 8.15 5.36

GeoB10709-5 1927.00 2463.72 1899.79 228.80 10.84 2139.43 8.15 5.34

GeoB10709-5 1928.00 2450.93 1896.43 224.86 10.93 2132.22 8.15 5.26

GeoB10709-5 1929.00 2435.73 1893.20 219.85 11.05 2124.11 8.15 5.15

GeoB10709-5 1930.00 2419.31 1888.71 214.87 11.17 2114.75 8.15 5.04

GeoB10709-5 1931.00 2406.24 1885.73 210.67 11.28 2107.68 8.14 4.95

GeoB10709-5 1932.00 2402.44 1886.17 208.90 11.35 2106.42 8.14 4.91

GeoB10709-5 1933.00 2402.13 1887.47 208.24 11.39 2107.09 8.14 4.89

GeoB10709-5 1934.00 2407.83 1888.38 210.25 11.33 2109.96 8.14 4.94

GeoB10709-5 1935.00 2423.04 1889.00 216.35 11.15 2116.50 8.14 5.07

GeoB10709-5 1936.00 2423.04 1890.98 215.53 11.20 2117.71 8.14 5.05

GeoB10709-5 1937.00 2413.16 1896.79 208.96 11.47 2117.22 8.14 4.90

GeoB10709-5 1938.00 2424.60 1903.49 210.94 11.47 2125.90 8.14 4.94

GeoB10709-5 1939.00 2452.66 1908.28 220.68 11.21 2140.17 8.15 5.16

GeoB10709-5 1940.00 2472.62 1910.39 228.17 11.01 2149.56 8.15 5.32

GeoB10709-5 1941.00 2471.84 1911.77 227.26 11.04 2150.08 8.15 5.30

GeoB10709-5 1942.00 2472.32 1913.24 226.84 11.07 2151.15 8.15 5.29

GeoB10709-5 1947.00 2489.47 1919.17 231.55 10.99 2161.71 8.15 5.39

GeoB10709-5 1948.00 2459.32 1909.76 222.85 11.16 2143.77 8.15 5.20

GeoB10709-5 1949.00 2434.12 1897.40 217.48 11.21 2126.09 8.14 5.09

GeoB10709-5 1950.00 2418.32 1888.23 214.72 11.21 2114.16 8.14 5.04

GeoB10709-5 1951.00 2416.65 1878.77 217.99 11.03 2107.78 8.14 5.11

GeoB10709-5 1952.00 2439.31 1879.53 227.15 10.78 2117.46 8.14 5.32

GeoB10709-5 1953.00 2422.87 1888.70 216.44 11.18 2116.32 8.14 5.07

GeoB10709-5 1954.00 2413.89 1897.35 209.07 11.50 2117.92 8.14 4.91

GeoB10709-5 1955.00 2440.51 1907.64 215.91 11.38 2134.92 8.14 5.05



GeoB10709-5 1956.00 2460.10 1904.17 225.58 11.07 2140.81 8.14 5.27

GeoB10709-5 1957.00 2454.24 1900.71 224.58 11.07 2136.36 8.14 5.25

GeoB10709-5 1958.00 2426.45 1899.21 213.58 11.40 2124.19 8.14 5.01

GeoB10709-5 1959.00 2421.89 1897.38 212.46 11.43 2121.27 8.14 4.98

GeoB10709-5 1960.00 2435.43 1902.66 215.92 11.38 2129.97 8.14 5.06

GeoB10709-5 1961.00 2448.93 1907.65 219.50 11.33 2138.48 8.14 5.13

GeoB10709-5 1962.00 2460.59 1912.97 222.17 11.30 2146.44 8.14 5.19

GeoB10709-5 1963.00 2470.51 1917.04 224.63 11.27 2152.94 8.14 5.24

GeoB10709-5 1964.00 2462.53 1908.25 224.98 11.19 2144.42 8.14 5.25

GeoB10709-5 1965.00 2454.80 1899.41 225.45 11.10 2135.96 8.13 5.27

GeoB10709-5 1966.00 2441.64 1888.70 224.44 11.06 2124.19 8.13 5.25

GeoB10709-5 1967.00 2440.03 1884.26 225.64 10.99 2120.89 8.13 5.28

GeoB10709-5 1968.00 2438.18 1884.17 224.91 11.02 2120.10 8.13 5.27

GeoB10709-5 1969.00 2435.68 1884.54 223.73 11.08 2119.35 8.13 5.24

GeoB10709-5 1970.00 2433.55 1884.75 222.77 11.12 2118.64 8.13 5.22

GeoB10709-5 1971.00 2446.05 1892.32 224.84 11.14 2128.30 8.13 5.26

GeoB10709-5 1972.00 2473.12 1904.93 230.92 11.09 2146.94 8.13 5.39

GeoB10709-5 1973.00 2493.23 1916.30 234.63 11.11 2162.04 8.13 5.46

GeoB10709-5 1974.00 2503.28 1929.22 233.45 11.26 2173.93 8.13 5.43

GeoB10709-5 1975.00 2495.87 1931.42 229.43 11.41 2172.25 8.13 5.34

GeoB10709-5 1976.00 2470.68 1925.66 221.28 11.61 2158.56 8.12 5.16

GeoB10709-5 1977.00 2444.96 1918.65 213.47 11.82 2143.94 8.12 4.99

GeoB10709-5 1978.00 2425.72 1913.70 207.51 11.99 2133.21 8.11 4.86

GeoB10709-5 1979.00 2426.97 1918.42 206.08 12.10 2136.60 8.11 4.83

GeoB10709-5 1980.00 2434.83 1927.31 205.67 12.23 2145.21 8.11 4.82

GeoB10709-5 1981.00 2439.59 1933.99 204.88 12.34 2151.21 8.11 4.79

GeoB10709-5 1982.00 2440.04 1937.09 203.79 12.43 2153.30 8.11 4.77

GeoB10709-5 1983.00 2437.61 1937.61 202.58 12.50 2152.68 8.11 4.74

GeoB10709-5 1984.00 2434.84 1937.98 201.28 12.57 2151.83 8.11 4.71

GeoB10709-5 1985.00 2439.28 1938.29 203.03 12.52 2153.84 8.11 4.75



GeoB10709-5 1987.00 2448.37 1940.51 205.95 12.48 2158.94 8.10 4.81

GeoB10709-5 1988.00 2442.57 1942.32 202.79 12.64 2157.76 8.10 4.74

GeoB10709-5 1989.00 2432.34 1943.22 198.16 12.85 2154.22 8.10 4.64

GeoB10709-5 1990.00 2414.24 1939.37 192.22 13.06 2144.64 8.09 4.51

GeoB10709-5 1993.00 2386.08 1923.75 187.04 13.14 2123.92 8.09 4.40

GeoB10709-5 1994.00 2392.17 1927.10 188.19 13.15 2128.45 8.09 4.43

GeoB10709-5 1995.00 2388.94 1930.05 185.63 13.32 2129.00 8.08 4.37

GeoB10709-5 1996.00 2384.05 1932.76 182.48 13.51 2128.75 8.08 4.30

GeoB10709-5 1997.00 2397.67 1940.92 184.76 13.51 2139.19 8.08 4.34

GeoB10709-5 1998.00 2418.75 1950.02 189.80 13.43 2153.24 8.08 4.45

GeoB10709-5 1999.00 2441.79 1959.07 195.67 13.30 2168.04 8.08 4.58

GeoB10709-5 2000.00 2458.65 1959.85 202.42 13.05 2175.32 8.08 4.73

II) Coccolith data from SYRACO

Sample Geo-
far KF16 (A-
zores)

Sample 
depth [cm]

Age [yrs] Number of 
coccoliths

Noelaerhabdaceae 
mean coccolith 
weight (pg)

1000 000-001 104.80 3072 6.49

1001 002-003 524.00 191 4.79

1002 003-004 733.60 1043 5.56

1003 004-005 943.20 1098 6.35

1004 005-006 1152.80 133 5.63

1005 006-007 1362.40 886 5.48

1006 007-008 1572.00 872 5.49

1007 008-009 1696.66 1011 6.21

1008 009-010 1821.31 811 5.30

1009 010-011 1945.97 939 6.73

1010 011-012 2070.63 1074 6.22

1011 012-013 2195.28 448 5.81

1012 013-014 2319.94 147 6.13

1013 014-015 2444.59 372 6.71

1014 015-016 2569.25 431 5.83

1015 016-017 2693.91 2471 6.40

1016 017-018 2818.56 569 6.23



1017 018-019 2943.22 798 6.39

1018 019-020 3067.88 293 6.48

1019 020-021 3192.53 812 6.54

1020 021-022 3317.19 493 6.42

1021 022-023 3441.84 585 5.89

1022 023-024 3566.50 237 6.45

1023 024-025 3706.07 207 6.92

1024 025-026 3845.64 571 7.09

1025 026-027 3985.21 533 7.67

1026 027-028 4124.78 1341 7.77

1027 028-029 4264.35 667 5.88

1028 029-031 4473.70 1602 7.25

1029 032-033 4822.62 1730 7.13

1030 034-035 5101.76 952 6.14

1031 039-040 5799.61 172 7.72

1032 042-043 5993.23 3249 8.04

1033 044-045 6108.67 1580 7.54

1034 049-050 6397.27 402 7.32

1035 052-053 6570.43 279 6.91

1036 054-055 6685.87 196 7.12

1037 059-060 6974.46 180 6.36

1038 062-063 7147.62 153 8.83

1039 064-065 7263.06 255 6.18

1040 069-070 7551.66 859 6.70

1041 072-073 7724.82 221 7.33

1042 074-075 7840.26 470 7.62

1043 079-080 8112.50 596 6.70

1044 082-083 8187.50 420 7.14

1045 084-085 8237.50 866 8.06

1046 089-090 8421.89 182 6.22

1047 092-093 8568.15 140 7.46

1048 094-095 8665.66 622 6.72

1049 100-101 8958.19 325 6.95

1050 102-103 9055.70 188 6.64

1051 104-105 9153.21 143 7.61

1052 109-110 9396.99 744 6.57



Sample 
MD08-3192 
(Vøring Pla-
teau)

Sample 
depth [cm]

Age [yrs] Number of 
coccoliths

Noelaerhabdaceae 
mean coccolith 
weight (pg)

1001 000-001 0.00 489 10.83

1002 012-013 911.36 850 8.56

1003 036-037 1290.10 824 8.69

1004 048-049 1479.47 792 8.12

1005 072-073 1895.29 1431 7.52

1006 084-085 2128.93 1134 7.73

1007 108-109 2596.23 1084 7.84

1008 120-121 2829.87 457 7.60

1009 144-145 3297.16 601 6.53

1010 156-157 3521.01 692 6.78

1011 180-181 3929.45 657 7.44

1012 192-193 4133.68 387 7.40

1013 216-217 4542.13 424 7.32

1014 228-229 4746.35 319 7.23

1015 252-253 5154.80 456 7.73

1016 264-265 5359.02 902 6.75

1017 288-289 5767.47 505 6.89

1018 300-301 5971.69 489 6.43

1019 324-325 6380.14 446 7.50

1020 336-337 6584.36 368 7.17

1021 360-361 6992.81 654 7.77

1022 372-373 7197.04 839 6.84

1023 396-397 7605.48 553 6.78

1024 408-409 7815.34 731 7.44

1025 432-433 8363.56 640 6.57

1026 444-445 8637.67 1187 6.88

1027 468-469 9185.90 730 6.39

1028 480-481 9460.01 806 7.02

1029 504-505 10008.23 921 6.24

1030 516-517 10282.34 982 6.30

1031 540-541 10830.57 1021 6.65

1032 552-553 11104.68 504 7.56

1033 576-577 11652.90 1092 7.79

1034 588-589 11927.01 1176 8.47

1035 612-613 12475.23 826 7.99

1036 624-625 12749.35 373 7.17

1037 648-649 13297.57 740 8.23



1038 660-661 13571.68 588 8.00

1039 684-685 14119.90 392 8.21

1040 696-697 14394.01 440 7.67

1041 720-721 14942.24 331 7.70

1042 732-733 15216.35 917 8.01

Sample ODP 
Site 980 
(Rockall Pla-
teau) Holo-
cene

depth Sample depth 
[cm]

Age [yrs] Number of cocco-
liths

Noelaerhabdaceae 
mean coccolith 
weight (pg)

1001 B1H1 2 - 4 
cm

2.50 539.10 279 7.96

1002 B1H1 20 - 22 
cm

21.00 937.50 728 7.77

1003 B1H1 30 - 32 
cm

30.50 1142.10 907 7.96

1004 B1H1 44 - 46 
cm

44.50 1657.50 583 6.96

1005 B1H1 54 - 56 
cm

54.50 2124.50 287 6.49

1006 B1H1 68 - 70 
cm

69.50 2854.40 477 6.67

1007 B1H1 85 - 87 
cm

86.50 3602.17 562 5.65

1008 B1H1 97 - 99 
cm

97.50 4265.70 760 5.94

1009 B1H1 105 - 
107 cm

106.00 4750.30 281 6.00

1010 B1H1 111 - 
113 cm

114.50 5103.20 626 6.08

1011 B1H1 117 - 
119 cm

117.50 5279.80 320 6.21

1012 B1H1 127 - 
129 cm

127.50 6041.80 405 5.48

1013 B1H1 134 - 
136 cm

134.50 6575.20 1001 6.03

1014 B1H1 145 - 
147 cm

146.00 7087.30 810 5.94

1015 B1H2 9 - 11 
cm

159.50 7624.40 569 5.58

1016 B1H2 22.5 - 
25 cm

171.00 8046.50 1096 5.66

1017 B1H2 30 - 32 
cm

180.50 8595.38 1211 5.58

1018 B1H2 40 - 42 
cm

191.00 9202.10 494 6.15

1019 B1H2 50 - 52 
cm

200.00 9602.88 933 6.20

1020 B1H2 59 - 60 
cm

209.00 9854.46 2025 6.01

1021 B1H2 95 - 97 
cm

246.00 10929.10 711 5.96

1022 B1H2 127 - 
129 cm

278.00 11909.51 1305 5.82



1023 B1H2 133 - 
135 cm

284.00 12093.33 1008 5.52

1024 B1H2 137 - 
139 cm

288.00 12215.90 919 5.49

1025 B1H2 141 - 
143 cm

292.00 12338.48 625 5.93

1026 B1H3 0 - 2 
cm

301.00 12662.40 312 7.27

1027 B1H3 5 - 7 
cm

306.00 12863.80 531 6.16

1028 B1H3 13 - 15 
cm

314.00 13186.04 319 7.37

1029 B1H3 27 - 29 
cm

328.00 13749.96 148 6.36

1030 B1H3 43 - 45 
cm

344.00 14394.44 547 6.50

Sample 
MD08-3192 
(Vøring Pla-
teau)

Sample 
depth [cm]

Age [yrs] Number of 
coccoliths

Noelaerhabdaceae 
mean coccolith 
weight (pg)

1001 000-001 0.00 489 10.83

1002 012-013 911.36 850 8.56

1003 036-037 1290.10 824 8.69

1004 048-049 1479.47 792 8.12

1005 072-073 1895.29 1431 7.52

1006 084-085 2128.93 1134 7.73

1007 108-109 2596.23 1084 7.84

1008 120-121 2829.87 457 7.60

1009 144-145 3297.16 601 6.53

1010 156-157 3521.01 692 6.78

1011 180-181 3929.45 657 7.44

1012 192-193 4133.68 387 7.40

1013 216-217 4542.13 424 7.32

1014 228-229 4746.35 319 7.23

1015 252-253 5154.80 456 7.73

1016 264-265 5359.02 902 6.75

1017 288-289 5767.47 505 6.89

1018 300-301 5971.69 489 6.43

1019 324-325 6380.14 446 7.50

1020 336-337 6584.36 368 7.17

1021 360-361 6992.81 654 7.77

1022 372-373 7197.04 839 6.84

1023 396-397 7605.48 553 6.78

1024 408-409 7815.34 731 7.44

1025 432-433 8363.56 640 6.57



1026 444-445 8637.67 1187 6.88

1027 468-469 9185.90 730 6.39

1028 480-481 9460.01 806 7.02

1029 504-505 10008.23 921 6.24

1030 516-517 10282.34 982 6.30

1031 540-541 10830.57 1021 6.65

1032 552-553 11104.68 504 7.56

1033 576-577 11652.90 1092 7.79

1034 588-589 11927.01 1176 8.47

1035 612-613 12475.23 826 7.99

1036 624-625 12749.35 373 7.17

1037 648-649 13297.57 740 8.23

1038 660-661 13571.68 588 8.00

1039 684-685 14119.90 392 8.21

1040 696-697 14394.01 440 7.67

1041 720-721 14942.24 331 7.70

1042 732-733 15216.35 917 8.01

Sample ODP 
Site 980 
(Rockall Pla-
teau) Termi-
nation II

depth Sample depth 
[m]

Age [yrs] Number of cocco-
liths

Noelaerhabdaceae 
mean coccolith 
weight (pg)

1001 980C 3-1-97 14.86 116861.29 1899 5.17
1002 980C 3-1-110 14.99 117509.50 1289 5.12
1003 980C 3-1-

149
15.38 119166.00 1235 5.25

1004 980C 3-2-10 15.49 119633.00 2004 5.00
1005 980C 3-2-40 15.79 120907.00 2113 5.25
1006 980C 3-2-55 15.94 121544.00 3017 5.32
1007 980C 3-2-80 16.19 122606.27 2395 5.30
1008 980C 3-2-

100
16.39 123456.00 3882 5.33

1009 980C 3-2-110 16.49 123880.40 2876 5.58
1010 980C 3-2-

139
16.78 125112.00 1693 5.47

1011 980C 3-2-
149

16.88 125536.25 1655 5.52

1012 980C 3-3-10 16.99 126004.00 1594 5.44
1013 980C 3-3-29 17.18 126811.17 1177 5.81
1014 980C 3-3-40 17.29 127278.00 564 6.19
1015 980C 

3-3-49.5
17.39 127681.46 1640 5.70

1016 980C 3-3-55 17.44 127915.00 156 7.71
1017 980C 

3-3-62.5 
17.52 128293.50 326 6.04

1018 980C 3-3-74 17.64 128939.35 162 7.45



1019 980C 3-3-80 17.70 129260.11 49 6.25
1020 980C 3-3-85 17.75 129532.24 392 6.00
1021 980C 3-3-89 17.78 129708.10 165 7.58
1022 980C 3-3-

101
17.90 130349.00 191 6.24

1023 980C 3-3-110 17.99 130829.67 286 6.24
1024 980C 3-3-

121
18.10 131417.00 320 5.32

1025 980C 3-3-
129A

18.18 131844.00 374 5.58

1026 980C 3-3-
143

18.32 132591.00 704 5.18

Sample 
SO164-17-2 
(Florida 
Strait) Ter-
mination II

Sample 
depth [cm]

Age [yrs] Number of 
coccoliths

Noelaerhabdaceae 
mean coccolith 
weight (pg)

1001 350.50 111827.50 105 12.77

1002 352.50 112100.00 111 10.74

1003 353.50 112300.00 233 10.95

1004 356.50 112900.00 148 11.65

1005 357.50 113100.00 228 11.68

1006 360.50 113700.00 91 12.87

1007 361.50 113900.00 82 13.04

1008 364.50 114500.00 192 11.60

1009 365.50 114700.00 217 10.57

1010 368.50 115300.00 236 11.93

1011 369.50 115500.00 174 11.06

1012 372.50 116125.00 214 10.83

1013 373.50 116375.00 325 10.44

1014 377.50 117375.00 216 10.43

1015 378.50 117625.00 237 10.76

1016 381.50 118375.00 210 10.08

1017 382.50 118625.00 170 9.81

1018 385.50 119375.00 165 11.54

1019 386.50 119625.00 148 11.31

1020 389.50 120375.00 197 11.92

1021 390.50 120625.00 123 11.76

1022 393.50 121375.00 184 11.18

1023 394.50 121625.00 256 9.25

1024 397.50 122375.00 137 12.03

1025 398.50 122625.00 347 10.77

1026 401.50 123097.50 152 10.48



1027 402.50 123160.00 352 10.13

1028 405.50 123347.50 258 10.54

1029 406.50 123410.00 376 10.96

1030 409.50 123597.50 172 11.18

1031 410.50 123660.00 331 10.88

1032 413.50 123847.50 273 9.61

1033 414.50 123910.00 272 9.80

1034 417.50 124097.50 314 10.29

1035 418.50 124160.00 214 9.18

1036 421.50 124347.50 559 10.30

1037 422.50 124410.00 617 9.97

1038 425.50 124597.50 518 10.49

1039 426.50 124660.00 613 10.82

1040 429.50 124847.50 759 11.94

1041 430.50 124910.00 634 11.79

1042 433.50 125937.50 410 11.92

1043 434.50 126562.50 427 9.42

1044 437.50 128437.50 230 11.08

1045 438.50 129062.50 356 8.86

1046 441.50 130375.00 149 9.38

1047 442.50 130625.00 291 9.72

1048 445.50 131375.00 365 7.50

1049 446.50 131625.00 251 8.47

1050 449.50 132375.00 506 6.89

1051 450.50 132625.00 334 7.66

1052 453.50 133375.00 345 7.38

1053 454.50 133625.00 372 6.42

1054 457.50 134375.00 348 6.38

1055 458.50 134625.00 347 5.63

1056 461.50 135877.50 479 5.33

1057 462.50 136460.00 603 5.33

1058 465.50 138207.50 420 5.26

1059 466.50 138792.50 870 5.12

1060 469.50 140540.00 780 5.27

1061 470.50 141122.50 422 5.39

1062 473.50 142451.27 1155 5.55

1063 474.50 142752.12 682 5.72



Sample 
GeoB 10709-
5 (Gulf of 
Taranto) 
past 200 ye-
ars

Sample 
depth (mm)

Age AD Number of 
coccoliths

Noelaerhabdaceae 
mean coccolith 
weight (pg)

1001 0.00 2006.00 850 9.03

1002 5.00 2001.73 942 9.42

1003 10.00 1997.45 633 8.95

1004 15.00 1993.18 738 8.57

1005 17.50 1991.04 278 10.69

1006 20.00 1988.91 1219 9.38

1007 25.00 1984.63 449 9.82

1008 30.00 1980.36 691 9.04

1009 35.00 1976.09 356 9.87

1010 40.00 1971.81 506 8.95

1011 45.00 1967.54 517 9.74

1012 52.50 1961.13 643 9.54

1013 55.00 1958.99 155 11.33

1014 57.50 1956.85 584 10.19

1015 60.00 1954.72 598 8.70

1016 65.00 1950.44 799 9.00

1017 70.00 1946.17 899 9.82

1018 75.00 1941.90 560 10.33

1019 80.00 1937.62 802 9.51

1020 85.00 1933.35 807 8.96

1021 90.00 1929.08 482 9.54

1022 92.50 1926.94 1080 8.74

1023 100.00 1920.53 995 8.78

1024 105.00 1916.26 757 8.92

1025 110.00 1911.98 453 9.49

1026 112.50 1909.85 202 8.15

1027 115.00 1907.71 1219 8.95

1028 122.50 1901.30 541 8.69

1029 125.00 1899.16 925 8.54

1030 130.00 1894.89 1786 9.63

1031 135.00 1890.62 1356 9.48

1032 140.00 1886.34 1758 9.29

1033 145.00 1882.07 1140 9.06

1034 150.00 1877.79 928 8.76

1035 155.00 1873.52 1191 9.18

1036 160.00 1869.25 2321 11.02



1037 162.50 1867.11 331 9.68

1038 165.00 1864.97 1172 9.58

1039 170.00 1860.70 1417 9.27

1040 175.00 1856.43 1107 10.07

1041 180.00 1852.15 1764 10.00

1042 185.00 1847.88 884 9.36

1043 190.00 1843.61 1095 9.64

1044 195.00 1839.33 1490 10.22

1045 202.50 1832.92 347 9.33

1046 205.00 1830.79 1437 9.71

III) Established age model of site MD08-3192
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Age BP 2000 [yrs](a* MD95-2011) depth (cm)(a* MD08-3192)

839,4316364 7,441944483

1699,601536 61,9494667

3452,986754 152,0032242

7793,246626 407,0328065

11874,68953 585,7094699

IV) Brightness controll of the microscope bulb
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