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1 Abstract

The present thesis investigates the influence of various@miental parameters on
the physiology of coccolithophores, focusing on the preagdshiogenic calcification in
regard to variations in the ocean’s calcium and magnesiumerdrations, as well as to

changes in the macronutrient concentrations and in theadeagarbonate chemistry.

Oceanic calcium and magnesium concentrations changeticdiyssince the appear-
ance of coccolithophores 225 million years ago. By produyonassive depositions of cal-
careous sediments during the Cretaceous (145-65 Ma), lathoghores played an active
role in this major change in ocean chemistry. A recent hygsithclaims that the low sea-
water Mg/Ca ratio at that era4(1 compared to 5 in the present ocean) induced enhanced
reproduction and calcification of coccolithophores. Trauhs presented within this the-
sis reveal, however, that this hypothesis is not valid fertiio coccolithophore species
Emiliania huxleyiand Coccolithus braarudii Physiological rates (division rate, photo-
synthesis, calcification and chlorophylproduction) were actually reduced (by up to
50%) inE. huxleyiat Cretaceous Mg/Ca ratios due to an increased seawatemoalon-
centration, whereas the response in the larger sp€cibsaarudiiwas less pronounced.
Furthermore, a decreased chloroplg/lproduction was associated with an increase of
the magnesium to calcium ratio in the calcitic cover of theegtigated coccolithophores.
The calcium and magnesium isotopic signals of the cocsolitere determined and the
physiological influence is discussed. The conclusions dremphazise the relevance of

the physiology for magnesium based paleoproxies in catwgihores, and it is revealed
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that the seawater calcium concentration is the main faaftwencing coccolithophorid

physiology rather than the seawater magnesium concearirati

On short time scales (< 1000 years) the oceans’ calcium agd@saum concentrations
are constant, so that other environmental parameters piyrimdluence coccolithophorid
calcification, like nutrient supply and light availability the surface mixed layer.

Under nutrient and light replete conditions calcificatiarE. huxleyioccurs in a spe-
cific phase of the cellular division cycle, namely the G1 ghagvhen cellular growth
was limited by nitrogen, cells decreased in size, remaindgte G1 phase and showed a
moderate increase in the cell-specific calcite contentitainon of growth through phos-
phorus, however, caused an enlargement in cell size andh@aticaincrease in cellular
calcite content. Light limitation, by prolonging the timells spent in the G1 phases, re-
duced the growth rate with a corresponding increase in tlhéaecalcite content. These
results help to explain the differing responses of codaophorid growth and calcifica-

tion to nitrogen, phosphorus and light limitation in theeetocean.

The ongoing anthropogenic release(@, to the atmosphere since the industrial rev-
olution leads to major shifts in the carbonate chemistryhefdcean. Invasion of atmo-
sphericCO, into the upper ocean consequently increases the aqu@ticconcentration
and decreases the oceapld, termed as ocean carbonation/acidification. The effect of
ocean acidification was tested on two coccolithophore sgesith regard to the imme-
diate (hours to a day) and the long-term (days to monthsresp The results were
compared to previous published studies and revealed astenspicture. A decreased
cellular calcification rate, as reported in the literatuvas measured after 8 hours to high
CO, exposure and remained impaired over months of clonal regtaxh. Furthermore,
it was indicated that a gradu@lO, increase did not alleviate observpd/CO, sensi-
tivities. Organic carbon production per biomass, on theotiand, remained constant or
decreasedH. huxleyiandC. braarudii, respectively) under long-term higlO, exposure.

These observations are consistent with those obtaineddhamt-term experiments.
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Oceanic production of organic carbon addCO3 by marine flora and fauna 'play’ a
major role in the Earth’s cycling of carbon and calcium. QGuitbophores, as a major
phytoplankton group, are involved in both cycles and arevegit in the regulation of the

seewater calcium carbonate saturation state since thezdieso
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2 General introduction

Coccolithophores (one major group of marine phytoplank&se unicellular protists,
that belong to the phylum 'haptophyta’ and are charactdrizge calcitic plates (cocco-
liths) surrounding the cell. Furthermore, the coccolithoges are morphologically sub-
divided by the architecture of the coccoliths into two greughe holococcolithophores
and heterococcolithophores, whereby the holococcolithogs are certainly the haploid
(sexual stage with one chromosome set) life stage withinithecycle of the hetero-
coccolithophores (two homologous copies of the chromosssheYoung et al. (2005)).
Heterococcoliths are precipitated intracellular in a @ditic vesicle, actively transported
and released to the cells surface. In contrast, evidengmsigghat the more simple struc-
tered holococcoliths are precipitated at the cells’ s@fdoung et al. 1999). However, in
both ways the cell biologically controls the crystal growlihection, leading to a variety
of coccolith morphostructures.

Since the evolution of coccolithophores 25 million years ago), most of the 4000
morphological diversified species are extinct today andiaB80 species are described
in the recent ocean, whereby 90 are holococcolithophorasnyy et al. 2005). Only two
species out of these 190 (excluding holococcolithophaaes)apable to form massive
blooms in the oceans’ surface water, nantemiliania huxleyiandGephyrocapsa ocean-

ica.
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2.1 Coccolithophores and biogeochemical cycles

The ocean is a crucial part in the biogeochemical cycles ef&arth’s elements and
represents a considerable interface between the atmespheérthe lithosphere. Cocco-
lithophores, as a major planktonic group, are involved andicling of several elements
by uptake and incorporation into organic and inorganic emait by gaseous release (e.g.
O, and dimethyl sulfide). Biologically active elements (C, Q,®\ S, Fe) are cycled on
short (days to a millenium) and geological time scales. El@siwith a high oceanic res-
idence time, like Ca and Mg (residence time of: 1 and 13 nml{iears, respectively), are
mainly modified in their oceanic concentration over geatagiiime scales due to changes
in seafloor spreading rates. In the following the carbon heatalcium cycles are empha-

sized. Both cycles are tightly linked to each other over ggichl time scales.

2.1.1 The carbon cycle

For the last 225 million years coccolithophores play a rplétrole in the fate of in-
organic and organic carbon in the Earth’s system. Globdlarais stored in different
reservoirs, which are coupled with each other on varying tstales. The biggest carbon
reservoir on earth is the lithosphere with0 million Pg C, followed by the ocean with
40.000 Pg C (mainly in the form of DIC, 'dissolved inorganic carbon’)oth reservoirs
are connected by the sediment which contdi®$Pg C. The terrestial biosphere con-
tributes2.000 Pg C to the global budget and the atmosphere addg C, mainly in the
form of carbon dioxideO,). The concentration afO, in the present atmosphere aver-
ages380 parts per million and is steadily increasing due to anthgapic activities such
as fossil fuel combustion, deforestation, cement prodaaind changes in land use by a
rate of abouB.3 Pg C year—t. On short time scales (days to a millenium) the lithosphere
is negligible for the fluxes of carbon in the system and thesatean plays a dominant
role (replacing the lithosphere as the biggest carbonvesgin the fate of carbon. Coc-
colithophores contribute to the photosynthetic fixatiol@of, in the euphotic zone of the

upper ocean and the export of organic material into the deeprg which causes a draw
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Figure 2.1: Scheme of the global carbon cycle in relevance to the oceanshOrt time scales
the carbon cycle can be followed by the filled arrows: [1] Ongacarbon pump; [2] inorganic
carbon counter pump; [3] rain ratio; [4] sedimentation of ganic and inorganic carbon; [5]
anthropogenic release @fO,. On geological time scales the carbon cycle can be followethée
open arrows: [I] Sedimentation of organic and inorganic ban; [Il] subduction of carbonates
and organic carbon; [lll] formation of carbonate rocks andsil fuels; [IV] volcanism and re-
lease ofCO, into the atmosphere; [V] weathering of carbonate rocks;][Mrer input of HCO53,
Ca?* and nutrients. See text for details.

down of CO, in the surface ocean, termed as the organic carbon pumpZHifl]). On

the other hand the biogenic production and export of calatanbonate counteracts the
photosynthetical draw down 6fO, by altering the marine carbonate system towards a net
release ofCO, [2]. Parts of the biologically bound matter are remineralised lzecome
available again for phytoplankton in the surface ocpar]. The strength of th€ O,
draw down from the upper into the deep ocean is describedebsath ratio Cinorg : Corg

[3]). Thus, the rain ratio alters the flux 610, between the atmosphere and the surface
ocean by export of carbon to the deep ocean. Coccolithoplpbeg an important role for

the rain ratio, not only because of particulate organic amaganic production but also
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due to a ballast effect of accumulating coccolith-calcithhwrganic matter (Armstrong
et al. 2002; Klaas and Archer 2002). Calcite enriched pdadibave an increased sedi-
mentation speed and an elevated potential to sink to the odlesgn before they can be
remineralised. As a consequence thereof, calcitic manoe snay increase the strength
of the organic carbon pump (Hofmann and Schellnhuber 2@®jimentation of calcium
carbonate dominantly occurs above the calcite compemsdépth (CCD). It represents
the depth at which the rate of calcium carbonate accumula&iials the rate of calcium
carbonate dissolution. Dissolution@hCO3 starts at the lysoclinex 300 — 800 m above
the CCD), where the water is undersaturated in respeChfdO3. This is described by
a calcite saturation stat@) below 1. Accumulation and formation time of sediments by
coccolithophorid material varies fron) mm to 100 mm per thousand years (Baumann
et al. 2004).

Marine sediments form the interface between the ocean anlithlosphere. Continu-
ous deposition and burial of calcerous matefiploccurs at~ 48 % of the ocean’s floor
(Rothschild 2005), even calcerous sediments are limitetbfiths above the CCD. Plate
tectonic movements push the seafloor under continentalinsagg the site of subduc-
tion zonedll] . Forced deeper into the earth, the former marine sedimentsdarbonate
rocks, mainly limestone, dolomit€e@CO3, CaMg(CO3),, respectively) and fossil fu-
els[lll] . CO; is released from the lithosphere primarily by volcanic\atti[IV] and
partly by non-volcanic degassing (Morner and Etiope 2002¢tonic forces uplift previ-
ously buried carbonate rocks to the Earth’s surface whenedhe exposed to weathering.
Chemical weathering of carbonate rocks withdraws, from the atmospherp/] and
releases the ingredient ions (e, HCO3, Si**™, Mg?*) by rivers to the ocean, where
the ions are utilized by phytoplankton. Humans interfereatly with the natural carbon
cycle through the emission 6fO, from fossil fuel[5] , which originated over geological

times.
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2.1.2 The calcium cycle

Calcium is the fifth most abundant dissolved ion in modermveg¢@r and termed as con-
servative, which implies that the concentration in seamigtaot affected by changes in
temperaturepH and pressure. The oceanic calcium cycle was believed tn aesieady
state over geological time, but publications within the ldscades revealed that this is
not the case (De La Rocha and DePaolo 2000; Fantle and DeP@@fo Griffith et al.
2008; Lowenstein et al. 2001). The biogeochemical cycleatifiom is tightly linked to
the inorganic carbon cycle and coupled to processes théttot@teanic alkalinity and
atmosphericCO, (see also Fig. 2.1). The concentration of calcium in the wég@on-
trolled by the balance of several processes, that are suzedan Table 2.1. Formation
and burial of biogenic mediated calcium carbonate remoskswm from the ocean (1).
Hydrothermal processes (2) and dolomitization (3) are acsoaf Ca’* as well as the

weathering of Ca-bearing rocks and subsequent rivering i@g5).

Table 2.1: Biogeochemical processes involved in the fate of calciwea.t&t for details.

1  biogenic calcification Ca?t + 2HCO; — CaCOj3 + Hy0 + CO,
2 hydrothermal processes  Mg?t + Cabasalt — Ca?'t + Mg — basalt
3 dolomitization 2CaCO3 + Mg*" — MgCa(CO3)y + Ca®"
4  carbonate weathering CaCO3 + Hy0 + COy — Ca*t + 2HCO3
5 silicate weathering  CaSiO3 + H,0 + 2C0; — SiO2 + Ca?* + 2HCO3

2.2 Coccolithophores in the paleo-ocean

The face of the Earth underwent major changes in geograptrtbdition and shape of
land mass throughout the Mesozoic and Cenozoic era (th2389%a). In the Late Juras-
sic, with Africa and North America drifting apart, the AtliéenOcean began to expand.
During the Cretaceous the Atlantic was extend by the SontAgantic Ocean forming a
third ocean besides the Pacific and the Tethys ocean. Inganbts race towards Eurasia,

creating the Indian ocean, while the Atlantic still contalto increase its size (Fig.: 2.2).
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Figure 2.2: Changes in land mass and ocean distribution since the rissofolithophores at
the Jurassic/Cretaceous boundary. For a detailed explanabf the pictures please consider the
'Paleomap Project’ by Christopher R. Scotese at http://wseatese.com.

The sediment record of coccolithophores goes back to ttesdid and experienced a
remarkable increase in diversity during the Cretaceous:(Ei3). This increase in species
diversity and abundance during the late Cretaceous is iassdavith a widespread and
large deposition of calcerous material in the Earth’s ¢rwsiich is visible today in cal-
cerous rocks, like the white cliffs of Dover or in the chalkffslon Rigen. Even though
coccoliths have been present in the sediment since 225 Elérshappearance of pelagic
carbonate dominanted by nannofossil (coccoliths and kalseflagelates) is dated to
the Jurassic/Cretaceous boundary in the western Tethgs ¢Baumgartner 1987). The
most obvious events in coccolithophore diversity on geicllgime are certainly the in-
crease of diversity during the Cretaceous and the massagtirevent at the K/T (Creta-
ceous/Tertiary) boundary, where only 10% of all Late Cretas species remain present
in the subsequent sediments (Bown et al. 2004; Bown B0(3owever, the species di-

versity of the sediment record is probably underestimatetwe resent studies confirm

10
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Figure 2.3: Simplified coccolithophore relative species richnessiiamigd by the grey boxes) over
the last 225 million years. For a detailed species diverség Bown et al. (2004).

that most small species (coccoliths diametel.5 ym) are partly lostin present sediment
traps and in Holocene (<1 Ma) core samples due to dissolatidrdiagenesis (Andruleit

et al. 2004; Baumann et al. 2005). Additionally, well presersediment samples show a
higher diversity of coccolithophores (Crudeli and Youn®3)) Therefore, exact numbers
of cretaceous coccolithophore species should be consligetie care and used only as an

indication for coccolithophore diversity.

2.2.1 Environmental conditions during the Cretaceous

The oceanic environment during the Cretaceous was quierelift to the conditions
coccolithophores currently face in the modern ocean. Biratl the sea level was about
150 m higher than today (Ridgwell 2005), creating more shalloass@nd oceanic water
temperature was — 12°C warmer (Barrera and Johnson 1999). Warm and well stratified
shallow seas during the Cretaceous are favorable consglitiora fast and massive depo-
sition of coccolithophorid calcite, but since it is evidehat seawater chemistry altered
throughout geological time, it has been suggested thatthieges in seawatéfa>"| and
Mg/Ca ratio (Fig.: 2.4) are more important for coccolithopl calcite production (Erba

2006; Brennan et al. 2004).

SeawateNa™ andMg?* concentrations were lower than in the modern ocean, whereas

the Ca?" concentration was approximately three times higher riegpibh a Mg/Ca ratio

11
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Figure 2.4: Seawater Ca abundance (blue lines) and Mg/Ca ratio (redshrever Phanerozoic
time, as well as the principal time intervals dominated lal¢ite’ and 'aragonite’ seas. Aragonite
and high-Mg calcite are favored when the Mg/Ca mole ratiode\ee 2; calcite is favored at ratios
below 2. Fluid inclusions measurements were plotted aftevdnstein et al. (2001); Horita et al.
(2002).

between 1 and 2.3 during the Cretaceous (Lowenstein et @ll)2dnorganic calcium
carbonate precipitation from a mother solution of Mg/C#abelow 2 actually provokes
calcite formation, whereas the more soluble polymorphamnag and high Mg-calcite are
favored at ratios above 2 (Folk 1974). This classifies thaodeto 'calcite’ and 'arago-

nite’ seas over geological time (Fig.: 2.4).

For most of the calcium carbonate precipitating marinemisgas it is well documented
that the seawater Mg/Ca ratio has a direct influence on tHetskelemental composition
(Stanley 2008). A current hypothesis links these cond#tionseawater chemistry, trig-
gered by mantle convection and plate tectonics (Horita.€tG2), to the massive chalk

depositions during the Cretaceous (Stanley et al. 2005).

12
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2.3 Coccolithophores in the modern ocean

C. G. Ehrenberg was the first who used the term 'coccolith$886 to describe small
chalk particles from the island of Ruegen in the Baltic Seadal, we know that these
coccoliths are the eponymous cover of coccolithophoresceSihe possibility to cul-
ture coccolithophores in the lab was established (Provasall. 1957), a huge amount
of controlled experiments have been conducted, mainlydbasea few species, namely
Emiliania huxleyj Pleurochrysis carteraeCoccolithus pelagicuandCalcidiscus lepto-
porus Coccolithophores are widely distributed in the ocean aeddfore face a variety of
environmental conditions in nature. Especially, the ‘tab-Emiliania huxleyis reported
to appear from the Bering Sea (Merico et al. 2003) to the Swat®cean (Cubillos et al.
2007). Emiliania huxleyiis currently the best known coccolithophore and physia@ali
responses on various environmental parameters were pstyisummarized by Paasche
(2002).

In the next section an overview on the response in cellulbnifeation of coccoli-
thophores to changing environmental conditions (e.g. tlitBmperature, nutrients and
marine carbonate system) will be given. Biogenic calciftoatn coccolithophores can-
not be examined individually, because calcification is agrgy demanding process and
therefore dependent on a energy supply by photosynthedesyime and respiration in
the night. Whether this dependency or interconnection éetwhotosynthesis and calci-
fication is also valid in the opposite direction, in other é®that calcification supports or
influences photosynthesis on a cellular level, is curremtiyer scientific discussion (Rost
and Riebesell 2004). Nevertheless, there is increasirgenue that calcification does
not promote or influence photosynthesis directly, whatdglyisummarized in Trimborn
et al. (2007). In this regard, calcification in coccolithopés will be elucidated in combi-

nation with other physiological parameters (e.g. phottdsysis and division rate).

13
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2.3.1 Calcification under changing environmental conditio ns

at the cellular level
Light

Irradiance in the euphotic zone is controlled by the intigredisun radiation, the albedo
and the angel in between the sea surface and the sun. Thevkaits because the earth
axis is tilted (by an angle of 23.5 degrees) towards the sugating the seasons in an-
nual regularity. Seasonal variation and influence becoma® rmpronounced at higher
latitudes, making it more variable in environmental coldis and causing a latitudinal

diversity gradient in marine life.

Light and coccolithophoresin regard to irradiance, coccolithophores are an excep-
tional phytoplankton group by lacking photoinhibition tigh light (> 750 zmol photons
m~2s~1) conditions.E. huxleyiandPleurochrysispp. are known to photosynthesize and
calcify at light intensities, where other phytoplanktoogps (e.g. diatoms and dinoflag-
ellates) are inhibited (Israel and Gonzales 1996; NimerMadett 1993; Nanninga and
Tyrrell 1996). This relevant ability is frequently obsedvauring blooms oE. huxleyiin
well stratified and shallow surface oceanic waters under hggnt conditions (Nanninga
and Tyrrell 1996). These observations have led to the disoan®f whether the surround-
ing coccolithosphere could be a protective shield agaihst@nhibition. Uncalcified
cells of E. huxleyj however, were tested tolerant against increased lighhsity, thus
arguing against a photo-protection by coccoliths (Nanaiaugd Tyrrell 1996).

A projected rise in ocean surface temperature by B 6°C (Meehl et al. 2007) is
likely to increase ocean stratification and therefore shallg the euphotic zone. The
manner in which an increased light availibility will changeccolithophore productivity
is a hard task to assess, because a concomitant decreagdeentrasupply from deeper
waters will additionally affect future productivity. Owedf effects will probably vary in
time and region.

Coccolith production or coccolithogenesis is a processroEd to be strongly light
dependent (Paasche 1966; Sikes and Wilbur 1980; Dong e®@R) but interestingly

14
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a significant amount of up to 15% is reported to occure in thi& dimer and Merrett
1992; Paasche and Brubak 1994; Sekino and Shiraiwa 1998)diBlerepancy was hypo-
thetically linked by Paasche (2002) to the cell divisionleyavhere the author supposed

that coccolithogenesis is triggered by a certain phaseeoteh cycle.

Nitrogen and phosphorus

Nitrogen is the most abundant element in the earth’s atmearsp{i’.08%) and the
biggest marine reservoir is represented by the atmosptesieed dinitrogen,) with
aboutl - 10* Pg N (Gruber 2008), which is only available for nitrogen-fixingganisms
(cyanobacteria). Aerob assimilation of nitrogen into amigacompounds by phytoplank-
ton occurs preferably from ammoniuN¥[;) and nitrate KO3 ), whereas the latter one
represents the dominant bioavailable reservoir in thero¢ea - 10 Pg N).

Phosphorus has only an insignificant atmospheric reseavmiroceanic input is con-
trolled by fluvial, hydrothermal and low-temperature-weaing input (Froelich et al.
1982). The dominant and bioavailable phosporus specibgiodean is phosphate?; ).

Nitrate and phosphate are distributed in the global oceanratio of~ 16 : 1 (Red-
field 1934) and both nutrients increase proportionately wiépth due to the consump-
tion by phytoplankton in the euphotic zone. Deep water upmgldiffusion and partly
remineralisation of organic matter refill the upper mixegeleof the ocean with nutrients.
Whether nitrate or phosphate forms the limiting factor fomary production in the ocean
was long time under scientific debate (Smith 1983), but nedlirfgrs indicate that nitrate
is the limiting factor (with the exception of high-nutrieand low-chlorophyll areas) on
short time scales and phosphate regulates oceanic praitiuoti geological time scales
(Tyrrell 1999).

Nitrate, phosphate and coccolithophoreBhe cosmopolitan coccolithophoEe hux-
leyi is a poor competitor for nitrate compared to diatoms (Riegmizal. 1992) but has
an extraordinary high affinity for orthophosphate and isabl use organic phosphate
(Riegman et al. 2000), displaying a high competitive apiiit phosphate limited areas.

However, this assumption was recently questioned by neersasons indicating blooms

15
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of E. huxleyiat low nitrate:phosphate ratios (Lessard et al. 2005).

Under nutrient replete conditions the calcification to jisynthesis ratio varies be-
tween 0.5 and 1.2 (Paasche 2002), whereas higher ratiobseeved under nitrate and
phosphate limitation. Both limitations result in a stop eproduction, and a remarkable
increase in cell size was reported for phosphate limitafeelasche and Brubak 1994;
Paasche 1998; Riegman et al. 2000). Nevertheless, it has toebtioned that the in-
creased calcification to photosynthesis ratio under eitoatphosphate limitation is not

an effect of an increased cellular calcification rate; nathdecreased photosynthetic ac

tivity and a less reduced (nitrate limitation) or unchan@edosphate) calcification rate
is responsible for the increase. The underlying cellulaclmaisms leading to an ele-
vated calcification:photosynthesis ratio under macraoi@nit limitation are hypothetically

linked to dissipating absorbed light energy when not coreiby cell division (Paasche

2002). However, this hypothesis remains questionable.

Carbonate system

The marine carbonate system is one of the most complex chésygtems on short and
geological time scales, but has received an increasingesitey marine biologist in the
recent years due to ocean acidification. A complete cherdesdription of the marine
carbonate system is beyond the scope of this work. Theretbeecarbonate system
will be described in terms of biological relevance and ongabcean acidification; the
interested reader is recommended to further consult Zesb®Valf-Gladrow (2001) and
Wolf-Gladrow et al. (2007).

Inorganic carbon is predominatly present in three formsb@adioxide (CO,), bicar-
bonate HCO3) and carbonate{O3") ions. The sum of the three components is termed

as dissolved inorganic carbon (DIC).

DIC = [CO,] + [HCO3] + [CO37] (2.1)

The relative abundance of each species to each other is oiuot seawatepH (Fig.

2.5), indicating thaHHCO5 is the most abundant carbon species in the modern surface
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Figure 2.5: Typical concentrations of dissolved carbonate speciesawsiter as a function of
pH. At temperature of & and a salinity of 35. With a surface watekRp,;.; scale Of 8.20, the
three species are distributed as 0.5%, 89% and 10.6% HCO; and CO3, respectively).
Picture from Zeebe (2009)

The next important parameter to describe the carbonatersyistthe total alkalinity
(TA). The concept of TA is well defined as: '...the number oflesoof hydrogen ion
equivalent to the excess of proton acceptors (bases forrmadwWeak acids with disso-
ciation constanK < 10~%°, at 25C and zero ionic strength) over proton donors (acids

with K > 10~*?) in one kilogram of sample.’ (Dickson 1981).

mc

TA = [HCO3]+2[CO¥ ]+ [B(OH)* |+ [OH ]+[HPO; ] +2[PO¥]

+[SiO(OH)3) + [NHs) + [HS™] —[H*] - [HSO;]
—[HF] = [H3PO] (2.2)

Certainly, additional minor acid or base species contelhatTA, but they only have a
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very small influence on TA and can be neglected. The main ibotrs (mc) within the
concept of ocean TA are parenthesized in Eq. (1.2).

All six parameters of the carbonate syste@Og, HCO;, CO3~, DIC, TA andpH)
can be calculated from any two of them (using equations freeb2 and Wolf-Gladrow
(2001)) and applying the stoichiometric equilibrium camds, which are dependent on

temperature, salinity and pressure.

Ocean acidification and coccolithophoreSmissions of anthropogeni¢O, since the
industrial revolution have led to an increase in atmospleaibon dioxide which is partly
absorbed by the ocean. The ongoing oceanic uptake of awidpeor CO, alters the
carbonate chemistry of the ocean by increasing D(@),] and [HCO5 |, keeping TA
constant and decreasifigO3 "] as well as seawatgH. In fact, ocearpH has dropped
by 0.12 in the last 200 years (Caldeira and Wickett 2003)s phocess is termed ocean
acidification and such rapid changes have not been expeddng marine life (Raven
et al. 2005). Since ocean acidification decreases the sudeean calcium carbonate
saturation state(}), biological mediated calcium carbonate faces unavoadisisolution
as soon a$) drops below 1. This is predicted to occure first in the Soutl@cean (Orr
et al. 2005) and more rapidly for the polymorph aragonita loa calcite (precipitated by
coccolithophores).

The in situ effect of ocean acidification on coccolithopltsdsdifficult to measure since
combined effects of climate change influence coccolithophphysiology and calcite
production in nature. First approaches to measure in diégtsfare still in development
and the results have to be considered very carefully, if@atal to ocean acidification
(Halloran et al. 2008; Cubillos et al. 2007). Neverthel@ss,important to link controlled
laboratory and mesocosm studies together with naturalredisens. In the last years
numerous lab and field studies were conducted and are pragestd far, a relatively
consistent picture on the physiological response of catboghore to changing seawater
carbonate chemistry.

If exposed togpCO, values predicted for the year 2108 (750 patm) the two bloom-

forming coccolithophore specieE.(huxleyiandG. oceanicawill decrease calcification
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rate per cell with a concomintant increase in photosynsheghich will lead to a reduc-
tion in the cellular particulate inorganic to organic carbratio (Riebesell et al. 2000;
Zondervan et al. 2002; Sciandra et al. 2003; Feng et al. 200@yestingly, some cocco-
lithophore speciesq. quadriperforatusndC. braarudi) seem to be insensitive to ocean
acidification within the tested range p€0O, values or display an optimal performance
peaking at ambien€O, concentrations (Langer et al. 2G8)6 However, whether these
observations are an effect of species specific plasticiyaaexperimental resolutions re-
main an open question and has to be subject to further spdiverse laboratory studies

(MonacoRP 2008).

2.4 Element ratios and calcium fractionation in
coccolithophore calcite

Coccolithophores found in the sediments provide multiptidators for past oceano-
graphic and environmental conditions, both in the orgatii @ndz='3C alkenones) and
the inorganic CaCQOs;) fraction. The calcite in the sediments provides appropmiaate-
rial for analyses of elemental ratios (e.g. Sr/Ca, Mg/C& &aiand Ba/Ca) and of stable
isotope composition (e.gi'®0, §'3C, §**Ca and§?°Mg). Some of those measurements
are related to physical-chemical variables like past s6aseitemperature (SST), atmo-
spherigpCO,, or sea-ice cover, whereas others are linked to biologicalystivity. How-
ever, all isotope and element ratio measurements diffdrercomposition from what is
expected from analysis of inorganic calcite equilibriuragpitations. This difference or
offset is commonly termed as the 'vital effect’. Hence, papgoxy measurements based
on biogenic precipitated calcite have to be calibrated mtradled laboratory experiments
to extract reliable information about past environmentalditions.

In the following the incorporation of Sr, Ca and Mg into cokitmphore calcite will

be introduced as well as the current understanding of Cédraation.
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2.4.1 Sr and Mg incorporation

During inorganic and biogenic precipitation of calciumlmamate (Eq.: 2.3), the cal-
cium ion can be replaced by another divalent cation$ike or Mg?* (resulting in stron-
tianite or magnesite, respectively). Strontianite is heatare mineral whereas magnesite

is commonly found in dolomite rocks.
Ca’t + CO3~ = CaCOy (2.3)

The partial incorporation of the trace element ()?(" or Mg?") into the biogenic me-
diated calcite of coccolithophores is described by theitpantcoefficientD., which is
calculated by the partition of the Tr between calcite (c) aedwater (s), normalized to

the distribution of calcium in seawater and the precipdat&icite (eq.: 2.4).

[Tr/Cal.
D, = TTv/Cal, (2.4)

Sr/Ca ratio in coccolithophoresThe biological processes leading to the offset or 'vital
effect’ in coccolith Sr/Ca ratio compared to inorganic dalequilibrium precipitation
is not well understood. Nevertheless, the Sr/Ca ratio ircalithophorid calcite is used
as an indicator for nutrient-stimulated growth of cocdwjphores, what is supported by
field and laboratory studies (Stoll and Ziveri 2004; Rickabwl. 2002).

The seawater Sr/Ca ratio changed throughout Mesozoic amozGie time (Lear et al.
2003), but evidence from laboratory studies shows thatbés not influnce the partition
coefficientDg, (Langer et al. 2006). Even if there are uncertainties about fé" incor-
poration and the mechanisms behind it, it is clear that & tightrol by the physiology is
present sinc®g, values of coccolith calcite are about a magnitude higher HYadues of

inorganic precipitated calcite.
Mg/Ca ratio in coccolithophoresn elevatedVig** content in calcite results in a higher

solubility (Mucci and Morse 1984). The percentagéf** relative to theCa* ion de-
fines high Mg-calcite ¥ 4 mol%) or low Mg-calcite & 4 mol%). The Mg/Ca ratio of
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inorganic precipitated calcite is positively correlatedthe Mg/Ca ratio of the mother

solution (seawater) (Morse and Bender 1990).Similar ia@ahip has been observed in
calcite of corraline red algae, echinoderms and foramiaiRies 2004; Segev and Erez
1994). Additionally, laboratory experiments indicatettbarals and calcareous green al-
gae, which precipitate aragonite at ambient seawater Mgt@aof 5.2, are changing the

crystal structure of their skeleton towards calcite at l@avgater Mg/Ca ratios (Stanley
2008).

Coccolithophores are known to precipitate low Mg-calcitel(mol%) at ambient sea-
water Mg/Ca ratio (Siesser 1977), which is confirmed by mecent laboratory and field
studies (Stoll et al. 2001 2007). In contrast, results fraanky et al. (2005) indicate
that two coccolithophore specidléurochrysis carteraandOchrosphaera neopolitana

precipitate high Mg-calcitex{ 15 mol%) at ambient Mg/Ca ratio.

2.4.2 Ca isotope fractionation

The atomic nucleus contains protons and neutrons. Whileuh#er of protons defines
the element and the sum of the protons and neutrons the atoass, the number of
neutrons defines the isotope of that element. Stable isetdpenot decay into other
elements. In contrast, radioactive isotopes are unstaitledacay into other elements
(e.g.'*C to 1“N).

Calcium has six stable isotopes with different natural aameces:*°Ca = 96.941%,
2Ca = 0.647%, **Ca = 0.135%, ¥Ca = 2.086%, *Ca = 0.004% and**Ca = 0.187%
(Coplen et al. 2006). The less abundant stable isotopesl@ticahave two or several
additional neutrons, and thus are heavier than the more constable isotop& Ca.

Heavy and light stable isotopes participate in chemicalldgiical and geochemical
processes, but the chemical kinetics for heavy and ligihiestiaotopes are different dur-
ing chemical or biological reactions. The heavier isotopgsct more slowly than the
lighter isotopes leading to isotopic fractionation betwéle reactant and the product.
Composition of stable calcium isotopes (indicated bysthis discribed by the ratio of the

heavy isotope to light isotope in the sample over the rati@ stindard (Eisenhauer et al.
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(2004), eq.: 2.5).

(%) 1
~20Ca/sample 11 1000 (2.5)

( jéﬁ )standard
Ca

§*Ca (in %o) = (

Commonly, the sample material is measured against the SR $thndard and the iso-
tope fractionation is expressed relative to the isotoproposition of the mother solution

(e.g. seawater) with the 'big delta’ (eq.: 2.6).

44 44
o Casample -9 Caseawater

A*C =
. (%0) 1 + 544caseawater/103

~ (544Casamp1e - 644caseawater (26)

Coccolithophores have contributed a significant amount@u@0%) to calcareous sedi-
ments since the Jurassic (Berger and Roth 1975). Ca isatag@hation in coccolitho-
phorid calcite plays a critical role in the reconstructidrih@ oceanic Ca budget since the
amount of calcium and its isotopic composition in seawatedatermined by the balance
between the input and output fluxes (see also 2.1.2 and De tlagRmd DePaolo (2000);
Fantle and DePaolo (2005); Griffith et al. (2008)).

A*Ca in coccolithophoresControlled lab experiments on calcium isotope fractiona-
tion in coccolithophores are relativley rare. Thereforés not clear which exact mecha-
nisms lead to the observed 'vital effects’ during coccagbnesis or calcite production.
Gussone et al. (2007) introduced a positive temperaturerdigmce ofA**Caoccoritn fOr
five coccolithophore species. This temperature relationpraviously presented for inor-
ganic precipitated calcite and explained by a crystallratate effect (Lemarchand et al.
2004). However, direct conversion of inorganic crystallian ratesfiol area2 time™!)
to biological calcification rates (e.gnol cell ™! time™!) is not trivial and to my knowl-
edge a satisfying attempt is still lacking. Langer et al.020presented data indicating
that an increase of cellular growth rate with associatecheoéd calcification rate by
light did not affecty**Cacocconitn- SUggestions are made that calcium isotope fractionation
probably occurs mostly &a’t channels and plasma membrane transporters (&4

ATPases) during the transportGf>" from seawater to the side of precipitation, the coc-
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colith vesicle (Gussone et al. 2006).
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2.5 Outline of the thesis

This thesis describes the physiological response of cithophores to changing sea-
water conditions. The seawater chemistry was experinmgrdafiered by varying: the

calcium to magnesium ratio, the macronutrients conceatraand the carbonate system.

e Section 3.1 Manuscript | deals with calcification in regard to the cellision
cycle. Itis clarified that calcification i&. huxleyiis tightly linked to the G1 phase
of the cell cycle and elucidates the different effects afilignd nutrient limitations

(nitrate and phosphate) on calcification.

e Section 3.2 Manuscript Il investigates the immediate physiologiesponse oE.
huxleyito changes in the seawater carbonate chemisStriguxleyihas after 8 hours
the same response to a reduction/increase in seaplt€iO, as reported for an
acclimation time of 10 generation-(10 days). This finding helps to evaluate and
assess field experiments dealing with the response of dtegohores to changing

seawater chemistry.

e Section 3.3 Manuscript Il reports the physiological response of tveazaolitho-
phore speciesH. huxleyiand C. braarudi) to a reduction/increase in seawater
pH/CO, under long-term cultivation. Cultures grown over more tié&ngenera-
tions under elevatepdCO, show reduced calcification and diminished growth rate.
In summary, a gradu@iCO, increase does not alleviaf®),/pH sensitivity and the

observed effects are persistent over multiple generations

e Section 3.4 Manuscript IV describes the effect of changes in the seavwdy/Ca
ratio on coccolithophoridE. huxleyiand C. braarudi) physiology. The seawa-
ter Ca?™ concentration is the main factor inducing changes in phggioal rates,
whereas variations in thelg>* concentration have minor effects. It is elucidated
that cellular rates (like chlorophyd production) may have a significant influence

on the magnesium incorporation into the calcite lattice.
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3 Special topics

Contribution to each publication/ manuscript:

¢ Cell devision cycle The lab experiments were realised by myself with advise of
A. N. Antia and J. LaRoche. The manuscript was written by riyseooperation

with the coauthorsPublished in Limnology and Oceanography.

e Short-term pCO, exposure The lab experiment was realised by J. Barcelos e
Ramos and myself. The manuscript was written by J. BarceReaneos in cooper-

ation with myself and U. RiebeseRublished to Biogeosciences Discussion.

e Long-term pCO, exposure The lab experiments were realised by myself with
advise of K. G. Schulz. The manuscript was written by mysetfaoperation with

the coauthorsTo be submitted to Biogeosciences.

e Response to seawateMg?] and [Ca®T]: The lab experiments were realised by
myself. The manuscript was written by myself in cooperatiotin the coauthors.

To be submitted to Cosmochemica et Geochemica Acta.
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3.1 Manuscript I: Cell devision cycle

Limnol. Oceanogr., 53(2), 2008, 506-512
© 2008, by the American Society of Limnology and Occanography, Inc.

Influence of cell cycle phase on calcification in the coccolithophore Emiliania huxleyi

Marius N. Miiller, Avan N. Antia,! and Julie LaRoche

Leibniz Institute for Marine Science, Research Division: Marine Biogeochemistry, Diisternbrooker Weg 20, 24105 Kiel,

Germany

Abstract

Calcification of the cosmopolitan coccolithophore species Emiliania huxleyi was investigated in relation to the
cell division cycle with the use of batch cultures. With a 12:12 h light:dark cycle, the population was
synchronised to undergo division as a cohort, simultaneously passing through the G1 (assimilation), S (DNA
replication), and G2+M (cell division and mitosis) phases. Cell division was followed with the use of quantitative
DNA staining and flow cytometry. Simultaneously, carbon-14 (14C) assimilation in organic and inorganic carbon
as well as cell abundance, size, and organic nitrogen content were measured at 2-h intervals. In additional
experiments, changes in calcification and cell cycle stages were investigated in nitrogen-, phosphorus-, and light-
limited cultures. Calcification occurred only during the G1 cell cycle phase, as seen by the very tight correlation
between the percentage of cells in G1 and calcification during the dark period. When growth was limited by
nitrogen, cells decreased in size, remained in the G1 phase, and showed a moderate increase in the cell-specific
calcite content. Limitation of growth by phosphorus, however, caused a significant increase in cell size and
a dramatic increase in cellular calcite. Light limitation, by slowing the growth rate, prolonged the time cells spent
in the G1 phase with a corresponding increase in the cellular calcite content. These results help explain the

differing responses of coccolithophorid growth to nitrogen, phosphorus, and light limitation.

Coccolithophores are unicellular photosynthetic algae
that produce platelets of calcium carbonate, called cocco-
liths, that surround the cells. They are the dominant
planktonic calcifiers in the present ocean and are re-
sponsible for up to 80% of global oceanic calcification
(Deuser and Ross 1989; Fabry 1989) of 0.8-1.4 Pg of
CaCOs3-C y—! (Feely et al. 2004). The cosmopolitan species
Emiliania huxleyi in particular forms huge seasonal blooms
that extend over >100,000 km?2 (Brown and Yoder 1994),
making it an important player in the marine environment.

Calcification plays a substantial role in the marine
carbon cycle in that formation and export of calcium
carbonate reduce alkalinity in the surface ocean and cause
a net release of CO, to the atmosphere, counteracting the
CO, drawdown by photosynthesis. Calcification thus
decreases the efficiency with which the oceans’” “biological
pump” takes up atmospheric CO, (Antia et al. 2001).
Hence, variations in the ratio of calcification to photosyn-
thesis (C:P) and ratio of particulate inorganic carbon to
particulate organic carbon (PIC:POC) leaving the surface
ocean are important in determining the efficiency of
biogenic carbon sequestration by the ocean. Additionally,
because coccolith formation is negatively affected by
decreasing seawater pH, changes in the abundance of
calcifiers is expected because of ongoing ocean acidification
(Riebesell 2004; Delille et al. 2005) with unknown effects on
marine ecosystems.

I Corresponding author (aantia@ifm-geomar.de).

Acknowledgments

We thank H. Schifer for his help with the DNA staining
protocol, D. Hiimmer and K. Straube for help during sampling,
K. Nachtigall for PON measurements, and R. Surberg for
measuring the Ca samples. We also thank two anonymous
reviewers for their helpful comments.

506

Although there is no consensus as to why coccolitho-
phores calcify (Harris 1994; Young 1994; Bratbak et al.
1996), several factors that influence the rate of calcification,
as well as the ratio of calcification to photosynthesis, have
been identified. In numerous controlled laboratory experi-
ments and mesocosm and field studies, changes in
calcification and the PIC: POC ratios were seen to change
with dependence on light, nutrient availability, growth rate,
and strain diversity (summarized in Paasche 2002).
Elevated bulk calcite production and cell-specific calcium
carbonate quota are found particularly under high light
conditions and when phosphorus rather than nitrogen
limits growth (Paasche and Brubak 1994; Riegmann et al.
2000; Zondervan 2007). Higher cell-calcite quotients also
result from nitrogen limitation, but to a lesser extent
(Paasche 1998).

The physiological reasons underlying these observations
are unclear. Calcification is energy consuming, fueled by
photosynthesis in the light and respiration in the dark
(Sekino and Shiraiwa 1996). Though E. huxleyi calcifies
primarily during the light phase of the diel cycle, cells that
have been decalcified by acidification can build coccoliths
when incubated in the dark, albeit at a much slower rate
(Sekino and Shiraiwa 1996). In his comprehensive review of
the coccolithophore E. huxleyi, Paasche (2002) speculated
that calcification is linked to the cell division cycle, with
calcification being primarily a G1 (gap 1, assimilation)
process and thus reduced in the dark when dividing cells
pass through the S (DNA synthesis) and G2+M (gap 2 [cell
division] + mitosis) phases of division. This argument is
supported by the observation that the coccolith vesicle is
not present during nuclear division and is reconstituted
after mitosis (van Emburg 1989). If calcification is related
to the G1 phase of the cell cycle, processes arresting cells in
G1, such as nutrient limitation, would cause an increase in
bulk calcification.
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3.2 Manuscript Il: Short-term  pCO, exposure
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Abstract

The response of the coccolithophore Emiliania huxleyi to rising CO, concentrations is
well documented in acclimated cultures where cells are exposed to the CO, treatments
for several generations prior to the experiment. Extended acclimation times have gen-
erally been applied because of the lack of information about time required to reach a
new physiological “equilibrium” (acclimation) in response to CO,-induced changes in
seawater carbonate chemistry. Here we show that Emiliania huxleyi’s short-term re-
sponse (hours to 1 day) to increasing CO, is similar to that obtained with acclimated
cultures under comparable conditions in earlier studies. At CO, concentrations rang-
ing from glacial (190 uatm) to projected year 2100 (750 uatm) levels, calcification de-
creased and organic carbon fixation increased within 8 h after exposing the cultures to
the changed CO, conditions. This led to a decrease in the ratio of CaCOj; to organic
carbon production. Our results show that Emiliania huxleyi rapidly alters the rates of
various essential processes in response to changes in seawater carbonate chemistry,
establishing a new physiological (acclimation) “state” within a matter of hours. If this
relatively rapid response applies to other phytoplankton species, it may simplify inter-
pretation of studies with natural communities (e.g. mesocosm studies and ship-board
incubations), where often it is not feasible to allow for a pre-conditioning phase before
starting experimental incubations.

1 Introduction

Until the year 2100 atmospheric CO, concentration is expected, for a “business-as-
usual” CO, emission scenario, to almost triple from pre-industrial values (IPCC, 2007),
with a concomitant 45% decrease of Cog’ ion concentrations and a drop of 0.4 pH
units in the surface ocean. Substantial effort has been undertaken to understand phy-
toplankton responses to these changes, with different laboratory approaches including
incubations with dilute (Burkhardt et al., 1999; Riebesell et al., 2000a; Rost et al.,
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3.3 Manuscript lll: Long-term pCO, exposure

Influence of high CO, on two coccolithophore key species under long-term

cultivation

Marius N. Mullers, Kai G. Schulz, and Ulf Riebesell

(1) Leibniz Institute of Marine Sciences, Research Divisiblarine Biogeochemistry,
Dusternbrooker Weg 20, 24105 Kiel, Germany

* corresponding author

phone: +49 431 600 4526

fax: +49 431 600 4469

email: mnmueller@ifm-geomar.de

running head: long-terr@O- effect on coccolithophores

31



CHAPTER 3. SPECIAL TOPICS

Abstract

The physiological performance of two coccolithophore sggg&miliania huxleyi
andCoccolithus braarudiiwas investigated during long-term exposure to elevated
pCO, levels. Mono-specific cultures were grown over 1B2tfuxley) and 65 C.
braarudii) generations whil@CO, was gradually increased to maximum levels of
1150 patm (E. huxley) and930 patm (C. braarudii) and kept constant thereafter. Rates
of cell division and cell quotas of particulate organic @arl§POC), particulate inorganic
carbon (PIC) and total particulate nitrogen (TPN) were heileed continuously
throughout the incubation period. Increasp(gO, caused a decrease in cell growth rate
of 9% and 29% irE. huxleyiandC. braarudii, respectively. In both species nitrogen
based PIC production and cellular PIC:POC ratio decreasszbponse to risingCO,,
whereas no change in nitrogen based POC production wasveldseiE. huxleyi C.
braarudii, on the other hand, displayed a reduction in POC productimieua constant
highpCO, level. These results are consistent with those obtaineldarter-term high
CO, exposure experiments following abrupt changes in carteoctamistry, indicating
that for the strains tested here i) a gradUél, increase does not alleviat&®, /pH

sensitivity, and ii) observe@O, sensitivities are persistent over multiple generations.
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Introduction

Emissions of anthropogenicO, since the beginning of the industrial revolution
have lead to an increase in atmospheric carbon dioxide otrat®n, resulting in a
proportion of the anthropogeni{¢O, being absorbed by the ocean. The ongoing oceanit
uptake of anthropogenicO, is steadily altering the carbonate chemistry of the ocean
which has experienced a reduced oceaildy 0.12 units over the last 200 years
(Caldeira and Wickett 2003). This process is termed oceilifigation and has serious
effects on pelagic and benthic calcifiers with diverginggbiogical responses. Larvae
of the brittle statOphiothrix fragilisishave a highly enhanced mortality rate and reducec
calcification due to a drop of 0.2 units in seawair(Dupont et al. 2008) whereas the
adult speciessmphiura filiformiscan cope with increased seawater acidity by thickening
its calcite skeleton but at substantial physiological s¢#lood et al. 2008). Reduced
calcification has also been observed in warm water coralsubiai et al. 2008;

Langdon and Atkinson 2005; Gatusso et al. 1998) and in fordiena (de Moel et al.
2009; Bijma et al. 1999).

Coccolithophores as unicellular primary producers (stanét the base of the food
web) were tested to changing seawater carbonate chentigeyeral laboratory
experiments with species-specific results. Under nutaedtlight replete conditions
Emiliania huxleyj Gephyrocapsa oceani@ndCalcidiscus leptoporuare decreasing
particulate inorganic carbon production per cell to défgrdegrees within the tested
pCO, range (Riebesell et al. 2000; Zondervan et al. 2002; Larnigar 2006; Feng et al.
2008) andCoccolithus braarudiseems to be insensitive to elevadO, (Langer et al.
2006). A similar insensitivity was observed in the partatalorganic carbon production
per cell ofC. leptoporusandC. braarudii(Langer et al. 2006)E. huxleyiandG.
by up to 20% under elevatg’O,
(Riebesell et al. 2000; Zondervan et al. 2002; Feng et aBR®ecently,

oceanicaon the other hand, increaB®C,,.q

cell

Iglesias-Rodriguez et al. (2008) observed both in padieubrganic and inorganic

carbon production oE. huxleyian increase of up to 100%.
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All acidification experiments with coccolithophores wend following an abrupt
change of the seawater chemistry, either by bubbling @ith enriched/depleted air
(Feng et al. 2008; Iglesias-Rodriguez et al. 2008) or byragldcid/base (Riebesell et al.
2000; Zondervan et al. 2002; Langer et al. 2006), and allgwimacclimation time
before starting the experiment. Actual experimental tirifie}d in the literature from
1-2 generations (Iglesias-Rodriguez et al. 2008) up to gelterations (Riebesell et al.
2000; Zondervan et al. 2002; Langer et al. 2006; Feng et 880 his results in 20
divisions as a maximum under higk’O, conditions. The physiological responsetof
huxleyiwithin one generation was recently investigated by Bagel®amos et al.
(2009). However, if the observedO, sensitivities are persistent over more than 20
generations is unknown. Here, we report a culture expetimih two coccolithophore
species. huxleyiandC. braarudii), which were grown over multiple generations under

highpCO, (152 and 65 generations, respectively).
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Methods

Cultures. Coccolithus braarudiRCC 1200, formerly known a8. pelagicugSaez
et al. 2003), was obtained from the Roscoff Culture ColtettEmiliania huxleywas
isolated in 2005 during the PeECE Il mesocosm study (Rebesal. 2008) in the
Raune Fjord (Norway). Both cultures were grown at€an 0.2 ym filtrated North Sea
water with a Salinity o83 and /20 nutrient additions (Guillard 1975), correspoiydio
88.0 umol L1 nitrate and3.6 yumol L~! phosphate, at a photon flux density of
140 pmol quanta m~2 s~ (Philips TL-D 90 DeLuxePro, 36W/950) under a 14H.0
light:dark cycle.

Experimental setup. Coccolithophores were grown in duplicates under
semi-continuous batch culture conditions (as describegein 280 mL autoclaved
polycarbonate Erlenmeyer flaskx20, was adjusted by additions of HCI or NaOH to
the media. Cultures were allowed to grow for about 5-10 getirs corresponding to a
dissolved inorganic carbon (DIC) consumption of 5 to 10%thA¢ stage exponentially
growing cultures were sampled for DIH, cell number, total particulate and
particulate organic carbon (TPC and POC), and total pdatieunitrogen (TPN) before
being diluted with fresh media (carbonate system alreaglyséetl) to a concentration of
100 andb0 cells mL~! (E. huxleyiandC. braarudii, respectively). The media in the
control flasks (lowpCO,) was adjusted to pH;.; Of 8.21 £ 0.05, resulting in gpCO,
of 260 patm + 20 with a corresponding calcite saturation st ¢f 5.6 + 0.4. At the
beginning of the experiment all flasks started under comustdescribed above and then
the treatment flasks were slowly acidified over several geiuars (79 and 28
generations foE. huxleyiandC. braarudii, respectively) to the targglCO, values
(1150 patm + 140 and930 patm + 180 for E. huxleyiandC. braarudii respectively)

and kept at these levels until the end of the experiment.

TPC, POC, PIC, TPN. Two sub-samples from each flask were filtrated onto
precombusted (52& for 7 hours) GF/F filters and frozen a0 °C. For POC analysis
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filters were fumed over HCI for 24 hours to remove all inorgazarbon and afterwards
all filters were measured on a Euro EA Elemental Analyserl{&tut and Koeve 1999).

PIC (particulate inorganic carbon) was calculated fromdifference of TPC and POC.

Cell counts Cell number was determined with a Coulter Counter (Z Sgries
Samples were measured three times and the mean was useculatesthe growth rate
(u) as

(Inc; —Incy)

_ ) 1
It P— 1)

wherecy andc; are the cell concentrations at the beginnitiy &nd end of the

incubation periodt().

Carbonate system The carbonate system was monitored by DIC and pH
measurements. DIC was analyzed after Stoll et al. (200hpuen automated
segmented-flow analyzer (Quaatro) equipped with an autgpta (10 zmol kg
accuracy an@ umol kg~! precision) and pH was measured using a 'Metrohm 713
pH-Meter’, equipped witlpH and reference electrodes and temperature sensor. Senso
and electrodes were stored in filtrated seawater aClt6 match the ionic strength of the
sampled watempH measurements were periodically checked by calculagihfyom
measurements of total alkalinity (Dickson 1981) and DIC lifdied seawater using the
program CO2sys (version 1.05 by E. Lewis and D. W. R. Wallag#) dissociation
constants for carbonic acid after Roy et al. (1993). CatedlpH values closely agreed
with pH measurements with a maximum deviationttf.02. Here we preseraH values

on the total scale.

Scanning electron microscopy5 mL samples were taken periodically from the
control and highCO, treatment and fixed with formaldehyde (1% end concentration
Subsequently, the samples were filtered onto polycarbdittets (0.2 xm pore size),

dried at60 °C for 24 hours and then sputter-coated with gold-palladiuitiures were
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taken with a CamScan-CS-44 scanning electron microscdpe #stitute of

Geosciences of the Christian-Albrecht-University in Kiel

Rate normalization. Rates of particulate organic and inorganic carbon product
were normalized to total particulate nitrogen (TPN). Clallunitrogen quota increases
over the course of the day due to a steady accumulation a€plate material (Fig. 1A)
but no diel trends are observed in the cellular ratios of PRI and POC:TPN (Fig.
1B+C). In this regard, a rate normalization to TPN remairafigcted by the hour of

sampling. Production rates of POC and PIC were calculated as

molC cell !

POCprodN >PICprOdN = m

- growth rate (p). 2

For differentiation between production rates based on Tibsent study) and cell
number (as reported in the literature), we will abbreviatelatter a OC,,0q
PICprod

and

cell

cell *
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Results

Emiliania huxleyi. E. huxleyiwas cultured for 98 days, corresponding to 152
generations in the control treatment (Ip&WO, ) and 144 generations in the high'O,
treatment. Cellular division in the control treatment dtabd at a rate of
p = 1.10 4 0.06 d~* throughout the course of the experiment. During the gradual
increase from low to highCO,, no detectable change in growth rate was visible,
whereas after reaching the maximpO,, level of 1150 patm the growth rate
decreased tp = 1.00 + 0.06 d~* up until the end of the experiment (Fig. 2B)C,,,ay
was relatively constant &t2 + 1.1 molC moIN~! day~! under lowpCO, but with the
onset of highpCO, the rate decreased consistently compared to the contraiygieen
day by2.2 + 0.7molC moIN~! day~! (Fig. 2C).POC,,0q4, Was consistent in both
treatments (low and highCO,) and revealed in a mean rate of
10.5 + 1.8 molC moIN~! day~* (Fig. 2D). The PIC:POC ratio was considerably lower
under constant highCO, driven by the decrease IIC,,.q, (Fig. 2E). Coccolith
morphology ofE. huxleyidid not display a visible difference betwep@0, treatments
(Fig. 4A+B). On day 80pCO, accidentally dropped belo#70 patm, which was
followed by an immediate increase in cell growth. As soop@®, was elevated above

1000 patm, the cell growth rate decreased again to the previous level.

Coccolithus braarudii. C. braarudiiwas cultured for 66 days corresponding to 65
generations in the control treatment and 51 generatiortgeihighpCO, treatment.
After transition to constant highCO, on day 31 the growth rate decreased from initially
0.69 & 0.04t00.49 £ 0.06 d~!, whereas it remained at the initial level in the control
treatment (Fig. 3B). BotlIC,,,q, andPOC,,,q, Were obviously decreased under high
pCO, from 6.1 +1.1t0 1.0 & 0.3 and from7.5 & 1.2 t0 4.3 £ 1.0 molC moIN~! day !,
respectively (Fig. 3C+D). As a consequence of the strongelirte inP1C,,,q, thanin
POC,0dy the PIC:POC ratio was reduced &y70% (Fig. 3E) and clear signs of
malformation were observed on individual coccoliths unaerstant highpCO,
conditions (Fig. 5D).
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Discussion

Carbonate system manipulation Manipulation of the carbonate system by
acid/base addition changes the total alkalinity (TA) atastant dissolved inorganic
carbon (DIC) concentration, whereas natural ocean aatiific changes the DIC
concentration at constant TA. However, biologically imipot parametersiOy ),
HCO3, CO3~ and[H"]) are changed in similar ways by manipulating TA at constant
DIC (Schulz et al. 2009). For example, manipulating seawaiit salinity of 35 at
15°C with pCO, of 380 patm and DIC 0f2100 umol kgt by i) aeration withCO,
enriched air (TA constant) ar) acid addition (DIC constant) to@CO, of 1000 patm
would result in the following percentage changes of biatadly relevant parameters.
COsg(aq): +164% { andii); HCO3: +12% () and +4% {i); CO3: -52% () and -59%
(ii); [H*]: -4.5% §) and -5% {i), calculations were done using the program CO2sys
(version 1.05 by E. Lewis and D. W. R. Wallace) using disstimieconstants for
carbonic acid after Roy et al. (1993).

Growth rate. A decrease of 9% was observeddnhuxleyis growth rate at @CO,
of 1150 patm. Previous studies detected no change in growth rates at [mi@s levels
(Riebesell et al. 2000; Zondervan et al. 2002; Feng et aBR0the latter studies
exposecE. huxleyito a maximunpCO, of 900 patm and additionally, a minor decrease
of 9% is likely to be superimposed by uncertainties in the sneaments of singular
samples during short term experiments. Recent results lyeRes e Ramos et al.
(2009); Langer et al. (2009) indicate a decreased growghateaipCO, of > 1000 patm
in short term experiments. Interestingly, at day 80 wipre, accidently dropped to
870 patm the growth rate increased to control values (Fig. 3B) anehatirds on day 86
with pCO, at 1150 patm the growth rate decreased again. A similar instant effect of
pCO, on the growth rate oE. huxleyiwas reported to occur within one generation
(Barcelos e Ramos et al. 2009).

Under constant highCO, the growth rate o€. braarudiiwas reduced by 29%. At
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comparablgCO, values, Langer et al. (2006) observed no significant redngti the
growth rate ofC. braarudii. This differnce might be induced by the long-term culturing
under constant highCO, but other factors like differences in the experimental
temperature and the light intensity cannot be excludedeNkeegless, recent results
indicate thatC. braarudiihas a decreasing growth rate within 15 generations if expose
to pCO, > 1400 patm (Krug 2009).

PIC,0dy- Under constant highCO, C. braarudiiandE. huxleyidecreased their
PIC production per total particulate nitrogen4y80% and~ 40%, respectively. A
reduction in calcification rates &. huxleyiby increasing th@CO, level was previously
observed in several studies (Riebesell et al. 2000; Zoadeztv’al. 2002; Feng et al.
2008; Langer et al. 2009; Barcelos e Ramos et al. 2009). Ttes &udies reported
calcification rates per cell number to decrease by 5 to 30%vélsion ofPIC ;4. tO
PIC,.4, Of E. huxleyiform literature experiments (Zondervan et al. 2002) resul&
similar decrease d?IC,,.q, (Fig. 5A) as seen under the current study. Depending on
the light intensityE. huxleyireducedPIC,,.q, by 25 to 45% (Fig. 5A). Therefore,
independent of the implemented rate normalizakohuxleyishows a decreasing trend
in calcification under higipCO,. However, the calcification responsemfhuxleyito
highpCO, can vary with experimental condition, set up and speciesrsti(summarized
in Ridgwell et al. (2009).

We observed a decreaseHiC,,.q, of C. braarudiiunder highoCO,, what was
mainly driven by the reduction in growth rate (Fig. 3B) andghigontrast to results of
Langer et al. (2006). In the latter study, braarudiiwas insensitiv to a similar elevated
pCO, level, but the experimental light intensity was about 203 higher than in the
present study. From Fig. 5A, where an increased light intgamplifies thepCO,
effect onPIC,,.q, Of E. huxleyi, we would expect that pCO, effect onPIC,,.q, of C.
braarudii would be more pronounced in the study of Langer et al. (20@6yvever, the
opposite is observed and this might be due to the long-tepugxe to constant high
pCOs,.
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POC,..qy- Particulate organic carbon production rates per ¢¥ll(,,.q ) are

cell
known to increase under higi€O, to a certain degree iB. huxleyi(Zondervan et al.
2002; Feng et al. 2008; Barcelos e Ramos et al. 2009), whé&dasarudiimaintains a
constant rate (Langer et al. 2006). However, due to the seeeuction in growth rat€.
braarudii clearly demonstrated a decreas®dC,,.q, by ~ 40%, whereas no changes
were observed ik. huxleyiunder long-term cultivation. Recently, several different
strains ofE. huxleyiwere studied with regard to increasipgO, and displayed strain

specific differences iltOC,,.q,.,, (Langer et al. 2009). The latter study revealed that the

cell
increasing trend of POC production per celEafhuxleyi(previously reported in
Riebesell et al. (2000); Zondervan et al. (2002); Feng €2808)) does not have to be
uniform for particular strains dt. huxleyi However, POC production normalized to
total particulate nitrogen quot® 0 C,,.q, ) revealed no increasing trend within the
testedpCO, range (Fig. 2D). This is also seen in the study of Zondervah. ¢2002)
under different light intensities (Fig. 5B) since the POBRNratio does not change
under elevate@CO, (Feng et al. 2008). Therefore, under elevgt€®, the uptake of
DIC per cell is accelerated but since the POC:TPN ratio stapstant, the bulk DIC
consumption per available nitrogen of Bnhuxleyipopulation will be the same. These
findings from laboratory studies are partly in contrast tsam®sm experiments, where
clear evidence is given for an elevat€®, draw down under highCO, during a
phytoplankton community study (Riebesell et al. 2007). ldeer, in this mesocosm
study a mixed phytoplankton community dominated by diatants coccolithophores
was investigated (Schulz et al. 2008), whereas previoustsgsom a coccolithophore

dominated mesocosm community study indicate no incre@seddraw down at high

pCO, compared to ambieqCO, (Engel et al. 2005).

Reporting production rates. Production rates of inorganic and organic carbon by
coccolithophores can be reported per cell or per biomaestdital particulate nitrogen,
cell volume or chlorophyll. Production rates on a per ceflibgcalculated as: carbon

quota per cell multiplied by the growth rate’) crucially depend on i) the carbon cell
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guota, ii) the growth rate and iii) the time of sampling, gnmder a light:dark cycle the
carbon cell quota increases towards the end of the lightegpliad decreases throughout
the dark phase, whereas the cell number stays constantlighphase and increases
during the dark phase. Under continuous light, on the othadhthe time of sampling
does not influence the calculations (Mdller et al. 2008).r&fwe, production rates,
which are calculated from samples of different time pointsrty a light:dark cycle,
cannot be compared to each other in terms of the absolute.vatiditionally, it
becomes more complicated if cell quota and growth rate igénited by environmental
parameters, likpCO,.

For example, increased organic carbon quota.dfuxleyiinduced by highpCO,
(compared to ambiemCO,) is more pronounced at the end of the light phase with
respect to the absolute value. However, the percentageasemunder highCO, stays
the same over the course of the day but may be covered at tienbregof the light
phase by observational errors. Therefore, sampling timeyozatly influence the
outcome of an experiment, in especially when comparing tmbypCO- values instead
of apCO, gradient. Hence, we recommend to report the time of samfliades are

reported on a per cell basis.

Conclusions

Since the study of Riebesell et al. (2000), Langer et al. §2@dd Langer et al.
(2009) species and strain specific performance of cocoglitbres under elevatgd’ O,
levels have been demonstrated in short-generation expetanHere, we discussed data
from a multiple-generation experiment using two coccaolgthore species and can
generally confirm the observédD, sensitivities resulting from short-term experiments
and additionally report decreased growth rates in respansievatepCO,.

Furthermore, a graduélO, increase seems not to allevi&i®, /pH sensitivity under
the experimental conditions.

Coccolithophores and other phytoplankton groups will fachanging environment
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in the future ocean. The question of genetic/physiologdalptation to changing
environmental conditions is a challenge that needs to beexesl in future
investigations. Experiments with a higher heritabilitgirted by multiclonal culturing
and sexual reproduction will probably provide a suitabtd to observe adaptation in the

lab (Colegrave 2002).
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Figure captions

Fig.1: Cell nitrogen quota and consequent cell ratios dvehburs of daily
illumination of E. huxleyi(circle) andC. braarudii(triangle) under lowpCO, (open
markers) and highCO, (closed markers) from all data points during the entire
experiment. (A) pgN per cell d. huxleyi(left y-axis) andC. braarudii(right y-axis).

(B) PIC:TPN ratio (mol:mol). (C) POC:TPN ratio (mol:mol).

Fig.2: Physiological responsesBmiliania huxleyito elevategpCO, over the course
of the experiment (open and closed symbols represent thpddwy and highpCO,
treatments, respectively). (ACO, (circles,uatm) and pH (triangle) regime over
experimental time. (B) growth raté ('). (C) PIC 04y (molC : moINd™). (D)

POC,r0dy (molC : moIN d~1). (E) PIC:POC (mol:mol).

Fig.3: Physiological responses@bccolithus braarudito elevatecpCO, over the
course of the experiment (open and closed symbols représeldwpCO, and high
pCO, treatments, respectively). Symbols as in Fig. 2.

Fig.4: Representative SEM photographs of the two cocagitiore species. Cells of
E. huxleyigrown in the control treatment (A) and under higiO, at day 73 (B). Cells
of C. braarudiigrown in the control treatment (C) and under highO,, at day 66 (D).

Fig.5: Particulate carbon production®Bf huxleyias a function opCO, (uatm) at a
24:0 light:dark cycle under various light intensities: 1%afgle), 30 (square), 80 (circle)
and150 ymol quanta m~2 s~* (diamond). (A)PIC,eay (molC : moINd™1). (B)

POC oy (molC : moINd™1). Data calculated from Zondervan et al. (2002). Error bars

represent 1SD (n=3).
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Abstract

Seawater calcium, magnesium concentrations and consgtienMg/Ca ratio have
oscillated over geological time scales. We examined thgorese of two coccolithophore
species Emiliania huxlexiandCoccolithus braarudjito changes in the seawater Mg/Cz
ratio by either manipulating the calcium or the magnesiunceatration. The
physiological reponse was monitored by measurements lofeith, particulate
organic, inorganic carbon and chlorophglproduction. Additionally, coccolithophorid
calcite was analysed in regard to elemental compositial€ésand Mg/Ca) and isotope
fractionation of calcium and magnesiud{*/*°Ca and A%/2*Mg). It revealed that
physiological rates were substantially influenced by cleang the seawater calcium
rather than the magnesium concentration within the rangy@a&t®d to have occured in
the last 250 million years. All physiological rates®Bf huxleyidecreased at a calcium
concentration abovgs mmolL !, wherea<. braarudiidisplayed a higher tolerance to
elevated seawater calcium concentrations. Elemental ositign and isotope
fractionation of magnesium in coccolithophorid calcitesvegsentially influenced by the
physiology. This resulted in an increased Mg/Ca ratio indileite lattice at low
seawater Mg/Ca ratios in both coccolithophore speciesi@alisotope fractionation
was not altered by changes in the seawater Mg/Ca ratio. Magndsotopes were less
fractionated in coccolithophorid calcite than in biogecadcites of foraminifera, what
may be explained by a tight connection between the orgami¢tainorganic
magnesium isotope fractionation inside coccolithophofégse observations suggest a
physiological control over magnesium elemental and isefogctionation during the

process of calcification in coccolithophores.
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1 Introduction

Coccolithophores are unicellular marine phytoplanktohicl appear in the
sediment record since the late Triassic (Bown et al. 2009y&225 million years ago.
Coccolithophores surround themselves with a biogenigalgipitated calcitic sphere
and fixate carbon dioxide via photosynthesis. Therefore phytoplankton phylum has
a major contribution to the earth’s carbon and calcium cymi¢h on short and
geological time scales. The invention of pelagic biocatetfion (e.g. in
coccolithophores and foraminifera) had major impacts eredrth’s climate and the
regulation of marine carbonate chemistry (Ridgwell anda&e2005). A major event in
earth’s history was the proliferation of planktic calcifieturing the Mid-Mesozoic,
subsequently followed by a global decrease in the ocealtaioaconcentration (Erba
2006). The decrease in seawdtés**| was accompanied by an increasdMf? "] due
to an overall slowdown in seafloor spreading rates and ther@levating the seawater
Mg/Ca ratio from~ 1 in the Cretaceous to the modern valuédf (Lowenstein et al.
2001).

Seawater solutions with a Mg/Ca ratio greater 2 favour tlegipitation of aragonite
or high Mg-calcite & 4% MgCO3) during inorganic calcification, whereas at lower
Mg/Ca ratios the polymorph calcite is precipitated (Folk4® Coccolithophores are
reported to precipitate low Mg-calcite, containing lesatti% ofMgCO5 at ambient
seawater conditions (Siesser 1977; Stoll et al. 2007 B0@occolith formation takes
place in an intracellular coccolith vesicle (CV) connediethe Golgi apparatus (Young
et al. 1999). Thus, calcification in coccolithophores issafed from seawater
composition by several membranes and influx of seawatensgm®bably highly
controlled by membrane transport systems and ion changelatons, reflecting a tight
cellular control over calcite precipitation.

Two recent studies dealt with the effects of changing theoman composition
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(Ca?* andMg*™) of seawater in regard to coccolithophorid physiologyifisorn et al.
2007; Herfort et al. 2004). Both studies found that variaiin theCa?* concentration
of seawater had no effect on organic carbon productén,,.q ), but caused an
apparent response in inorganic carbon productitiv’f,.q ), with increasingP1C,,q
when[Ca*"] was raised from 0 ta0 mmol L~!. Herfort et al. (2004) additionally
reported a reduceBIC,,.q in E. huxleyiat[Ca*"] of 50 mmol L. In a different
approach, Stanley et al. (2005) provided evidence that aéawater Mg/Ca ratio (e.g.
increasedCa*"] and decreaseldlg®*]) increased cellular growth rate and inorganic
carbon productionKIC,,.q ) in three coccolithophore speciglg¢urochrysis carterae
Coccolithus neoheliandOchrosphaera neopolitanaAdditionally, two of these species
were reported to precipitate high Mg-calcite {5%) at ambient seawater ion
composition [Ca?*] = 10 mmol L™%; [Mg?*] = 50 mmol L™1).

All studies on coccolithophorid response to variationg ajor ion composition
of seawater focus on either the physiology (Trimborn et@072 Herfort et al. 2004) or
the coccolith elemental composition (Stanley et al. 20GHder et al. 2007). In this
study, we present controlled laboratory experiments ondwazolithophore species,
Emiliania huxleyiandCoccolithus braarudiiwhich have a sediment record of about 27
thousand years and 65 million years, respectively. Ourrehiens elucidate the
physiological response of both species to changfird*] and[Mg?*], and the
concomitant influence on coccolith Sr/Ca and Mg/Ca rati@saicium isotope
fractionation (\**/“°Ca). Furthermore, a data set on coccolith magnesium isotope

fractionation (\*/2*Mg) is presented.
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2 Methods

2.1 Culture setup

Monoculture ofCoccolithus braarudiRCC 1200 was obtained from the Roscoff
Culture CollectionEmiliania huxleyiwas isolated in 2005 during the PeECE Il
mesocosm study (Riebesell et al. 2008) in the Raune Fjordialg. Before the start of
the experiments coccolithophore cultures were accliradtfar about 20 generations
under the experimental conditions and it was assured byastits that all cultures were
in the exponential growth phase at the initiation of the eixpents. Coccolithophore
species were cultured at 45 in artificial seawater (all salts were dried at60before
dissolution in the media, Kester et al. (1967)) with nutri@ddition according to /20
(Guillard 1975), corresponding 5.2 mol L=t NO3 and1.44 pymol L= PO,. All
experiments were conducted in duplicates under dilute atithre conditions in
autoclaved and acid cleaned polycarbonate bottles at @pfiok density of
125 to 200umol quantam=2s~*. Cultures were allowed to grow exponentially under
experimental conditions for about 7 to 10 generations, whatsponds to a dissolved
inorganic carbon (DIC) consumption of maximal 10%. At the efthe experiments,
culture samples were taken for cell number, total partteutarbon (TPC), particulate

organic carbon (POC) and chlorophgl{Chla).

2.2 Mg?*-matrix experiment: Altering the Mg/Ca ratio via Mg?*

E. huxleyiwas tested in regard to changifidg®*] with keeping theCa?"] constant.
Artificial seawater preparation was done as described abifievarying the[Mg**] at a
constan{Ca?*] of 9.8 + 0.1 mmolL~*. Salinity was kept constant at 35 by altering the
addition of NaCl.[Mg>*] was adjusted at 5.5, 9.8, 18.9, 46.4 &id mmolL.~!, what
corresponded to a Mg/Ca of 0.6, 1.0, 1.9, 4.8 and 9.5, reispbct
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Mg?*-matrix experiment was carried out under a light intensfty o
125 pmol quantam 2 s~!. Starting media was adjusted t@#;;q scale Of 8.2 + 0.1 and
DIC was measured at the beginning and the end of the expertmeasure DIC

consumption of less than 10%.

2.3 Ca’*-matrix experiments: Altering the Mg/Ca ratio via Ca’*

Artificial media preparation was followed as described a&bwith modifications to
alter the media Mg/Ca ratio. Two set of experiments were gotetl: (1) Mg>"] was
kept constant at 50 mmolL.~! and [Ca?"] was varied to receive Mg/Ca ratio ranging
from 1 to 10 (Ca®*] from 5 to 50mmolL.~!), termed experiment 1; (2Mg?*] was kept
constant atv 25 mmolL.~! and [Ca?"] was varied to receive Mg/Ca ratio ranging from
0.5t0 10 Ca?* from 2.5 to 50mmolL.~!), termed experiment 2. In both experimental
setups the salinity was kept constantas) by altering the addition odNaCl (see table 1
and 2 for a detailed listening of media content). The carteagstem was adjusted to a
PH ot scale OF 8.2 £+ 0.1.

Ca®*-matrix experiments were carried out under a light intensit
160 pmol quantam—2s~!, except for experiment 1 in whidk. huxleyireceived a higher
light intensity 0f200 ymol quanta m—2s~*. Carbonate system was monitored at the ste
and at the end of the experiments by dissolved inorganioca®IC) and total
alkalinity (TA) measaurements. After sampling for phyemital parameters (see 2.1),
the remaining water of the duplicate bottles was pooled antrifuged ati 4000 rpm for
10 minutes, afterwards the sample pellet was dried &at'66r 48 hours and stored at
room temperature for further analytics. Furthermore, atsttart of the experiments
water samples were taken for elemental compositiart{(, Sr>* andMg?*), §44/4°Ca
andé?/24Mg.
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2.4 Sample preparation via organic removel

Dried sample pellets were immersed igtml of 10% NaClO solution in Teflon
vials, placed for ten minutes in an ultrasonic bath and theabated for 24 hours at
room temperature. The next day, sample solution was cegéf in2 ml1 Eppendorf
vials for five minutes at4.000 rpm; the supernatant was discarded, and the pellets we
resuspended in ultrapukg,O (with apH of 9-10, adjusted by addition &fH,OH to
prevent partial dissolution of calcite), centrifuged agand resuspended in water a
second time. The solution was removed and the pellets wameferred back into Teflon
vials. The whole organic removal process was repeated leofdddimes. After the third
time, the pellet was washed four times with ultrapure wdterally, the calcite pellet

was partitioned fo5*4/4°Ca, §26/24Mg and elemental composition analysis.

2.5 Analytical methods
2.5.1 Carbonate system

The carbonate system was monitored by DIC and TA measursrattite start and
the end of theJa®*-matrix experiments. DIC was analysed photochemicallgraStoll
et al. (200&) and TA was measured by the potentiometric titration metkftet Dickson
(1981) and calibrated with Dickson seawater standards c@h®nate system
(PHtotal scales [CO2), [HCO3 ] and [CO3™]) was calculated by equations from Zeebe and
Wolf-Gladrow (2001) with dissociation constants for carlwoacid after Roy et al.
(1993) modified with sensitivity parameters fo¥fa*], [Mg*"] and[Ca?"] (Ben-Yaakov
and Goldhaber 1973). The calcite saturation st@)enas calculated with regard to
Mg/Ca ratio as described in Tyrrell and Zeebe (2004) and ieedeabove 1.6 in all

experiments.
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2.5.2 Carbon pool parameters and chlorophyla

Sub-samples were taken for TPC, POC and&dm each flask, filtrated onto
precombusted GF/F filters (525 for 7 hours) and frozen at20 °C. For POC analysis
filters were fumed over HCI for 24 hours to remove all inorgazarbon and afterwards
filters for TPC and POC were measured on an Euro EA Elementaly8er (Ehrhardt
and Koeve 1999). Particulate inorganic carbon was caledibom the difference of
TPC and POC. Prior to analysis chloroprgfilters were kept in the dark to avoid
photo-oxidation and measurements were performed usiniiuivemetric method after
Welschmeyer (1994).

2.6 Cell counts

Cell number was determined with a Coulter Counter (Z Sertgajnples were

measured three times and the mean was used to calculateti gate (:) as

(Incy —Incy)

_ 1 ¢o) 1
v P— (1)

wherecy andc; are the cell concentration at the stagf) (@nd end{;) of the experiment,

respectively.

2.7 Elemental composition analysis

Calcite samples were analysed f&a*>* and the trace metala?* andMg?* via
ICP-MS (Stoll et al. 2008). Seawater element composition was determined via
ICP-AES calibrated to the IAPSO seawater standard withadivel precision of
+0.40 %, £0.74 %, £0.37 % and£0.13 % for Na*, Ca?*, Mg?™ andSr?*, respectively,
at the Geochemistry Department of the IFM-GEOMAR. The piarticoefficient of the

trace metalD ., between calcite (c) and seawater (S) was calculated as:

_ [Tr/Cal.
T [Ty /Cal @)
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Samples from the firdE. huxleyiCa-matrix experimenf¥lg*"] = 50 mmolL.~') were

unfortunately lost during sample preparation.

2.8 Ca’" isotope analysis

The**Ca/*°Ca ratio of the coccolith was measured using thermal ionizati@ss
spectrometry (TIMS) double-spike technique on a Finnigatofi T1 at the Leibniz
Institute of Marine Sciences (IFM-GEOMAR), Kiel (Heusera&t2002). The calcium
isotope data are expressed relative to NIST SRM915a sténdhich was measured 4
times in each analytical session and average precisiottedsn 0.1-0.%,. Ca>*

isotope ratios are expressed/ss’/4’Ca values according to Eisenhauer et al. (2004) a

44Ca/4OCa) ) (44Ca/400a)
A0 :( ( =Pl ). 1000 seavater _1).1000
(o) (Ca/"Ca)sprmo15a (44Ca/*Ca)srmo15a
(3)

Samples were measured 3 to 7 times and are presented withdasdaleviationsXp).

2.9 Mg?" isotope analysis

Chemical separation &fig>* in samples from the Ca-matrix experiments was
carried out using the column chemistry of Pogge von Strameing2008), only the
samples of th&. huxleyiexperiment with constaribig?*] of 50 mmolL.~! received a
different chemistry (described below). Approximatéh00 ng of Mg?* was passed
through Bio-Rad AG 50W-X12 resir2(0 — 400 mesh) usingHNO3 as the elusion acid.
Magnesium isotopes of these samples were measured on adtectron Neptune
MC-ICP-MS in the isotope laboratory of the Ruhr-UniversBachum, Germany (Buhl
et al. 2007). The sample was introduced into the Neptuneasaldting nebulizers Apex
(ESI) connected to Aridus (CETAC). Each analysis on the Negtonsisted of
measurements of 45 ratios.280 ppb solution and solution uptake @0 yLmin~*

typically produced a beam intensity &f 10 V. compared with a background of
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< 30mV. Each sample was analysed in a sequence of 5 repeats, lecdokehe DSM3
standard that has a concentration withib0% of that of the sample. The background,
measured before and after the sequence, was substractedpdvethe magnesium
isotopic composition of each sample as the mean of 5 repgats) ( Fourteen analyses
of Cambridge-1 standard ga¥**Mg = —1.35 + 0.03% and
26/24\[g = —2.58 & 0.09%0. Three analyses of CJp-1 (passed through cation exchang
chemistry) gavé®/?*Mg = —1.05 £ 0.01%0 and?¥/2*Mg = —1.99 4 0.11%, within
error of a previously published valu&/(*Mg = —2.01 + 0.22%,, Wombacher et al.
(2009)).Mg?* isotopic composition of th&lg?*-salt used in preparing the culturing
fluid was measured &%/>*Mg = 40.09 4 0.03%o and6/*Mg = +0.13 4 0.04%.
Chemical separation dfig>* in samples from th€a?*-matrix experiments with
constanfMg?*] of 50 mmolL.~! was carried out using the elusion scheme of Wombact
et al. (2009). Approximately000 — 1500 ng of Mg*™ was passed through Bio-Rad AG
50W-X8 resin 200 — 400 mesh) usingHCI as the elusion acid. Magnesium isotopes of
these samples were measured on a AXIOM MC-ICP-MS at the izlhatitute of
Marine Sciences (IFM-GEOMAR) in Kiel, Germany. The sampbesvintroduced into
the Axiom via desolating nebulizers Apex (PFA-ST) connédteAridus (CETAC).
Each sample was analysed in a sequence of 3-5 repeats abe@stiove. Three
analyses of CJp-1 (passed through cation exchange chgymestulted in
26/24\[g = —2.01 £ 0.10%0. Mg>* isotopic composition of thalg>*-salt used in
preparing the culturing fluid was measured®$!Mg = +0.27 =+ 0.08%.
Mg?* isotope ratios are expressed/s®/>* Mg values ralative to thalg>*-salt

measured on the same analytical session according to:

261\1 241\/1 sample 261\1 241\/{[ seawater
A26/241wg(%o)=(( e/ M)y —1)-1ooo—<( 8/™ Ms)seavar

—11-1000
(*6Mg/?*Mg)psms (*6Mg/?*Mg)psnis )

(4)
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3 Results

3.1 Physiology
3.1.1 Emiliania huxleyi

Mg?*-matrix. Cellular growth rate oE. huxleyiwas constant (with less than 10%
variation) for a Mg?*] range from 18.9 t®1.6 mmol L}, but decreased by 30% when
seawaterlg*"] was lowered from 18.9 t6.5 mmol L~ (Fig. 1A). PIC,,.q and
POC,,.q Were relatively constand(18 + 1.25 and13.10 £ 1.30 pgC cell 'day !,
respectively) over the testedg>*] (Fig. 1 B+C).Chla,,.q was reduced by 45% at
[Mg?*] below 18.9 mmol L1, but increased by 20% due to elevation of seawater

Mg?" concentration from 18.9 1.6 mmol L~* (Fig. 1D).

Ca?*-matrix. Growth rate was consistently lower by0.3 d~! in experiment 1
([Mg?*] = 50 mmol L~') compared to experiment 2(g>*] = 25 mmol L~*; Fig.
2A); this appears to be a result of the higher illuminatiod®fimol quantam=2s~* in
the latter experimental setup. Elevating seawater{] from below 13 to above
25 mmol L~! resulted in a decrease in the reproduction raté.dfuxleyi(by 25 and 45%
in experiments 1 and 2, respectivelIC,,.q followed an optimum curve with a peak
value 0f6.9 pg C cell'day~* at an ambient{a?"] of 10 mmol L ! (Fig. 2B). Lowest
PIC,,0q rates were observed @?* concentrationg> 25 mmol L. POC,,,,q was
relatively constantd.1 4= 0.61 and4.9 & 0.17pg C cell"!day~! in experiment 1 and 2,
respectively) at{a*"] < 15mmol L}, whereas elevating seawat€rf ] from 15 to
above25 mmol L resulted in a decrease ROC,,.q (by 45 and 50% in experiment 1
and 2, respectively; Fig. 2CJlhla,,.q followed a similar trend as that ¢fOC,;0q.
Nevertheless(hla,,.q in experiment 2 was consistently 70 to 90% higher than in

experiment 1 over the testéth>™ concentrations (Fig. 2D).
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In summary, the observed decreases in physiological paeasn&fE. huxleyito

elevated seawate€h?*] are equally observed at Mg/Ca ratigs2 (Fig. 3).

3.1.2 Coccolithus braarudii

Ca?*-matrix. The growth rate o€. braarudiiwas highest{.70 & 0.03d"!) at 5 to
25 mmol Ca L=t (Fig. 4A), whereas the lowest rate 46 & 0.01 d~!) was observed at
[Ca?*] of 46.7 mmol L~ and Mg?*] of 47.7 mmol L' what corresponds to a seawatel
Mg/Ca ratio of 1 (Fig. 5A)PIC,,.,q was relatively constant at
142 + 15pg C cell"*day~! between ('a?*] ranging from 10 tc50 mmol Ca L~ and
decreased t006 + 3 pg C cell*day~! at2.6 mmol Ca L™ (Fig. 4B).POC,,,q Was
neither affected by changing**] nor [Mg?*] over the tested range (Fig. 4C) and hac
a mean value a#20 + 15 pg C cell"*day . Chla,,.q had maximal rates of
5.0 + 0.5 pgChlacell™! d~! at[Ca?"] < 25 mmol L™ and decreased to
2.5+ 0.1 pgChlacell~! d~! at high seawat€eiCa’*] of ~ 48 mmol L~! (Fig. 4D). In
Summary, the rather constant behaviou€obraarudiito variations in seawatéta?*
concentrations resulted in a similar picture in regard awsger Mg/Ca ratios (Fig. 5),

whereas a clear decrease(@fla,,.q was observed at Mg/Ca ratios below 2 (Fig. 5D).

3.2 Calcite analytics
3.2.1 Sr** and Mg** incoporation

The coccolith Sr/Ca ratio was linearly related to the sean@t/Ca ratio (Fig. 4A)
and no change was observed in the partition coefficient lstwpecies and experiment:
(Fig. 6B). The slope of the regression line resulted Isgof 0.32.

Coccolithophores grown at various seawater Mg/Ca ratisslied in low Mg-calcite
(<1% of MgCO3). At a seawater Mg/Ca ratio above 2, the Mg/Ca ratio in caticol
calcite stayed relatively constant in each experimentlandranged from0.1- 10~ to
0.6 - 10~2 (Fig. 7). At seawater Mg/Ca ratios below 2, both the cochditg/Ca ratio

andD,, increased remarkably to a maximum value 13.70gf, (Fig. 7B).
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3.2.2 A/ Cq and A%0/% My

Calcium isotope fractionation i&. huxleyias well as inC. braarudiiwas not
influenced by alteration of the seawat€nf+] of Mg/Ca ratio (Fig. 8). Also no
significant difference was observedt*/4°Ca between species and different
treatments. Mean\**/*°Ca of E. huxleyiandC. braarudiiresulted in—1.05 4 0.21 %o
(£20) and—1.06 + 0.11 %o, respectively. The observed variability in calcium is@op
fractionation is comparable to the external reprodudipdf the method.

A?/24\g in coccolithophorid calcite was relatively stable for sassv Mg/Ca ratios
ranging from 1 to 5, resulting in meak**Mg of —1.00 + 0.22 %0 (+20) and
—0.77 £ 0.08 %o for E. huxleyiandC. braarudii, respectively (Fig. 9). This indicates a
higher magnesium isotope fractionation in coccolith ¢alof E. huxleyiat an ambient
Mg/Ca ratio. We can rule out an analytical or instrumentédeifsince different cultures
of E. huxleyi(Ca?*-matrix experiment 1 versus 2) analysed on different maehin
(section 2.9) produced similax?®/>*Mg values for tested seawater Mg/Ca ratios. Both
species showed a higher degredbf** isotope fractionation at high seawater Mg/Ca
ratio (corresponding taJa>*] < 5mmol L'). Whereas, the lowegt>%/2*Mg value of
—2.11 %0 was measured i&. huxleyiat [Ca®*] = 5.1 and[Mg?"] = 49.8 mmol L ~* (Fig.
9A).
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4 Discussion

4.1 Physiology

4.2 Mg-matrix

Changes in seawate¥lg>*] within the range of variability during the last 250 Ma
(30 to50 mmol L~! based on fluid inclusion of marine halite by Holland (2003))ised
no effect on the physiological rates Bf huxleyi(Fig. 1). Therefore, we attribute
changes in the physiological ratesefhuxleyiduring the twoCa*"-matrix experiments
to the seawater(a?*]. This is also valid forC. braarudii, since no substantial changes
were observed by doubling the seawatdif] from 25 to50 mmol L~ (Fig. 4, open

markers compared to filled ones).

4.3 Ca-matrix
4.3.1 Growth rate

The offset in growth rate dt. huxleyibetween the two experiments of the
Ca?*-Matrix of ~ 0.3 units (Fig. 1A) is attributable to the higher light interys{200
compared td 60 ymol quantam~2s71). In fact, the growth rate is light saturated at
~ 200 pmol quantam~—2s~! and 18C in E. huxleyi(Paasche 2002). Regardless of the
[Mg?*], an increasefCa?*] of > 25 mmol L= (Mg/Ca ratio< 2) caused a significant
decline in the growth rate @&. huxleyiand a decreased concentration below
10 mmol CaL~! (Mg/Ca> 5) had no substantial effect. Constant growth rate€’at{]
ranging from 2 tol0 mmol L= were previously reported fd. huxleyiby Trimborn
et al. (2007), whereas in the latter stuglyhuxleyiwas not tested to highe€h?*]. C.
braarudii displayed a similar response to seawdtet™ concentrations by decreasing it

cell division at50 mmol L.~ ! but it seems to be less sensitive to elevatéd| ] since no
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change in growth rate was observe@ainmol L~! as seen ife. huxleyi(Fig. 2A).

The observed decrease in the growth rate diuxleyiandC. braarudiiwith elevated
[Ca?*] over25mmol L' are in discrepancy with observations on different
coccolithophore species obtained Stanley et al. (20059.|dier study reported an
increase in growth rate of three speciBte{irochrysis carteragCoccolithus neohelis
andOchrosphaera neopolitandy lowering the Mg/Ca ratio from ambient (5.2) to
Cretaceous# 1) value, either by elevatinga>"] or decreasingMg?*]. The current
results indicate thek. huxleyiandC. braarudiishow decreased growth rates at seawat
Mg/Ca ratio< 2. This discrepancy cannot be clarified but species spec#momses

may be an possible explanation.

43.2 PIC,.

Inorganic carbon production of the investigated speciesved influenced by
doupling the seawateMg?*] from 25 to50 mmol L~!. Nevertheless. huxleyiandC.
braarudii displayed different patterns in caseliC,,.q within the tested range of
[Ca?*]. E. huxleyidisplayed an optimal calcification rate at ambifu>*| (Fig. 2B).
Nimer et al. (1996), Trimborn et al. (2007) and Herfort ef(2004) reported similar
increasing trends faP1C,,.q in E. huxleyiin the range from 1 td0 mmol CaL !, and
equal to the current study Herfort et al. (2004) observediaaton by more than 50% in
PIC,q Of E. huxleyiat a seawatelJa>"] of 50 mmol L*. C. braarudii, on the other
hand, increaseBIC,,,q up to a seawater]a*"] of 10 mmol L' and remained constant
with higher [Ca?*] (Fig. 3B). Both species achieved saturatiorPd’,,,.q at a [Ca*"] of
10 mmol L1, This suggests a well established and adjusted calcificatiechanism to
calcium concentrations of the modern ocean. Interestii@lpraarudiimaintains
optimal calcification at far higher calcium concentratibart doe<€. huxleyi A similar
response was also observed in other physiological ratew/éifae elucidated at the end

of this section.
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433 POG,,

Elevating[Ca?"] from low to ambient values had no effect BOC,,,q in E. huxleyi
andC. braarudii, what was previously observed in lab experimentHohuxleyi
(Trimborn et al. 2007; Herfort et al. 2004). In contrast, inet al. (1996) observed a
decrease in photosynthetic fixation by lowering me€ia "] below 10 mmol L.

These diverse findings could be due to different experimieetaips or the method used
for the determination of photosynthetic activity (Trimbaet al. 2007). However, further
calcium elevation above) mmol L~ affectedPOC,,.q in E. huxleyidrastically,

lowering the rate by 45%. Neverthele€s,braarudiiseems to be able to cope with high
seawatefCa?"]. Additionally, the increaseB1C,,.q at [Ca*"] from 1 to 10 mmol L

and the concomitant steatOC,,,,q rate in both species gives evidence that

calcification does not promote photosynthetic carbon attipm in coccolithophores.

434 Chhy,,

Under nutrient replete and constant temperature condititte,,,.q is negatively
correlated to light irradiance (Geider et al. 1996) whatiesdy reflected in the low
Chla,,,q of E. huxleyiat higher illumination (Fig. 2D). Regardless of the lighteinsity,
E. huxleyiandC. braarudiishowed decreasethla,,.q by ~ 50% when seawater(a**]
was increased from 10 f& mmol L~!. The central atom of chlorophyll is{g*", which
is the most abundant divalent cation in cells, mostly bownulicleotides, RNA, DNA,
phospholipids and it also reacts as a cofactor for ATP in aberrof enzymatic reactions
(Legong et al. 2001). Freldg?* inside the cell is precisely regulated and kept in
homeostasis (Beeler et al. 1997). High exter@al['] are capable of interfering with
Mg?* uptake in higher plants by blocking the relevant ion chasfigloore et al. 1960)
and altering cytosalig>™ homeostasis. It remains questionable if this could be an

explanation for the observed reduction@fla,,.q in coccolithophores.
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4.3.5 Cellular physiology and freeCa?*

Cellular free [Ca*™] within the cytosol is kept very low dt.1 ymol L~ and
maintained constant by transmembrane transport€aia channels an@a’** ATPases
(Brownlee et al. 1995). Th€a?* cation is used as a major signalling ion to regulate
energy output and cellular metabolism within the cell. Hfere, a constant]a?*] in
the cell seems to be a crucial component in maintaining leglprocesses, e.g.
regulation ofHCO3 uptake (Nimer et al. 1996) or even motility in cyanobactéfata
et al. 1997). In both species investigatBd(C,,.q displayed a positive correlation to
increasing externalfa?*] form 2 to 10 mmol L ™!, whereas all other tested physiologice
parameters (growth ratB0C,,,q andChla,,.q) remained constant.

Precipitation of calcite occurs in the coccolith vesicléjeh is separated from the
cytosol by a biomembrane (Young et al. 1999), and calcuiatindicate aa’*] range
from 100 M to 10 mM inside the vesicle (Anning et al. 199&)a>* flux from external
seawater to the site of precipitation (coccolith vesicleg to pass through two
biomembranes, first the cell membrane (downhill conceptmajradient—AG) and the
coccolith-vesicle membrane (uphill concentration gratjie¢ AG). Coccolithophores
are probably well adapted to the rece@h}*] of the ocean and therefore might not hav
mechanisms to react rapidly to a changing external calciumeamtration since the
oceanicCa?* abundance is rather uniform and has not changed within @mnillim.
Hence, influx ofCa?* depends on the abundancef* channels on the cell’s surface
and the concentration gradient between cytosol and seawate assume the
abundance of'a*" channels to be constant per surface area, then only the iatien
gradient will alter the influx ofCa®" ions. A lower externaCa* abundance
(< 10 mmol L~1) will reduce the influx into the cytosol. The diminished inflean be
compensated by either reducing the outw@sd* transport from the cytosol to the
external media (seawater) or reducing the transpaft:f into the coccolith vesicle.
Here, we found a decreasedC,,.q, what may be an evidence for a diminished flux in

the latter transport mode (cytosol to coccolith vesicla).te other hand, an elevated
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seawater calcium concentration (abdvenmol L) will increase theCa?* influx to the
cytosol. High [Ca?*] concentrations in the cytosol can have toxic effects, prip
targeting mitochondria and the endoplasmatic reticuluas@<and Orrenius 1999), and
therefore may affect all physiological rates as seef.ihuxleyi C. braarudiiseems to
be able to cope with an elevated exter@ "] to a certain degree. This can be
explained by a smaller surface to volume ratio what woulcetizate the process of

toxification by an accumulation @fa?* ions in the cytosol.

4.4 Calcite analytics
4.41 Sr** and Mg** incoporation

The patrtition coefficientl)s,) was independent of seawater Sr/Ca ratios and no
species specific dependency was found betviedruxleyiandC. braarudii The
calculated partition coefficient of 0.32 is well within thenge of reported values from
culture experiments (Rickaby et al. 2002; Stoll et al. 20Gihger et al. 2006)Ds,
values from inorganically precipitated calcite displaycader of magnitude lower values
ranging from 0.021 to 0.14 and have a clear dependence otalgyswth rates (Lorens
1981; Tesoriero and Pankow 1996; Tang et al. 2008). The lymagmechanisms
leading to the observed offset between biologically medi@nd inorganically
precipitated calcite are still under discussion. One fastprobably the missing
knowledge regarding the actual Sr/Ca ratio inside the ddbogesicle solution.
Strontium incorporation into inorganically and biolodiganediated calcite is discussed
in detail elsewhere (e.g. Langer et al. (2006); Stoll ana#i{2004); Tang et al. (2008))
and here, we focus on the Mg/Ca ratios in coccoliths.

Data onMg?* incorporation into coccolithophore calcite are ratheerdirst
measurements of coccolith calcite were done by Siesse7{E3d were reported to
contain less than 1% dflgCO;. This is well in agreement with the values revealed frol
the current study and further supported by simNByCO5; measurements .
leptoporus G. oceanicaandH. carteri by Stoll et al. (2007 200d). These results are in
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disagreement with results from Stanley et al. (2005) detnatisg high Mg-calcite
(>15%) in two coccolithophore specid’ ¢arteraeandO. neopolitanaat ambient
seawater conditions. Furthermore, the authors indicatetiiese two species precipitate
low Mg-calcite if cultured at seawater Mg/Ca ratio of 1 or kEwvas inferred for the Late
Cretaceous and suggested that a low seawater Mg/Ca ratioped massive chalk
deposition by coccolithophores during the Late Cretace@us results indicate that the
two specie€. huxleyiandC. braarudiiare able to maintain low Mg-calcite precipitatior
(<1%) when cultured at different seawater Mg/Ca ratios amdat increase their growth
or calcification rates under a low seawater Mg/Ca ratio.

Inorganic partition coefficients of magnesium are abouttwagnitudes higher than
values observed in this study at seawater Mg/Ca ratios ab@veicci and Morse 1983),
what implies a tight control ove¥lg?* incorporation during calcite precipitation in
coccolithophores.

We observed a remarkable increase of the Mg/Ca ratio in dittwophorid calcite at
seawater Mg/Ca ratios below one, what was accompanied bytenfiarence ofhla,,.q
at high seawater calcium concentrations (Fig. 2D+3D). ®hiarther indicated by the
correlation ofChla,,.q and the magnesium partition coefficient of the calcitedat(fig.
8). However, a direct correlation @fhla,,..q to Dy, is very unlikely because cellular
Mg** is not only involved in cellulaChla,,.q. Mg>" plays a crucial role in all energy
demanding processes by acting as cofactor for ATP in a nuoflezymatic reactions
(Legong et al. 2001), whereas only 6% of celluldg>" is bound to chlorophyll.
Therefore, we postulate that an increasing cytoSaP{] disturbs cellulaivig?*
homeostasis as reflected by decreased physiological patesirily in Chla,,q.

Furthermore, it seems that impaired physiological ratad te a reduced control
over the exclusion of th&lg?* ion during calcite precipitation, what may be reflected il
an increased Mg/Ca ratio. Nevertheless,Xhg”O5 content of calcite remains very low
(<1%) at seawater Mg/Ca ratios below 2, even if the physickigontrol over coccolith

precipitation is impaired.
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4.4.2 A4 Cq and A%/% Mg

The meam\*¥/*°Ca value revealed from alf. huxleyiexperiments in the present
study wad).3 % greater than previously reported valuesBomhuxleyi(Langer et al.
2007; Gussone et al. 2006). Howevar/*°Ca values from theéE. huxleyiexperiment at
50 mmol Mg L=! (exp. 1) fall well within the reported range (excepting tkedue at
ambient seawatef?*]). Comparison of the meaf*//*°Ca from theE. huxleyi
experiment 1 (Fig. 6A, filled diamonds; without the valud @tnmol Ca L.~*) and from
experiment 2 (Fig. 6A, open diamonds) would lead to an ofi§ét4 %.. Therefore, an
influence of either seawateXlg>*] or light intensity might be suggested. Since differer
light intensities have no influence on the?* isotope fractionation . huxleyi(Langer
et al. 2007), the suggested offset between the two expetina@pears to be driven by
the change in the externalllg®*]. This would be only valid folE. huxleyisince a similar
offset driven by external\Ig?* ] was not observed i€. braarudii(Fig. 6B). Our
observation that\**/4°Ca is constant in botfE. huxleyiandC. braarudiiover a wide
range of seawater Mg/Ca ratios suggests that calcium isotagords derived from
coccolithophores are essentially unaffected by variatiorseawater Mg/Ca. This is
confirmed by the findings of Langer et al. (2007), who reported¢hange irCa’*
isotope fractionation over seawat€hP ] expected in the oceans over the last 500
million years.

Seawater Mg/Ca concentration raised since the Late Caiadeom~ 1 to a
modern value of 5.2. Within this range of seawater Mg/Casath?%/2*Mg values were
relatively constant in both coccolithophore species$.(0 + 0.22%0 and—0.77 £ 0.08%
for E. huxleyiandC. braarudii, respectively). Additionally)Mg** isotope fractionation
in E. huxleyiwas not influenced by doubling the seawaidgf*] from 25 to
50mmol L~ (Fig. 9A).

TheMg?* isotope fractionation in coccolithophores is smaller theorted for
foraminifera and coral calcite (Table 3). Pathway3/bf?* to the site of precipitation

are quite different in coccolithophores compared to caatsforaminifera. Corals and
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foraminifera are supposed to transpliig?ions via specific vesicles or vacuoles
derived from seawater to the site of calcification (Erez 2@hen and McConnaughey
2003). Transportways dfig>* in coccolithophores are not known so far but it seems
likely that they are transported similarly as in bacterid higher plants via unique
membrane channels from the external media to the cytosgbfiget al. 2001).
Transported to the cytosol, thég?* ions are facing four possible fates: (1) to be
incorporated into organic compounds, (2) to be furtherdpamted to the coccolith
vesicle and integrated to the calcite lattice, (3) to reniaihe cytosol as fredlg?+and
(4) to be transported back to the external media. Orglipjt" concentrations are
reported to vary betweeh0 - 10~1° to 1.0 - 10~ mol per cell ofE. huxleyi(Stoll et al.
2001). InorganicMg?*™ concentrations it huxleyirange from3.0 - 10716 to

1.1- 107 mol per cell (derived from this study). Cytosblg*" abundance is not known
for coccolithophores, but we assume a concentratiah-efl0 mM as reported for plant
cells (Epstein 1965). Therefore, the cytosol displays thalest pool of\Mg?* in E.
huxleyi whereas organic bounidg?" reflects the largest part. Thus, organic isotope
fractionation ofMg?* will alter the isotopic composition of the cytosoli¢g®* to a large
extent, what will have a secondary influence ondte* Mg composition of the
coccolith. We calculated &%/>Mg value for the cytosol by applying a mass balance
with the following assumptions: We assumed firstly, thatttitel sum ofMg?* ions
transported intd. huxleyiis not fractionated compared to seawater and secondly, tha
organicMg?* is fractionated by -0.71%, relative to the seawater (cyanobacterial
chlorophyll-, Black et al. (2006)). Based on these assumptions and thaéarellg*
concentrations mentioned above, we calculatéd*Mg values for the cytosol dE.
huxleyito have a range from 3.30 to 335 Therefore, coccoliti\?/2*Mg would result
in -4.30 to—4.35 % if fractionated against the cytosol, consistent with régar
A%/24\Ig values of foraminifera calcite (Pogge von Strandmann 200@ng et al.
2004). This leads to the conclusion that isotopic magnesioimposition of
coccolithophore calcite is greatly influenced by Mg** isotope fractionation of the

organic cell compartments since organic bodifigh™ can be up to 500 higher than
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inorganically boundvig?* (Stoll et al. 200b).

4.5 Conclusions

Over the last 225 million years seawatdff’*] and [Ca?*] have changed
remarkably (Horita et al. 2002). Within the predicted chesmge tested two
coccolithophore species as to their physiological respansl analysed the coccolith
calcite. The evolutionary young specigeshuxleyiand the 'older’ specie€. braarudii
were both affected by changes in the seawatef{] rather than the)ig?*]. E. huxleyi
displayed a higher sensitivity tha® braarudiito increased seawater§>*] by showing
a decreasing growth rate]C,,,q4, POCy,0q @ndChla,,qat concentrations above
25 mmol L', wherea<C. braarudiiwas only affected atz 50 mmol L. PIC,,oq in
both species was reduced atf*] lower than in the ambient ocean, whereas other
physiological parameters remained constant. The phygicdbresults agree well with
previously published data on coccolithophores and we hbtadreed no evidence that a
low seawater Mg/Ca ratio increases coccolithophorid gnaavid calcite production.

Strontium and magnesium content of coccolithophorid takie controlled by
different mechanisms. The Sr/Ca ratio in coccoliths wasdity correlated to the
seawater Sr/Ca ratio, whereas Mg/Ca ratio was greatly imte by the physiology.
Mg?* isotope fractionation in coccolithophores is lower thamorted for other calcifiers,
which may be explained by the different calcification mecsias of coccolithophores.
Further research oklg?* isotope fractionation in organic and inorganic materialiigo

probably reveal new insights into coccolithophorid cateifion mechanisms.
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Table 1: Elemental concentration of relevant seawater Mgeand Sr) ingredients and

corresponding ratios of temiliania huxleyiexperiments (Ca-Matrix).
Ca RSD Mg RSD Sr RSD Sr/Ca Mg/Ca

[mmollL] % [mmol/l] % [gmol/lL] %  [mmol/mol] [mol/mol]

Emiliania huxleyiexperiment 1

5.1 0.1 49.8 0.3 99.5 0.1 19.51 9.76
10.0 0.2 49.7 0.2 102.4 0.1 10.22 4.95
24.4 0.1 48.3 0.3 97.4 0.1 4.00 1.98
50.3 0.4 50.6 0.1 100.3 0.1 1.99 1.01
Emiliania huxleyiexperiment 2
2.6 0.6 25.3 0.7 98.8 0.2 37.97 9.71
5.2 0.6 24.9 0.1 94.0 0.1 17.94 4.76
13.0 0.1 25.7 0.5 98.4 0.1 7.60 1.98
24.7 0.4 25.2 0.6 99.1 0.1 4.01 1.02
51.0 0.4 26.4 0.2 102.4 0.2 2.01 0.52
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Table 2: Elemental concentration of relevant seawater Mgeand Sr) ingredients and

corresponding ratios of théoccolithus braarudiexperiments (Ca-Matrix).
Ca RSD Mg RSD Sr RSD Sr/Ca Mg/Ca

[mmol/L] % [mmol/l] % [gmol/lL] %  [mmol/mol] [mol/mol]

Coccolithus braarudiexperiment 1

5.1 0.5 48.5 0.2 97.5 0.2 19.19 9.54
9.7 0.1 48.9 0.2 91.7 0.2 9.42 5.02
23.5 0.2 49.4 0.3 88.2 0.2 3.75 2.10
46.7 0.5 47.7 0.2 85.4 0.2 1.83 1.02
Coccolithus braarudiexperiment 2
2.6 0.9 25.9 0.7 98.8 0.1 37.67 9.86
5.2 0.2 25.4 0.1 95.7 0.2 18.54 492
12.3 0.6 25.5 0.2 97.0 0.2 7.89 2.08
24.2 0.2 25.8 0.2 100.2 0.1 4.14 1.06

48.8 0.3 25.8 0.4 99.7 0.1 2.04 0.53
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Table 3:A%Mg values of different calcite precipitates at ambient seanatnditions.

CaCOs A®Mg reference
corals ~ —2.6 Pogge von Strandmann (2008)
foraminifera -5.5t0-3.4 Chang et al. (2004)
foraminifera -4.9t0-3.5 Pogge von Strandmann (2008)
coccolithophores -1.0t0-0.8 this study
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3.4

Figure captions

Fig.1: Response d&. huxleyito changing seawatékig?*] with constan{Ca*"] at
10 mmol L=1. A: Division rate;B: PIC productionC: POC productionD: Chla
production. Shaded area indicates the relefligf*| for comparison with the
Ca?*-Matrix.

Fig.2: Response d&. huxleyito a changing seawatét'a®*| with constan{Mg?*] at
50 mmol L~! (filled markers) an@5 mmol L~ (open markers). E= light intensity in
pmol quantam~2s~1. A: Division rate;B: PIC productionC: POC productionD: Chla
production.

Fig.3: Response d. huxleyito a changing seawater Mg/Ca ratios with constant
[Mg?*] at50 mmol L~ (filled markers) an@5 mmol L~ (open markers). E= light
intensity ingmol quantam=2s~!. A: Division rate;B: PIC productionC: POC
production;D: Chla production.

Fig.4: Response df. braarudiito a changing seawatéfa®*] with constanfMg*']
at50 mmol L ! (filled markers) an@5 mmol L~ (open markers). E= light intensity in
pmol quantam~—2s~1. A: Division rate;B: PIC productionC: POC productionD: Chla
production.

Fig.5: Response df. braarudiito a changing seawater Mg/Ca ratios with constant
[Mg?] at50 mmol L ! (filled markers) an@5 mmol L=* (open markers). E= light
intensity ingmol quantam~2s~!. A: Division rate;B: PIC productionC: POC
production;D: Chla production.

Fig.6: Coccoltith Sr/Ca ratio (A) and corresponding exaenoefficient (B) oE.
huxleyi(diamonds) and. braarudii(circles) as a funtion of seawater Sr/Ca ratio at
constanfMg?*] of 50 mmol L ! (filled markers) an@5 mmol L.=* (open markers). The
slope of the linear regression curve yield9g of 0.32.

Fig.7: Coccoltith Mg/Ca ratio (A) and corresponding exappacoefficient (B) oE.
huxleyi(diamonds) an€. braarudii(circles) as a funtion of seawater Mg/Ca ratio at

constanfMg?"] of 50 mmol L ! (filled markers) an@5 mmol L' (open markers).
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Fig.8: Calcium fractionation**Ca) in calcite ofE. huxleyi(A, diamonds) ancC.
braarudii (B, circles) to changing seawatgta®*] at constanfMg**] of 50 mmol L~
(filled markers) o5 mmol L~ (open markers). Error bars indicate 2SD. E= light
intensity ingmol quantam—2s~1,

Fig.9: Magnesium fractionatiom\*Mg) in calcite ofE. huxleyi(A, diamonds) and
C. braarudii(B, circles) to changing seawater Mg/Ca at consffy’*] of 50 mmol L
(filled markers) o5 mmol L~ (open markers). Error bars indicate 2SD. E= light
intensity ingmol quantam—2s~1,

Fig.10: Dy, as a funtion of Chd production inE. huxleyi(diamonds) and.
braarudii (circles) at constariMg?*] of 50 mmol L~! (filled markers) an@5 mmol L

(open markers).
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4 Synthesis: Past, present and

future of coccolithophores

All manuscripts within this thesis deal with the physiolagfycoccolithophores in re-
gard to changing environmental conditions. Their phygjadal response is investigated,
in regard to changes in the seawater calcium to magnesiuon(vétich has varied over
geological time scales), and to changes in the seawataenutoncentrations of nitro-
gen and phosphorus. Furthermore, the effect of projectedroacidification (changes in
the seawater carbonate system) on coccolithophores isieednin this chapter the ma-
jor conclusions of the presented manuscripts will be surmadrand put into a broader

context.

4.1 Coccolithophores in the Cretaceous ocean

The geological record of coccolithophores experiencedrarkable increase in abun-
dance and diversity during the Late Cretaceous period,ctetleby massive coccolith
depositions in the sediments.

The surface temperature of the Cretaceous ocean was alddtitC6higher than at
present (Barron 1983), presumably driven by elevated gihws CO, concentrations
and increases in the poleward oceanic heat transport (Batral. 1993 1995). Addi-
tionally, the sea-level was 150 m higher due to increased rates of sea floor spreading
(Ridgwell 2005).
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The rise of calcareous nannoplankton (including coccofitiores) is hypothetically
linked with the above mentioned 'greenhouse’ conditionsmduthe Mesozoic (250-65
Ma ago), whereas the increase in abundance and diversitiatafnas in the sediment
record is associated with the cooling in the Cenozoic (65e0dgo) (Bown 2008). An-
other hypothesis suggests that the different major ion @mitipn of seawater (in par-
ticular the Mg/Ca ratio, see 2.2) as being the primary factarsing the dominance of
coccolithophores during the Cretaceous (Stanley et ab;2B&nnan et al. 2004).

One major result of manuscript IV is that the tested two cbtwaphore species do not
increase their growth rate when exposed to seawater Mgt(©a i the Cretaceous. One
speciesk. huxley) is even impaired in growth, photosynthesis and calcificatates at
calcium concentrations assumed for Cretaceous seawat&riimol Ca L~!; Mg/Ca of
1). This calcium concentration, on the other hand, had rexetin the measured physio-
logical rates ofC. braarudii. A higher sensitivity ofE. huxleyicompared tcC. braarudii
has also been observed for a reduction/increase in seaptdfeCO, (comparing the
studies of Riebesell et al. (2000) and Langer et al. (2D0ke 2.3).

Both species differ in size and evolutionary hista@y.braarudiiis about a magnitude
bigger in volume thark. huxleyiand evolved 65 Ma ago, wheregs huxleyiwas first
recorded in sediments dating back to only 250,000 thousaatsy Interestingly, cocco-
liths from the Late Cretaceous are large in size (Bown etGl42 but it is questionable if
the environmental conditions of the Cretaceous were fawby large coccolithophore
species or if the preservation conditions were inapprogtier smaller coccoliths (in-
creased dissolution and diagenesis, Young et al. (2005)).

In summary, Cretaceous seawater ion composition has pisobebn neither an advan-
tage nor a disadvantage for large coccolithophores such &saarudii. However, the
response of non-calcifying phytoplankton taxa to elevateawater calcium concentra-
tions has not been investigated. Therefore, it remains an gpestion as to how other
phytoplankton taxa will react to changing seawater calcaancentrations and Mg/Ca
ratios.

Physical conditions (like warm, shallow and stratified 3é@se presumably enhanced

rapid accumulation and deposition of coccolithophoridcical during the Cretaceous.
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Nevertheless, extrinsic biotic factors, such as grazing) @ral infection, remain un-
known. Therefore, the question should be asked - why othgioptankton competitors
and grazers were not as numerous as the coccolithophossnpie the sediment record?
Were those taxa outcompeted by the coccolithophores ortheyesuppressed by the en-

vironmental conditions?

4.1.1 Sr/Ca and Mg/Ca of coccoliths

In the laboratory, coccolith Sr/Ca ratios were observedotoetate with cell division
and calcification rates under nutrient limitation (Rickadyal. 2002). In sediment sam-
ples, the Sr/Ca ratio has been proposed as an indicatorsoppaductivity of coccolitho-
phores (Stoll and Schrag 2000; Stoll et al. 2002). Howewer seawater Sr/Ca ratio has
varied over geological times (Lear et al. 2003) and it is intgnat to verify if the strontium
partition coefficient of the coccolith calcit®,) is influenced by these oscillations. Re-
cently, Langer et al. (2008 reported that th®g, of E. huxleyiis unaffected by changes
in seawater strontium and calcium concentrations. Thiigiened in manuscript IV

and is also valid for th®g, of C. braarudii

The percentage dflgCO3 in inorganically precipitated calcite is positively cdated
with the Mg/Ca ratio of the mother solution (Morse and Benti@®0). A similar cor-
relation was also reported for biogenic calcite of forarf@ra, corals and echinoderms
(Segev and Erez 1994; Ries 2004; Stanley 2008). The magnegxttition coefficient
(Daig) of coccolithophorid calcite is about two to three ordersragnitude lower than
that of inorganic calcite, and coccolithophores are regubtd precipitate low Mg-calcite
(< 4% MgCOs3) (Siesser 1977; Stoll et al. 2001 2007).

In contrast are results of Stanley et al. (2005) indicatigh Mg-calcite & 15% MgCOs3)
in two coccolithophore specie®leurochrysis cartera@and Ochrosphaera neopolitana
at ambient seawater conditions. In both species the moleMig6fO; is positively corre-
lated with the seawater Mg/Ca ratio. However, in a third sggeimvestigatedfoccolithus

neoheli$ the coccolith Mg/Ca ratio remained constant over the testawater Mg/Ca ra-
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tios and coccolith calcite displayed IavigCO3 content (Stanley et al. 2005).

Results of manuscript IV reveal that the coccolith Mg/Caoraff E. huxleyiand C.
braarudii primarily depend on the physiology. In fact, the partitidmtagnesiumDy,)
during calcite precipitation is negatively correlatedwihe chlorophylla production.
However, even under very lowhla,,.q and highest measured calcite Mg/Ca ratios the
MgCO3 content remains under <1%.

The diverging results of Stanley et al. (2005) and manustvipnight be explained
by the genetic differences and the evolutionary origin leefvthe species examined. On
the genealogical tree (based on rDNA)carteraeandO. neopolitangprecipitating high
Mg-calcite at ambient seawater conditions) are relatiadbgely related to each other
and originated from the same ancestors 110 million years &gbereas the low Mg-
calcite precipitating specié€s. braarudiiandC. neohelislescended from a distant branch
(de Vargas et al. 2007), aril huxleyi(low Mg-calcite) is located on a third branch apart
from the others. Whether the precipitation of low or high khjeite in coccolithophores

has a genetic basis or not, is a question which needs to beseatbly future studies.

4.1.2 Ca’?" and Mg?" isotopic fractionation in coccoliths

Calcium isotope fractionation in calcite of several cotbolphore species is known
to be influenced by temperature (Gussone et al. 2007), whieleanges in the carbonate
chemistry have a negligible effect (Gussone et al. 2006).

Variations in cellular division, calcification and photoglyesis rates do not affect cal-
cium isotope fractionation k. huxleyiand C. braarudii, as reported in manuscript IV,
neither had a changing seawater calcium concentrationfect éin agreement with re-
sults of Langer et al. (2007)). Furthermore, a doubling ef$bkawater magnesium con-
centration from 25 t&0 mmol L did not alter the calcium isotopic composition of the
coccoliths. Therefore, the calcium isotope signal in ctttt®depends primarily on the

calcium isotopic composition of the seawater and seconaigmperature.

Manuscript 1V presents (to the best of my knowledge) the fiistia set on magne-
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sium isotope fractionation/\*Mg) in coccolithophorid calcite. Values ak?**Mg in
foraminifera calcite were reported to range between -3d4-&r8/c (Pogge von Strand-
mann 2008; Chang et al. 2004) at ambient seawater conditidhese values are by
a factor of 3 to 5 lower than measuréxt®Mg values ofE. huxleyiand C. braarudii
This difference might be an effect induced by the underlyalgification mechanisms of
foraminifera and coccolithophores.

Foraminifera vacuolize seawater (including tkig?* ions) and transport these spe-
cific vesicles or vacuoles to the side of calcite preciptaiiErez 2003; de Nooijer et al.
2009). Therefore, magnesium isotope fractionation inrforéfera occurs directly from
the seawater solution. Coccolithophores, on the other,fanedumably transpohtlg?*
via uniqgue membrane channels or transporters from the $eateathe cytosol. From
there, it may remain as cellular fréég>" or can be transported further to the coccolith
vesicle (site of precipitation) or bound to organic molesu{like chlorophyll). The or-
ganic boundVig?* displays the biggest pool of cellulafg®", which is about 500 times
bigger than the inorganic fraction (Stoll et al. 2001). Tfere, it might be possible that
the cytosol is enriched in the heaviéhg isotope since organic compartments preferably
incorporate the lightet*Mg isotope. This would consequently lead to a heavier magne-
sium isotopic composition in the cytosol from which thig?* ions are transported to the
coccolith vesicle. Thus, the coccolith vesicle would fracate against a isotopic heavier
solution compared to the isotopic signal of the seawateatwbuld lead to the observed
offset in magnesium isotope fractionation between cotiugihores and foraminifera.

However, this theory remains hypothetical sindg?* transport mechanisms are not
known for any phytoplankton taxa. Additionally, knowledgieout the magnitude of the
magnesium isotope fractionation inside the organic compants is missing. Therefore,
further investigations (both in the organic and inorganatenial) are necessary to under-

stand the mechanisms of magnesium isotope fractionatioodeolithophores.
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4.1.3 Paleoproxy implications

Coccolithophores (together with foraminifera) are resplole for the majority of cal-
careous sediments since the Jurassic. For the reconstrugdtithe calcium cycle over
time, it is necessary to evaluate and quantify the input aridut fluxes of calcium (see
2.1.2). This is done by measuring the individual isotopgmatures of the involved fluxes.

One output flux of calcium is the biogenic calcification by col@dhophores and the
subsequent deposition of calcite in the sediments. Thepsosignature of coccolitho-
phorid calcite primarily depends on the isotopic compossiof the seawater and might
be secondarily influenced by other seawater variables f@ngperatureCa?* andMg?+
concentrations). Therefore, it is necessary to corredstitepic signal of coccolithopho-
rid calcite from the sediments against these secondarghlas.

Manuscript IV shows that the calcium isotopic compositiogalcite ofE. huxleyiand
C. braarudiiis independent of the seawater concentrations of calciwhnagnesium.
Thus, these two seawater variables, which had changed ewégical time, can be ne-
glected in calculations to reconstruct the oceanic caldiuniget (as it was done by Zhu
and MacDougall (1998); De La Rocha and DePaolo (2000)).

Besides the usage of the calcium isotope fractionation aca@iths (A**/“°Ca) to re-
construct the oceanic calcium budget over time, it seemsiging as a paleoproxy for
temperature since it is the main factor influencing the igiatsignal (besides the isotopic
composition of seawater). However, since species spediicehces are reported in coc-
colith A**/49Ca the usage of bulk carbonate sediments as a temperature gppRArs to

be questionable (Gussone et al. 2007).

Magnesium is mainly located in the organic compartment @tobthophores, what
can be about 500 times higher than the magnesium contene ahdinganic coccoliths.
Therefore, measurements of magnesium in coccolithopleatite to reveal the element
Mg/Ca ratio or the magnesium isotope fractionatiax?(**Mg) faces two analytical
problems: First, the sample has to be efficiently cleaneu fvoganic matter and second,
the sample material has to contain sufficient magnesiundw aépeated measurements.

The cleaning procedure is not critical since different rodthcan be verified in the
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lab (Stoll et al. 2001). Sufficient sample material, on thieeothand, is not a problem
for elemental fractionation analysis (e.g. Mg/Ca) in ctdtand sediment samples (Stoll
et al. 2007). At present, magnesium isotope fractionatitadyasis (\26/2*Mg) requires

an amount o~ 1000 ng Mg what corresponds (depending on the Mg/Ca ratio) to ap-
proximately 2-4 mg of coccolithophori@aCO;. This sample size will limitA26/24 Mg
measurements to culture experiments, where it is possiblet¢umulate the required
amount from one coccolithophore species. Additionallg,tagnesium isotope fraction-
ation may reveal new information about the cellular procésslcification as well as ion

transportation mechanisms.

The Mg/Ca ratios in biogenic calcite of foraminifera andatsrare widely used as a
temperature proxy (Nurnberg et al. 1996; Toyofuku et al. @0dittsuguchi et al. 1996).

Recent results of sediment traps indicate that the cobcld/Ca ratio of one out of
three coccolithophore species is correlated to temperd&toll et al. 2007). Therefore,
it seems that coccolith Mg/Ca ratios are less valuable ampdgature proxy than ratios
revealed from coral or foraminifera calcite.

A strong negative correlation was found between coccalifh (as well as coccolith
Mg/Ca) and chlorophylh production in two coccolithophore species (manuscript V)
This may hint to a physiological control of the coccolith NIg! ratio. However, phys-
iological rates, like chlorophyla production, are influenced by temperature and thus,
abiotic factors may have a secondary control on the cotciElg/Ca ratio, what has to be

verified in future studies (see 5.2).

4.2 Coccolithophorid calcification in the ambient
ocean and the cell division cycle

The cell cycle is divided into four phases, which every cel o go through for suc-
cessful reproduction. Beginning with the G1 phase, theaabmplishes a major part

of its assimilation processes (protein and carbohydratéhegis) and subsequently en-
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ters the S phase where the genome is doubled. After DNA ssistiiee cell prepares

for cell division in the G2 phase and in the last sequence®tdil cycle, the M phase,

the chromosomes condense along the equator of the cellatighter chromosomes are
drawn toward the poles and the final division completes tllecgele. The entrance to,

and the exit from each phase needs to be tightly controlledder to assure two "healthy’

daughter cells.

The cell cycle in phytoplankton is triggered and influencgd/arious environmental
conditions. Within a light:dark cycle cell division is symonized to occur in the dark
and a lower temperature elongates each phase of the cyci®{\®94; Chisholm 1981).
The influence of nutrient limitation on the cell cycle is iffsziently understood in phyto-
plankton. Phosphorus limitation can preve@mbrocentrum minimurfrom entering the S
phase (Antia et al. 1990) and nitrogen limitation arresasains and dinoflagellates in the
G1 phase (Vaulot et al. 1987; Olson and Chisholm 1986). Eurtbre diatoms are highly
dependent on silicate uptake during the G2+M phase (Clagfuah. 2002). Manuscript
| indicates a tight correlation of the G1 phase with the pssaaf coccolithogenesis and
explains the higher calcification rate observed under phags limitation compared to
nitrogen limitation (Paasche 1998). Under both limitasigrells ofE. huxleyiaccumulate
in the G1 phase. Nitrogen limited cells are impaired in agation processes, reflected
by a decrease in cell size, whereas phosphorus-starvedteogen-replete cells increase
significantly in diameter because biomass and calcite lldontinues while DNA syn-
thesis and replication are inhibited. In this regard, cgtle analysis offers a useful tool
for investigating the calcification mechanisms of coctmiithores. Additionally, it gives
further evidence to the underlying processes leading tadperted responses of coc-
colithophorid calcification to changing environmental diions, such as macronutrient
limitation. In addition to the effect of macronutrients dretcell cycle, micronutrients
should be considered. For instance, Schulz et al. (2004)tegba similar effect on calci-
fication under zinc limitation, as seen under phosphorusatian in manuscript I. Zinc is
highly involved in the DNA transcription and acts as a cadador alkaline phosphatase,
thus zinc is likely to act similarly to phosphorus on the oglitle by arresting cells at the

transition from the G1 to the S phase.

106



4.3

4.3 Ocean acidification and coccolithophores:

From short to long-term response

Since it is evident that the ocean will become more acidictduee absorption of at-
mospheridCO, emitted as a result of human activities, the research in ¢ dif ‘'ocean
acidification’ or 'ocean carbonation’ has increased sigaiitly in the recent years. At-
tention has been focused on marine calcifiers because liogetipitation ofCaCO5
is likely to become more costly in energy requirements dug decreasing seawatgi
(Fabry et al. 2008).

Four coccolithophore species were tested to changing selaeabonate chemistry in
several laboratory experiments with species-specifidtesfipart from different ampli-
tudes in the calcification and photosynthesis responsasiided in 2.3 and manuscript
[I+111), a general trend crystallizes for the investigatguecies. With experimentally in-
creasingpCO, from ambient to future levels, organic carbon production gl is el-
evated, whereas calcification decreases (for a detaileansmynof species and strain-
specific responses refer to Ridgwell et al. (2009); Zonde(2807)). However, the ex-
amined range opCO, is quite narrow and recent results indicate (Krug 2009; leang
et al. 2009), as proposed by Ridgwell et al. (2009), that uad&oadeipCO, range the
physiological response follows an optimum curve with speend strain-specific optima
for photosynthesis and calcification.

The majority ofpCO, experiments on coccolithophores were conducted with rstu
acclimated fore 10 generations and after another similar generation timexperements
were terminated. However, experiments on the immediafgorese (within one genera-
tion) and the long-term response (over multiple generajiane lacking. Manuscript Il
discusses the short-term responsd=ohuxleyito rising pCO, and reveals that after 8
hours of exposure to highCO, similar trends in calcification and photosynthesis are
observed as reported in previous studies for acclimatedres. Under long-term high

pCO, exposure (more than 60 generatiols)huxleyiand C. braarudii display a de-
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creased trend in calcification. This is consistent with Iitesabtained from shorter-term
high pCO, exposure experiments, and it is further indicated that dugapCO, increase

does not reducpCO,/pH sensitivity.

Besides the enlargement of our knowledge on the physidbgesponses of cocco-
lithophores to ocean acidification, a further goal is to usedata (compiled from con-
trolled laboratory or mesocosm studies) for the generaifagiobal models with the aim
to project future changes in the marine carbon cycle.

Coccolithophores play a multiple role in climate feedba@chmanisms since decreased
CaCO3 production and increased organic carbon fixation would besilt in a negative
feedback loop. Furthermore, a reduction in the strengthebiological pump due to a
diminished production of ballast matt€r{CO;) is feasible and would result in a positive
feedback (see also 2.1).

Data used in various models have mostly been obtained fragiesspecies experi-
ments (Zondervan et al. 2001). However, single species cegie differently compared
to natural communities. This becomes apparent by compawogmnesocosm experi-
ments: one dominated by a bloom®Bfhuxleyi(Engel et al. 2005) and the other a mixed
community ofE. huxleyiand two diatom species (Riebesell et al. 2007; Schulz et al.
2008). In the latter study, an increase in the organic cagroduction was reported,
whereas no elevated organic carbon build-up per availaliigents was observed at fu-
turepCO, compared to ambieqCO, conditions in the study of Engel et al. (2005). This
seems contradictory to the observed increase in orgarbordixation ofE. huxleyj what
is observed in laboratory studies (Zondervan et al. 2008¢g et al. 2008). However, the
reported rates from the latter studies are normalized omiacell basis’ and normaliza-
tion to a biomass basis (e.g. per total particulate nitrpgmreals thakE. huxleyibuilds-up
the same amount of particulate organic carbon per partenigrogen under ambient and
future pCO, (see manuscript III).

Several diatom species, on the other hand, were testedreagepCO, under labo-
ratory conditions and species specific changes in the cddnoitrogen cell quota were

observed (Burkhardt et al. 1999). However, we have to keapiid, that laboratory

108



4.3

studies are mostly conducted under nutrient replete congditvhat does not reflect the
common situation in the ocean (where nitrogen is the lirgitutrient). This clearly
reflects the need for 'whole community’ studies under natoaditions to estimate pos-

sible changes in the marine carbon cycle.

With ongoing ocean acidification/carbonation both winraerd losers will appear. Cal-
careous organisms will face an unavoidable dissolutiorneifr tcalcium carbonate shell
as soon as the calcium carbonate saturation state drops elélowever, dissolution
kinetics of calcium carbonate differ essentially with etal composition and crystal
structure (Morse et al. 2009). The highest solubility isrfdun high Mg-calcite at ap-
proximately12 mol% MgCO3, followed by aragonite and low Mg-calcite (Morse et al.
2006). Up to date, very little is known about the impact ofngspCO, on the coccol-
ith trace element composition. Results of foraminiferaitalindicate no changes in the
partitioning of magnesium with risingCO,, (Dissard et al. 2009). However, the incorpo-
ration of Mg?™ into the calcite lattice of coccolithophores underliesat#nt mechanisms
than in foraminifera (see also 4.1.1). Therefore, it mightpossible that the coccolith
Mg/Ca ratio could be altered due to changes in the physiotdgyoccolithophores in-
duced by ocean acidification. Recent results (see Fig. Bdigate that the coccolith
Mg/Ca ratio increases under elevafgdO.,.

A future accumulation of calcite with an elevated Mg/Caaatt the seafloor would
result in more corrodible sediments. However, dissoluabsedimentary calcium car-
bonate will finally neutralize much of the antrophoge@io, in the ocean on time scales
of several thousands of years, whereby the carbonate caafpemdepth (CCD) will be
shallowed (Archer et al. 1998). A comparable scenario was gethe geological record
at the PETM (Paleocene-Eocene thermal maximum), whera@nelpase of”O, to the
atmosphere was partly neutralized by the dissolution ofleea carbonate, accompanied
by a shallowing of the CCD within 10,000 years (Zachos et@05).
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5 Future Research

The collected data of this PhD-Thesis not only gives answergientific questions
on the physiology of coccolithophores, but in addition navesfions are posed by the

results. In this chapter, ideas for ongoing and future reseaill be introduced.

5.1 Coccolithophore success during the

Cretaceous

It is still under scientific discussion which environmergaltameter triggered the mas-
sive deposition of coccolithophorid calcite during thed_@retaceous. There is no doubt,
that the Cretaceous ocean was a quite different environg@npared to the modern
ocean (see 2.2.).

A recent hypothesis is that the low seawater Mg/Ca rationdutine Late Cretaceous
caused an elevation of coccolithophorid growth rate ancitegbroduction (Stanley et al.
2005). This hypothesis is partly in contrast to findings ohomscript 1V. As discussed in
the previous chapter the actual success of coccolithoplumeld probably be an inter-
action of various environmental parameters. Thereforefad experiment would be to
simulate the Cretaceous ocean under laboratory conditdhsegard to seawater major
ion composition (Na, Mg and Ca) as well as the carbonate sy&feebe 2001; Zeebe
and Westbrook 2003; Tyrrell and Zeebe 2004).

Additionally, species-specific differences are revealgtieerk. huxleyiandC. braarudii

in the response to elevated seawater calcium concentsatidre larger coccolithophore
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C. braarudiihas a higher tolerance to elevated external calcium coratents compared
to E. huxleyi Verification of this presumed 'size dependence’ by ingggtng other coc-
colithophore species with various cell sizes would be a & in understanding the
species-specific responses of coccolithophores.

An interesting experiment would be to study the effect ohrsgawater calcium con-
centrations on diatoms, the dominant phytoplankton grouné modern ocean. In the
case that diatoms are impaired by the seawater calcium otratiens of the Cretaceous,
this would give new implications regarding the rise of cditbophores during that era.
Furthermore, a protective function of calcification agatogification resulting from high

cytosolic calcium concentration could be hypothesised.

5.2 Cellular calcification mechanisms

Manuscript | reveals clearly the importance of the cell sliom cycle for the process
of biogenic calcification irE. huxleyiunder light and macronutrient limitation. As pre-
viously mentioned, it seems likely that also micronutriémtitation (e.g. Zn) and in-
crease/decrease of seawgi€lO,/pH may have an influence on the cell division cycle
since variation in cell division were observed (Schulz et28l04; Langer et al. 2009).
Yeast cells, for example, maintapiH homeostasis throughout all phases of the cell cy-
cle (Karagiannis and Young 2001), whereas in other euk@&rggstemspH is reported
to vary with specific phases in the cell cycle (Aerts et al.9)98Whether the cellular
pH in phytoplankton is constant or not during the cell cycte;duld be possible that a
changing externgbH (ocean acidification) influences the regulation of theaogtlular
pH and therefore alters the progression through the cekimicycle by elongating spe-
cific phases. This could easily be verified in the laboratgryneasuring the duration of

each cell cycle phase under ambient and pgk,.

The actual transport meachanisms and pathways of ions GagMg and Sr) to the

coccolith vesicle are not well understood (Brownlee anddra004). Research on el-
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ement and isotope fractionation in coccolithophorid ¢algvas primarily located in the
field of paleoceanography in order to reveal informationudlpmast seawater conditions
(Stoll and Ziveri 2004). In the recent years research hassied on the physiological
basis of element and isotope fractionation in coccolittoojghcalcite (Ziveri et al. 2003;
Gussone et al. 2006; Langer et al. 2007; Gussone et al. 200f¢reas the latter stud-
ies dealed with the elements Ca, Sr, O and C, manuscript Ngpiiy deals with Mg in
biogenic calcite. Evidence is given that Mg incorporatismeell as Mg isotope fraction-
ation seems to be under a tight physiological control. Thesjathogical control over Mg
incorporation in coccolithophorid calcite is further confed by recent, yet unpublished,

data. Fig. 5.1 displays the partition coefficient of Mg widspect to experimental tem-
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Figure 5.1: Data from dilute batch culture experiments with E. huxlejafond), C. braarudii
(circle) and C. quadriperforatus (triangleA: Partition coefficientDy;, in regard to experimental
temperatureB: Dy, as a function of chlorophyll a production. Muller et al. uriished data.

perature (Fig. 5.1A) and to the chlorophglproduction (Fig. 5.1B). A direct temperature
dependence ob,;, was not found but strong evidence is given, that chloropayito-
duction has a controlling factor on the partitioning of maginm into the calcite lattice.
Laboratory research on magnesium incorporation and isdtagtionation in coccolitho-
phores, both at the inorganic and the organic matter, caoloigbly be a very useful tool
to investigate calcification pathways in coccolithophofes example, a next step would
be to verify the correlation betweéthla,,.q andD,,, by altering the cellular chlorophyll

guota by changing the light intensity.
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5.3 Ocean acidification

AtmosphericCO, is an important regulator of the earth’s climate and has gadithe
ocean’s chemistry so that it is registering a decreas#ifas described in 2.3.1.) since
the industrial revolution. Coccolithophores, as the dantroceanic calcifiers, are proba-
bly negatively affected due to ocean acidification (manpsdrand 111) - further research

in this field in urgently needed.

5.3.1 Coccolith element ratios

In manuscript 1V, the influence of seawater Ca and Mg conaénotrs on the element
ratios in coccolithophorid calcite was shown and it was higtted that the physiology
is an important regulator of Mg incorporation during cadgirecipitation. How changing
physiological parameters influence Sr/Ca ratios in cottumpihorid calcite was previously
reported in regard to nutrient stimulated growth by Rickabwgl. (2002). Ocean acidifi-
cation is known to alter physiological rates of coccolithopes such as cellular division,
photosynthesis and calcification. These changes in plogsiatould presumably mod-
ify the elemental composition of coccolithophorid calcikerecent study on foraminifera
calcite reported no change in Mg/Ca ratios if foraminifeex@&cultured under highCO,,
whereas the Sr/Ca ratios increased with rage, (Dissard et al. 2009). First results on
coccolithophores indicate an increasing trend in code@itCa and Mg/Ca with elevated
pCO, (Fig. 5.2).

Interestingly, the measured Mg/Ca ratio in the calciteCofboraarudii at apCO, of
3500 patm indicates a change in the elemental composition towards Nig-calcite.
Additionally, physiological rates (like cell division anghotosynthesis) were seriously
reduced (-70%) at the mentionp@O, condition (Krug 2009).

A shift from low to high Mg-calcite alters the dissolutiomletics towards a higher sol-
ubility (Morse et al. 2006; Andersson et al. 2008) and cousat]y, the maximum depth

at which coccolithophores are found in the sediment willlsiaa
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Figure5.2: Coccolith Mg/Ca (A) and Sr/Ca (B) ratios in mmol/mol as a fime of pCO, in two
coccolithophore species. A: E. huxleyi cultured at@@diamonds) and C. braarudii cultured at
15°C (circles). B: E. huxleyi cultured at 2@ (diamonds) and 20C (triangles) and C. braarudii
cultured at 15C (circles). Experiments were conducted by Wiebe (2008)gK2009).

5.3.2 Temperature: A combined effect

Ocean acidification or carbonation is not

.6 i : .
. i ! E. huxleyi ambient CO 5
the only factor of climate change influenc- e
ing marine life. In fact, oceanic life will .~ o o
g . ) T_D high CO
. . . . e ~1100 pat
face a combination and an interactions of §_. H
changing environmental conditions driven :§ M
E
by climate change (temperature, ice cover, %4
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Figure5.3: Division rate of E. huxleyi as a func-

end of the century by another 1.8 to 4.0 tion of temperature. Growth curves are displayed

(Alley et al. 2007). Increased temperaturg... regard to ambient G0, (blue) and high
is known to accelerate the metabolic acti5), (red). Data from Wiebe (2008).

ity in phytoplankton, leading to an eleva-

tion of division rate (Eppley 1972).
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Species-specific temperature-optimum-curves of grovithirave been reported for vari-
ous coccolithophores (Buitenhuis et al. 2008), but how &eraction with elevatedCO,
may influence these optimum-curves is not known.

Manuscript Il and 1l report a decrease of cellular growtterdue to an increasge’O,
level. A first set of culture experiments, done wih huxleyj shows that this decrease
may be amplified by rising the experimental temperature. (5i8). However, it remains
an open question how physiological rates (photosyntheaisification, etc.) will be af-
fected by a combination of decreasing pH and rising tempeza# first study was done
by Feng et al. (2008) demonstrating that the combinatiorgbt,|temperature angCO,
has an interacting effect on the physiological rateE.imuxleyi Following up on these
findings it would be a next step to verify the combined effddiemnperature and ocean

acidification on coccolithophores.

5.3.3 Adaptation and evolution

The eye opening work by Darwin (1859) explained the primagchanisms of evo-
lution and subsequently the scientific field of evolutionhiglogy has made incredible
progress and has lead to a modern theory of evolution (seerBat al. (2007) for a de-
tailed summary). During the last ten years it has become pifeit evolution can occur
on short or ecological time scales and that the field of ewahaty biology may pro-
vide a new aspect for biologists working on global climatarue (see Carroll et al.
(2007) and references within). Regarding unicellular eysic cells with short genera-
tion times, like coccolithophores, which are capable ouséxeproduction (Billard and
Inouye 2004), the possibility of adaptation to ocean a@difon seems plausible.

The process of evolution initially occurs on the molecukarel by mutation or sex-
ual recombination of the genetic material. Neverthelesanges in the genotype have
to emerge up to the phenotype to be under the process of haéleation. Therefore,
experiments over multiple generations (examining the ptygre) can provide very use-

ful information about possible adaptation mechanisms ataclithophores. However, we
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have to keep in mind that we cannot distinguish between glipimoplasticity and ge-
netic mutations by measuring only the physiological patanse- the use of molecular
tools will probably be an additional help.

A first step in researching possible adaptation mechanisnnsicellular phytoplankton
(e.g. coccolithophores) would be the set up of approprigbe@ments using multiclonal
populations and sexual reproduction to increase the popuaia heritability (mutation

rate).
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6 Zusammenfassung

Die vorliegende Arbeit behandelt den Einfluss variierendieweltparameter auf die
Physiologie von Coccolithophoriden, insbesondere aufRlezess der biogenen Kalzi-
fizierung. Im Fokus stehen Auswirkungen durch die Veranugean der Kalzium- und
Magnesiumkonzentrationen im Seewasser, sowie der Limitgevon Stickstoff, Phos-
phor und Licht. Des Weiteren wurden physiologische Paramean Coccolithophoriden

bezuglich einer anthropogenen Anderung der Seewasseriadhemie untersucht.

Coccolithophoriden sind mitverantwortlich fir die magsiAblagerungen von kalzithalti-
gen Partikeln im Sediment wéahrend der Kreidezeit (145-6%, Mabei unterschiedliche
Hypothesen zur Erklarung dieses Phdnomens bestehen. &ipneitije These besagt,
dass das auf geologischen Zeitskalen variierende Mg/@aaltais im Seewasser einen
entscheidenden Einfluss auf den evolutionaren Erfolg vikbkdenden Organismen hat.
Insbesondere soll das niedrige Mg/Ca-Verhaltnis xori wahrend der Kreidezeit (im
Vergleich zu 5.2 im heutigen Ozean) zu einer Erhdhung derdeieiktions- und Kalzi-
fizierungsrate von Coccolithophoriden gefiihrt haben.

Ergebnisse aus dieser Arbeit belegen, dass diese Hypatlobsgdiir die zwei Coccol-
ithophoridenarteEmiliania huxleyundCoccolithus braarudigdltig ist. In beiden Arten
sind unter Mg/Ca-Verhaltnissen der Kreidezeit die genmemsghysiologischen Raten,
wie Wachstums-, Chlorophyllproduktions- und Kalzifiziegsraten, um bis zu 50% ver-
ringert. Es konnte belegt werden, dass dies durch eine Hrighder Seewasserkalzi-

umkonzentration ausgeldst ist und nicht durch eine Andgder Magnesiumkonzentra-
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tion oder des Mg/Ca-Verhéltnisses. Des Weiteren wurde iner eerringerten Chloro-
phyllproduktion ein erhdhtes Mg/Ca-Verhéltnis im Kalk detersuchten Arten gemessen,

wodurch auf eine enge Verbindung der Physiologie und Kaieinie geschlossen wird.

Im heutigen Ozean unterliegen die Kalzium- und Magnesiumkatration keinen gréfReren
Schwankungen. Jedoch kdnnen andere Umweltfaktoren, vgididat- und N&ahrstof-
fangebot, die physiologischen Raten von Coccolithopleorideeinflussen.

Eine Limitation durch Stickstoff, bzw. Phosphor, hatteegirStopp der Zellteilung
mit unterschiedlichen Auswirkungen zur Folge. Wahrenceu®hosphorlimitation die
Zellen an Gro3e zunahmen und die Photosynthese- und Kaeamiiigsraten ungehin-
dert weiterliefen, waren unter Stickstofflimitation beiRaten reduziert und die Zellen
verringerten ihre Grof3e. Unter Lichtlimitation wurde di@ddstumsrate verringert, was
eine Erhohung des Kalzitgehaltes der Zelle zur Folge hdbiese Ergebnisse helfen,
die unterschiedlichen Reaktionen in der Wachstumsratelan#alzifizierungsrate unter
Stickstoff-, Phosphat- und Lichtlimitation im heutigen&an zu erklaren. Des Weiteren
wurde gezeigt, dass unter licht- und nahrstoffgeséattiBexingungen die Kalzifizierung
in E. huxleyiauf eine bestimmte Phase des Zellzyklusses beschréankaisgentlich die
G1-Phase.

Durch den anthropogenen Ausstol3 Vo0, unterlauft die Karbonatchemie im Ozean
gravierende Veranderungen. Aufgenomme@é€s aus der Atmosphéare fihrt zu einer
Erh6hung der aquatischenO,-Konzentration und einer Erniedrigung dpll-Wertes
im Oberflachenwasser, bezeichnet als Ozeanversaueruadudwirkungen der Ozean-
versauerung wurde unter Laborbedingungen auf zwei Cdhoplnoridenarten gestestet.
Untersucht wurden die unmittelbare physiologische Reaktstunden bis zu einem Tag)
und die langfristige Reaktion (Tage bis Monate). Die geveosran Ergebnisse sind mit
Daten aus der Literatur verglichen worden und ergaben zusargefasst ein einheitliches
Bild der physiologischen Antwort von Coccolithophorideri die prognostizierte Ozean-
versauerung. Eine Verringerung der Kalzifizierungsrateritach ca. acht Stunden auf

und stagniert auf diesem Niveau konstant Uber eine langeddiultivierung unter hoch-
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CO; (bis zu 150 Generationen). Weiterhin ist keine Vermindgrdes beobachteten
CO,/pH-Effektes durch einen graduellen Anstieg &», Konzentration ersichtbar. Pho-
tosyntheseraten pro partikularem Stickstoff sind kortstaler verringert (inE. huxleyi
beziehungsweise i@. braarudii) Uber die Dauer der Kultivierung. Dies ist tGbereinstim-
mend mit publizierten Ergebnissen aus Experimenten, we&he maximale Genera-
tionszahl von 20 untersuchten.

Die ozeanische Produktion von organischem Kohlenstoff da@O5; durch marine
Fauna und Flora spielen eine bedeutende Rolle in den Eléregiiufen von Kohlen-
stoff und Kalzium auf kurzen und geologischen Zeitskalenc@lithophoriden sind in
beiden Elementkreislaufen involviert und somit mal3gébéin der Regulation der mari-

nen Kalzium-Karbonat-Sattigung seit dem Mesozoikum kigtei
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Cell cycle ofEmiliania huxleyi under enhanced
atmospheric CO, and its relation to calcification

M. N. Muller , A. N. Antia, J. LaRoche and U. Riebesell
Leibniz Institute of Marine Sciences, Kiel, Germany

Calcification in coccolithophores is strongly influenced by the projected decre
future ocean pH. The physiological pathway by which ocean acidification affec
process of biogenic calcification is still not clear. Here we investigate the proc
calcification on a cellular level with respect to the cell cycle of the cosmopolitar
colithophoridEmiliania huxleyiin controlled lab experiments. The cell cycle can
distinguished in three phases (G1, S and G2 + M). Using DNA staining and flo
tometry it is possible to follow each phase of the cell cycle in a synchroiizedxleyi
population during a light:dark cycle. In parallel with cell cycle analysis we mea:
calcification rates in two hour intervals. This data set indicates that calcificatic
curs predominantly in the G1 phase of the cell cycle. Thus, changing environr
conditions, which alter the cell cycle, may also have an effect on the degree !
cification. In addition to the lab experiments, we studied the cell cycle under 1
CO, conditions during the PeECE Il mesocosm field study in a Norwegian fjol
combination of lab and mesocosm experiments provides further insight to bic
calcification of coccolithophores.
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Coccolithophorid calcification and isotope fractionation
in relation to seawater Mg/Ca ratios

M. N. Mdller , R. Gutperlet, A. Eisenhauer and U. Riebesell
Leibniz Institute of Marine Sciences, Kiel, Germany

The Mg/Ca ratio of seawater changed throughout Phanertinwgc In the Late Cre
taceous the molar Mg/Ca ratio wasl with Ca concentrations of 25-30 mM. T
modern ocean has a Mg/Ca ratio 06, with an absolute Ca concentration 0.0
mM. Recent findings (Stanley, 2005) indicate that a low Mgr&io in the Creta
ceous could have caused a high reproduction rate of cdaeophibres in the wate
column what could be a reason for the massive chalk deposifioe physiologica
pathway by which a changing Mg/Ca ratio affects the procé$sogenic calcifica-
tion is still under discussion. Here we investigate the psscof calcification on

cellular level with respect to the Mg/Ca ratio of seawatethim cosmopolitan cocco
ithophoreEmiliania huxleyiin controlled lab experiments. Additionally, we analy:
the elemental composition (Mg/Ca) and isotopic fractimra{s2>Mg, §*4/4°Ca) of
the coccolith calcium carbonate. Changing the Mg and Caartnation has an effe:
on the cellular process of coccolithophorid calcificatiBreliminary results based ¢
scanning electron microscopy indicate that a structurdfiamaation of the coccolith:
appeared at Mg/Ca ratiesl and at a high ratio of 10. The results give new insig
into biogenic calcification and its response to changingvaéar chemistry.
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Coccolithophorid adaptation to rising
atmospheric CO;: a running long-term
experiment

Miiller, M. N.! & U. Riebesell'

"Leibniz Institute of Marine Sciences, Germany

Correspondence
Marius Miiller
E-mail: mnmueller @ifm-geomar.de

Abstract

The predicted ocean acidification due to rising atmospheric CO, has a severe impact on
calcifying organisms like coccolithophores. Lab and field experiments clearly showed an
adverse effect of decreasing seawater pH on the cellular process of biogenic calcification in
coccolithophores. In all these experiments the organisms were exposed to an abrupt CO,
enrichment. In a natural environment phytoplankton could adapt over decades to centuries to
rising atmospheric CO,. Considering the short generation time of coccolithophores of 1 to 2
days it could be possible for these unicellular algae to adapt genetically and/or physiological
to a changing environment like decreasing ocean pH. We are running a long-term experiment
with three coccolithophore species in which we slowly raise the atmospheric CO, level to
allow physiological adaptation. Physiological status of the coccolithophore species is
monitored by growth and calcification rate as well as photosynthesis. Additionally, the
carbonate system is observed by alkalinity and dissolved inorganic carbon measurements.
Presently, the first five months and the feasibility of a long-term growth experiment with
coccolithophores are presented. With the collected data and future genetic analyses we will
get new insights into the potential for physiological and/or evolutionary adaptation.
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.4 Geologische Vereinigung e.V., 2007 -oral-

Room 2890 (GW2 building)

Session B5: Biomineralization and implications for paleoceanography
Conveners: N. Gussone (Munster), J. Bijma (Bremerhaven), E. Hathorne (Bremen)

16:00 - 16:30 B5-1  Meibom, A. (Keynote talk)
Coral biomineralization: A sharper optic reveals ultra-structural properties

16:30 — 16:45 B5-2  Cuif, J.P,, Y. Dauphin, A. Ball, B. Farre, J. Nouet, M. Salomé, C.T. Williams
Diachronic superposition of distinct crystallisation domains: a parallel between
coral and mollusc skeletogenesis

16:45-17:00 B5-3 Hiebenthal, C., M. Wahl & A. Eisenhauer
Ca isotope fractionation (5*44°Ca) in bivalves shells in response to environmental
conditions (temperature and salinity) and bivalve fithess

17:00 - 17:15 B5-4  Kisakirek, B., A. Eisenhauer, J. Erez, F. B6hm & D. Garbe-Schénberg
Calcium isotope fractionation in cultured Globigerinoides ruber

17:15-17:30 B5-5 Miller, M.N., A. Kolevica, R. Gutperlet, A. Eisenhauer & U. Riebesell
Coccolithophorid calcification and isotope fractionation in relation to seawater
Mg/Ca ratios

17:30 - 17:45 B5-6 Schmidt, D.N., S.A. Kasemann & B. Donner
Biology of boron isotopes in planktic foraminifers: implications for palaeo-pH
predictions

17:45-18:00 B5-7 Zonneveld, K., A. Mackensen & K.-H. Baumann
Stable isotopes of the calcareous dinoflagellate Thoracosphaera heimii — a culture
experiment

Coccolithophorid calcification and isotope fractionation in
relation to seawater Mg/Ca ratios

M. N. Miiller, A. Kolevica, R. Gutperlet, A. Eisenhauer and U. Riebesell

The Mg/Ca ratio of seawater changed throughout Phanerozoic time. In the Late Cretaceous
the molar Mg/Ca ratio was <1 with Ca concentrations of 25-30 mM. The modern ocean has a
Mg/Ca ratio of ~5, with an absolute Ca concentration of ~10 mM. Recent findings (Stanley,
2005) indicate that a low Mg/Ca ratio in the Cretaceous could have caused a high
reproduction rate of coccolithophores in the water column what could be a reason for the
massive chalk deposition. The physiological pathway by which a changing Mg/Ca ratio
affects the process of biogenic calcification is still under discussion. Here we investigate the
process of calcification on a cellular level with respect to the Mg/Ca ratio of seawater in the
cosmopolitan coccolithophore Emiliania huxleyi and in the evolutionary older species
Coccolithus pelagicus in controlled lab experiments. Additionally, we analysed the elemental
composition (Mg/Ca) and isotopic fractionation (§*°Mg, §*'Ca) of the coccolith calcium
carbonate. Changing the Mg and Ca concentration has an effect on the cellular process of
coccolithophorid calcification. Preliminary results indicate a major effect on cellular
calcification by changing the Ca concentration rather than varying the Mg concentration.
Additionally, the two coccolithophore species are responding in different ways on a changing
seawater Mg/Ca ratio. The results will give new insights into biogenic calcification of
coccolithophores.
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DAY 3: WEDNESDAY, 8 OCTOBER
ADAPTATION AND MICROEVOLUTION

A BRIEF HISTORY OF SKELETONS IN THE OCEANS [I]
Knoll, Andrew H.

Eukaryotes existed for more than a billion years before the biomineralized skeletons entered the fossil
record. Consistent with phylogenetic evidence for the widespread use of silica by protists, the earliest
mineralized elements are chromalveolate and rhizarian scales in 750-800 Ma rocks. Carbonate and
silica skeletons occur as part of Ediacaran animal diversification, but a relatively late and
taxonomically limited part. In contrast, carbonate, phosphatic and siliceous skeletons all diversified
markedly as part of the greater Cambrian radiation of animal life. By the mid-Ordovician Period,
animal and benthic algal skeletons had come to play much the same biomechanical, ecological and
biogeochemical roles they do today. But the course of skeletal evolution never did run smooth. A
remarkable decline in skeletal abundance and diversity occurred at the end of the Permian Period (252
Ma), when mass extinction devastated marine ecosystems. Patterns of extinction versus survival
match predictions informed by physiological research on hypercapnia; rapid imposition high Pco, at a
time when deep ocean water masses already tended toward dysoxia may explain this greatest of all
extinction events. Other mass extinctions show differing biological patterns, suggesting that Permo-
Triassic scenarios cannot be applied to all such events. Episodic crashes of hypercalcifiers (including
reef builders), however, may reflect transient but repeated intervals of high Pco, and deep water
anoxia in the world’s oceans. Deep ocean oxygen levels have rarely been higher than they are at
present. In this respect, at least, the present day challenges of ocean acidification depart from some
deep time analogs.

Department of Organismic and Evolutionary Biology, Harvard University, Cambridge MA 02138,
USA (aknoll@oeb.harvard.edu)

INFLUENCE OF HIGH CO; ON COCCOLITHOPHORES UNDER LONG-TERM
CULTIVATION
Miiller, Marius N., Kai G. Schulz, Peter Wiebe, and Ulf Riebesell

Studies on the sensitivity of coccolithophores to elevated CO, have generally relied on relatively
short-term incubations over <20 and in some cases <5 generations. A critical issue in the assessment
of ocean acidification impacts on marine biota is the ability of CO,/pH sensitive organisms to adapt to
changing environmental conditions. To approach this question we have exposed three coccolithophore
species to gradually increasing CO, concentrations over more than 140 generations, namely Emiliania
huxleyi (max. pCO, 1150 patm), Coccolithus pelagicus braarudii (max. 930 patm) and Calcidiscus
leptoporus quadriperforatus (max. 740 patm). All three species showed significant decreases in
cellular division rates ranging from 10 to 30%, whereas organic matter production rates increased.
Surprisingly, the increase of cellular organic matter was not reflected in an increase in cell diameter.
In fact, C. pelagicus braarudii even shrank in size. Responses in cellular calcification rates were
found to be species-specific as shown in previous studies. Whereas C. pelagicus braarudii reduced
the calcification rate by 25 % and was covered with partly malformed coccoliths, an effect on E.
huxleyi could not be detected due to high standard deviations. Additionally, we tested the effect of
temperature in combination with high CO, on the performance of Emiliania huxleyi. Increased
temperature amplified the decrease in cell division rate under high CO,, but partly compensated the
observed effect on calcification. These results are generally consistent with published data, but
indicate a higher sensitivity of coccolithophores to ocean change than previously reported.

Leibniz Institute of Marine Sciences, 24105 Kiel, Germany (mnmueller@ifm-geomar.de)
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