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Abstract

Coccolithophores are one of the important grougshgtoplankton in the global
oceans, which makes it important to know how tingug will react to changes in
their environment due to climate change. Modelidrsady recognized their

importance and included this group independentlylatal biogeochemical models.

This study assesses the effect of light, tempegand nutrient availability on five
coccolithophores, performing a range of laboraexyeriments. The results of these
experiments were then used to change the parasaten of coccolithophores in
the global biogeochemical model PlankTOM10. Furtiee, the model was
validated in two ways, using a database of codugpihore biomass measurements
from the field and measurements of surface cal@arbonate derived from satellite

data.

Temperature effects on growth depend a great detidleococcolithophore species.
E. huxleyi (both, a subtropical and a temperate strain)Rargdrterae grew best
around 20°C, whereds. oceanica andC. leptoporus had optimum temperatures
above 25°C and still grew well at the maximum terapee tested in the
experimentsE. huxleyi was the species with the highest growth raigg#£0.98 for
the subtropical strain angh.=0.97 for the temperate), followed closely®y
oceanica andC. leptoporus (umax=0.91 in both speciedy. carterae (uma=0.77) had

a noticeably lower maximum growth rate than theepttfoccolithophoresAn inverse
relationship with growth rate was found for all rmeed cellular components (POM,

PIC, Chla) as well as for cell volume iR. carterae.

Coccolithophores are good competitors at high ligtensities, having optimum
growth light intensities above 180 pmol photori$ . The temperate strain &f

huxleyi and the species. oceanica showed the lowest optima at 350 pmol photon



m? s™. C. leptoporus (1op=500 umol photon ihs*) andP. carterae (lo,=600 pumol
photon n¥ s?) had higher optimum growth light intensities ahd subtropical strain
of E. huxleyi (15,=900 pmol photon ifis™) grew best at the highest light intensity
applied in this study. Only one strainEfhuxleyi showed light inhibition in its
photosynthetic activity that was well above theed@bn limit in P-1 curves up to
2000 pmol photons ts™. Apart from a well-known decrease in Chl a/C ratith
increasing light intensity, little variation in tle®ncentration of cellular components
(POM, PIC) was observed.

Nutrient experiments were carried out in a chentagité two strains okE. huxleyi

and oneG. oceanica. Phosphorus limitation led to an increase in celine (112-
157%) and particulate organic carbon (21-54%.ihuxleyi andG. oceanica,

relative to cultures grown under nitrogen limitati€€omparison of uptake rates for
phosphate and nitrate with other phytoplankton gsashowed that both species are

very good competitors for phosphate and relatipelyr competitors for nitrate.

The initial PlankTOM10 model simulation overestigdbiomass compared with a
new observational database, and underestimateatsuralcium carbonate compared
with satellite data. Changing the coccolithophareameterisation in PlankTOM10,
based on the laboratory results, did not leadgniitant improvements relative to
the observations. However, the response of the htodlee parameter changes could
be explained either directly from the changed pa&tans, or indirectly from changes

in the model ecosystem.
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1 Introduction

1.1 Primary production in the world’s oceans

Photosynthesis is the process by which,@@d HO are used to form organic matter
with the help of sunlight. As organic compoundsfarened from inorganic
molecules this process provides primary produabioorganic matter, the basis of all
food chains. Photosynthesis is the main drivehisf primary production. Primary
production in the oceans is dominated by phytoglmmkmicroscopic algae and
cyanobacteria. The term plankton is derived froem@neek word planktos, meaning
“errant” or “drifter”, as those organisms typicaflpw with the currents and have
limited potential for autonomous motility. In addit to the distinction in different
families, phytoplankton are also divided into sti#sses (Sommer 1998). The
smallest organisms, ranging from 0.2 to 2 um delingtter, belong to the
picophytoplankton. Cells with a length between & a6 um form the
nanophytoplankton whereas the microphytoplanktarsists of cells with a diameter
of 20 to 200 um. Some phytoplankton species buldrses out of multiple cells
which reach even bigger size.

Although the photosynthetically active biomassha world’s oceans only accounts
for 0.2% of the total global active biomass (Falk&inet al. 1998), annual net
primary production in the oceans (587 Pg C/yeujtenhuis et al. 2013) is similar
to that on land (56.4 Pg Clyear) (Field et al. )998is is explained by the
difference in turnover time between photosynthdiicctive organisms on land and
in the ocean. The turnover time of phytoplanktoi® @ays) is many times faster than
the turnover time of terrestrial plants (on averad§egears) (Field et al. 1998).

Primary production in the oceans is highly regudig the availability of chemical
elements that are essential for the build-up ofaiss, although other factors such as
light or temperature can be regulating as well. fil@® most important elements in
the regulation of marine primary production areéagen and phosphorus (Libes
2009). Nitrogen is a vital component of amino agluslding blocks for proteins)

and nucleic acids (building blocks for DNA and RNAhosphorus is an essential
part of phospholipids (major component of cell wplnd as phosphate ester in
nucleotides (energy carrier ATP) or polynucleoti(lREIA and DNA). Most of the
nitrogen in the ocean is present ag®%), and therefore is not available for most



phytoplankton due to the strong triple bond betwibentwo nitrogen atoms. The few
species that are able to break this bond are cdidembtrophs and constitute the
major source of reactive nitrogen (Nr) in the fasframmonium NH" (Libes 2009).
A smaller amount of Nr enters the ocean by atmasphkeposition and river input.
Another important process in the cycling of Nrhe temineralization of particulate
organic nitrogen (PON) back into dissolved inorgamtrogen, mainly through
solubilisation and ammonification. First, PON igoeded to dissolve organic
nitrogen (DON) through fragmentation. This DON ¢hen be further degraded to
ammonium in a process called ammonification (Lib@89). The recycled inorganic
nitrogen is formed throughout the water column araight back to surface waters
by mixing. This recycled nitrogen fuels a fractiointhe total primary production
called regenerated production (Dugdale & Goering7}9Some phytoplankton - like
the coccolithophoreB. huxleyi, C. braarudii andC. leptoporus (Benner & Passow
2010 for example — are also able to utilize organicagien compounds, adding to
the regenerated production. In contrast, the fvadtielled by nitrogen from nitrogen
fixation, terrestrial and atmospheric sources ikedanew production. To enable
estimations of new production, it is custom to akdte it based on nitrate
incorporation and regenerated production basedronanium incorporation (Eppley
& Peterson 1979). This is possible as most recyeiedgen is found in the form of
ammonium, whereas most nitrate comes from terakstnd atmospheric sources.
Eppley and Peterson (1979) also introduced théd; e ratio of new to total
production. This ratio is very variable, rangingrfr 10% to 20% in oligotrophic
waters to 50% under phytoplankton bloom conditidree global mean ratio is
estimated at 14% (Chavez & Toggweiler 1995). Thenraeks for reactive nitrogen
from the ocean are denitrification and emissioNgd to the atmosphere (Libes
2009). During denitrification, organic matter isidised using nitrate as electron
donor and reducing it toJVia a series of reactions (Libes 2009).

Regarding phosphorus, the main source of new nahterthe ocean is river runoff,
dust deposition playing an important role in soegions as well (Libes 2009).
Similar to nitrogen, recycling of particulate orgamaterial also plays an important
role and some phytoplankton — the coccolithoph&radiania huxleyi and
Coccolithus braarudii for example — are able to utilize organic phospkoru
compounds directly. The only sink for phosphoruthmocean is sedimentary

deposition.



Carbon is another important constituent for primangduction. However it is very
abundant in the ocean, in the form of dissolvedganic carbon (HC®, CO;* and
CO,), that it is not a limiting factor. The biologic@lO, uptake from the surface
ocean by phytoplankton is termed the biologicaboarpump, in contrast to the
solubility pump — the physical processes that goviee exchange of carbon between
atmosphere and ocean (Raven & Falkowski 1999)rAf# death of the
phytoplankton, some of the organic matter sinksobtlhe euphotic zone (the zone
where enough light for photosynthesis is availalgst of this organic matter
forms aggregates with other particles before smkiat of the euphotic zone
(McCave 1984). Estimates for this flux range betwé®.8 Pg C/year (Libes 2009).
During this sinking process most of the organicteras remineralized by bacteria.
However, all matter that is remineralized below tttermocline is removed from
interaction with the atmosphere for decades updeerthan 1000 years (Libes
2009). About 0.2 Pg Clyear or 2-3% of the initiakfis buried in deep sea sediments
and is kept from atmospheric interactions for elomger timescales (Libes 2009).
Considering these three nutrients, it was founty @athe last century that their
relative ratios to each other are approximatelystamt in marine plankton (Redfield
1934). The average atomic ratio of carbon to nérotp phosphorus in plankton,
known as the Redfield ratio, is 106 to 16 to 1 tigtwout the ocean, similar to the
ratio of 140:20:1 that Redfield found in seawatedfield 1934). However, in
individual plankton groups and species the ratiodaviate substantially from this
ratio, in particular if a species is growing undetrient limitation (Arrigo 2005).
Nutrient limitation in plankton is governed by Ligls law of the minimum whereby
the nutrient with the scarcest availability corgrphytoplankton growth (Falkowski
et al. 1992), although resource co-limitation igrfd in some regions as well (Arrigo
2005). Based on Liebig’s law, nutrient limited gtbvin phytoplankton is described
by the Monod-Model (Monod 1949), resting upon MielsMenten-kinetics, as a
function of the external concentration of the limgt substrate (equation 1-1), where
u andum are the current respectively the maximum growth, raiis the external
concentration of the limiting nutrient and is the saturation constant for this
nutrient, the concentration at which the organismgrowing at a rate @f,/2
(Equation 1.1).

1.1ﬁ=s/(Ks+s)



The nutrient uptake rate can be described by simitzdel, displacing growthi(and
um) by uptake rate (V andy (Droop 1973).

Most oceanic regions are shown to be nitrate lidpiphosphate- and iron-limitation
Is known in some areas as well (Mather et al. 280&re et al. 2013). Different
phytoplankton groups have developed adaptions titenti limitation, diazotrophs
for example are not affected by nitrate limitatohure to their ability to utilize Nand
and coccolithophores are known to have a partigubagh affinity for phosphate
which facilitates phosphate uptake at low phospbateentrations (Riegman et al.
2000).

As indicated above, physical factors such as kylailability and temperature can
limit primary production in the ocean as well. Ligh attenuated as soon as it comes
in contact with water. A small amount is immedigtedflected by the water surface;
within the water body light is absorbed by wated #&s dissolved and particulate
constituents. Light intensity in the water decrsaseponentially with depth, as

formulated in the Lambert-Beer law (Equation)1.2
1.21,=lgxe**

, Where }is the light intensity at depth z, ik the light intensity at the surface and k
is the attenuation coefficient of light in seawatene general response of
phytoplankton to changes in light intensity is tbgulation of the cellular pigment
concentration, such as the photosynthetic pigmioraphyll a for example
(Richardson et al. 1983). At low light intensitypre chlorophyll is needed to
achieve the same level of photosynthetic activstyaghigh light intensity. Based on
this, the ratio of chlorophyH to particulate organic carbon can give an indacatd
which light intensity phytoplankton is adapted. Rigplues are found under low light
condition, whereas the ratio is relatively smathé phytoplankton grows under high
light condition. As phytoplankton is subjected tater motions it can easily be
mixed down in deeper water layers where too mugtht lhas already been absorbed
to support photosynthesis. The depth at which @yoiihvesis can still be supported
Is approximately where 1% of the initial irradiatics still available, the water
column from the surface to this depth is knownh&sguphotic zone. In the clearest

oceans this zone reaches down to a maximum of 206rex(Sommer 1998).



Phytoplankton is not able to grow efficiently ieghare mixed out of the euphotic
zone for longer time periods.
The possibility that this occurs is determined liog $inking rate of the phytoplankton
and the depth over which it is mixed (Sommer 1998g sinking velocity can be
estimated using Stoke’s Law (Equation 1.3)

1.3v= Zgr:“T(’zbm
, where v is the sinking velocity (in rit)s g is the gravity acceleration (9.8 if)sr
is the radius of a sphere with identical voluméh® phytoplankton celfy is the
density of the sinking celp is the density of the water (both in k¢®nn is the
dynamic viscosity of the water (in kg'hs') and¢ is a dimensionless parameter for

form drag that has to be included if the cell shagaates from a sphere.

Stoke’s Law describes sinking velocity in unperadhvater, but wind often leads to
turbulent mixing in the water column. This mixingncextend over the whole water
column or down to a so-called pycnocline, wheresdgrdifferences cause
separation of the surface and the deep water. &hgity differences which lead to
this stratification are created by temperatureedéhces (thermoclines), warmer
water being less dense than colder water, or éffiegs in salinity (haloclines), less
saline water sitting on top of more saline wateg.(éhrough influx of fresh water
(rainwater, ice melt or river water)). As the depthurbulent mixing decreases
relative to the sinking velocity of phytoplanktdhe loss in phytoplankton biomass
due to sinking below the pycnocline increases. Aumaber of individuals still in the
mixed water layer at timepoint t can be describgdduation 1.4

1.4Nt=No*e%
, Where Nis the number of individuals at timepoint {; i¥ the number of individuals
at timepoint 0, v is the sinking velocity (in )l and z is the depth, down to which
turbulent mixing occurs (Sommer 1998). If a phyamiton population in the surface
layer is persistent, growth at least compensatethése loses. The mixing depth at
which phytoplankton production matches the los$dsamass integrated over the
full depth interval is known as the critical depithcontrast to the compensation

depth at which phytoplankton production equalsdess biomass (Sverdrup 1953).



Sverdrup’s critical depth hypothesis for the irtiba of phytoplankton blooms
assumes a logarithmic decrease in primary productiarresponding to the decrease
in available light with depth, and a constant restn in order to calculate the

critical depth (Figure 1-1).

\a b dp and dr — </

- DEPTH

Figure 1-1: Primary production (dp) and respiration (dr) with depth. Primary production rates
decrease with depth from rate c to rate a, wherea®spiration is constant at rate b. R is the
compensation depth at which primary production equé#s respiration, f is the critical depth at
which total primary production (area aced) equals btal respiration (area abfd) integrated over
this depth interval. Figure from Sverdrup (1953).

If the mixed layer depth falls below this critiaadlue, no phytoplankton blooms can
develop. To realize the estimated trends in prinpaogluction and respiration, the
hypothesis makes further assumptions:

» the top layer is thoroughly mixed

turbulence is strong enough to distribute plankdteanly throughout this
layer

» plankton is not nutrient limited within this layer

» the extinction coefficient k for solar radiationagnstant in the top layer
» only the energy of light between 420 and 560 nwooissidered for
photosynthesis



» the rate of photosynthesis is proportional to thergy of the radiation

» the light energy level at the compensation depkm@vn

Some of these assumptions are questionable afyplathesis has been criticised a
number of times. Sverdrup offered some criticismgelf, he noted that zooplankton
grazing may have a substantial impact on primaoggpction which is not accounted
for in his hypothesis and that advection of phyaoton may also play a role in
bloom formation (Sverdrup 1953). Later, Smetacek Rassow (1990) noted that
respiration in Sverdrup’s model included zooplankas well, whereas it is not
included in primary production and that respirati®not constant over all depth
levels but dependent on growth rate, depth andbiigy of phytoplankton species
to react fast to changes in the mixed layer depgihrenfeld (2010) observed that
bloom initiation in the subarctic Atlantic occurfi@n mixed layer depth is at its
maximum and that net population growth is inverselgted to growth rate of
individual phytoplankton species, both findingsangatible with Sverdrup’s
hypothesis. In turn, he proposed his Dilution-Rgdimg hypothesis (Behrenfeld
2010) and further hypotheses for the initiatiopbytoplankton blooms have been
introduced (Chiswell 2011, Taylor & Ferrari 201ihdicating the complexity of this
topic.

Temporal patterns in primary productivity are olséras phytoplankton is affected
by seasonal changes in nutrient availability angspal conditions such as light and
temperature. Nutrient limitation generally incremaggth decreasing latitude due to
increased stratification resulting in less nutrieglenishment to the surface ocean
from deeper water masses (Libes 2009). On the b#rat, with increasing latitude
less light becomes available as the angle of imaeen radiation increases (Libes
2009). Based on these observations the ocean adinited into 4 biogeochemical
domains — the polar, westerly, trade and coastakach major ocean basin, with
distinct characteristics (Longhurst et al. 1996)tHe polar domain (>60° N and S)
primary production is light limited during winteudng which time nutrients can be
replenished in the surface water through mixindgywieeper water layers. When
solar irradiance increases at spring and the igeramelts, primary production can
increase to high levels quite rapidly (Libes 2008)the westerlies domain (30-60° N
and S) primary production is also light limitedlgan the year, growth is initiated as
increasing insolation and decreasing wind stresd e a shoaling of the pycnocline



above the critical depth for phytoplankton growRhimary production eventually
becomes nutrient limited towards summer and ontuxat low levels until first
storm events bring new nutrients from deeper watautumn by water mixing.
Towards winter primary production becomes lightiled once more as the sun
angle, and therefore insolation, decreases (LiB89X In the trades domain (30° N
to 30° S) seasonality is very weak. Primary proiuncis nutrient limited through
long periods of the year due to strong stratifmatiTrade wind intensification during
boreal summer leads to brief episodes of uplithefthermocline in the eastern
Atlantic, leading to a temporary increase in priynaroduction (Libes 2009). The
coastal domain is controlled by tidal mixing, fotina of fronts and river discharge,
all processes bringing new nutrients to the surtesan and facilitating primary
production (Libes 2009). An interesting phenometiat occurs in stratified waters
is a deep chlorophyll maximum, where a high conegioin of chlorophyll is found
in the pycnocline if the boundary is still withine euphotic zone (Anderson 1969,
Kimor et al. 1987, Furuya 1990, Estrada et al. J99Bis can occur at depths down
to 120 m and is explained by the differences imient concentrations between the
separated water masses, with low concentrationarstirface ocean above the
pycnocline and higher concentration in the pycmachnd the water layer beneath it
(Banse 1987). Phytoplankton can adapt to the Ight intensity in these regions by
regulating its cellular chlorophyll concentratidasther increasing the chlorophyll
concentration relative to other depth levels, dtdby take advantage of the higher

nutrient concentrations in the pycnocline.

1.2 Pelagic calcification and the role of coccolithophes

Coccolithophores are a group of phytoplankton,rmmmnent of the
nanophytoplankton (Falkowski et al. 2004). Anotblearacteristic of
coccolithophores extends their importance for tdaen cycle as they are calcifying

organisms, forming a layer of Cag@round their cells (Figure 1-2).

The major groups of planktonic calcifiers are cditsophores, foraminifera (both
secreting CaCe@in the form of calcite) and pteropods which se@a@€CQ as
aragonite (Kleypas et al. 2006). On a short terltifazation is a source of C{1o
the ocean (Equation J.Balch et al. 1992).



1.5Ca " +2HCO; —»CaCQ+CO+H,0

On the long term however, calcification is thoutghtict as a sink for carbon as it
increases the sinking of organic matter into thepdgea (Buitenhuis et al. 2001).
Estimations of annual carbonate production difigtegsignificantly from 0.7 Pg
Clyear (Milliman et al. 1999) to 1.6 Pg C/year @uaé&t al. 2007). This discrepancy
is due to the approach of estimation; Millimanletalculated their estimate based
on alkalinity whereas Balch et al. calculatedatnfr primary production
measurements based on a fixed ratio of photosyisthesalcification.

Figure 1-2: Scanning electron micrographs (taken byleremy Young) showing relative size of
different coccolithophores. A.Helicosphaera carteri B. Coccolithus braarudii C. Calcidiscus
quadriperforatus D. Calcidiscus leptoporus E. Umbilicosphaera foliosa F. Gephyrocapsa oceanica
H. Emiliania huxleyi H. Oolithotusfragilis|. Umbilicosphaera hulburtiana J, Umbilicosphaera
sibogae .

This particulate inorganic carbon adds to the arhotiburied material after cell
death. Estimates for this downward flux of calcicanbonate range between 0.25 Pg
Clyear (Moore et al. 2004) and 1.8 Pg C/year (Muenet al. 1999), suggesting that
the annual production might be even higher tharetitienates. In principle, the



export flux should be less or equal the rate ofipotion. It is thought that up to 70%
of the production might be exported (Moore et 804). As the CaC&is much

more resistant to degradation, a greater percentatpe surface ocean production
(0.1 Pg Clyear, 6-14% of annual production) rehehdeep sea and are buried in the
sediments (Berelson et al. 2007). Furthermoreinthiganic carbon aggregates with
organic material, as studies have shown significantelation in the downward flux
of these two components (Klaas & Archer 2002). Mben 80% of the global flux
of organic material into the deep sea is associatttdcalcium carbonate (Klaas &
Archer 2002). The CaC{ignificantly adds to the weight of the organictieq as

the CaCQ has a far higher density then the organic matterea thus having a
ballasting effect and increasing the sinking spefetie material (Ploug et al. 2008).
Therefore, a higher percentage of this organicen&tburied in the sediments
(Buitenhuis et al. 2001). Considering this role;aaithophores and foraminifera are
more important than pteropods, as the aragonite fiteropods is much more
affected by dissolution than the calcite from tve pther groups (Klaas & Archer
2002). The relative importance of photosyntheticitiars (coccolithophores) over
heterotrophic calcifiers (foraminifera) in the canate export is not well established
(Berelson et al. 2007). Estimates for foraminifeabonate export are in the range
of 0.4-0.9 Pg Cl/year (Schiebel 2002). These areinvthe range (0.25 to 1.8 PG
Clyear) estimated for coccolithophores as repagtetier in this paragraph.
However, proportions of coccolithophores and forafara within the carbonate flux

show significant variation on regional and tempaicles (Schiebel 2002).

Coccolithophores show a global distribution, witlme species (e.gmiliania

huxleyi, Gephyrocapsa oceanic) occasionally forming extensive algae blooms
(Holligan et al. 1983, Balch et al. 1991, Fernaneleal. 1993, Holligan et al. 1993).
Four biogeographic zones have been identifieddocalithophore distribution:
subarctic/subantarctic, temperate (transitionabtrepical (central) and tropical
(equatorial) (Figure 1-3) (Mcintyre & Be 1967, Wentet al. 1994). Highest species
diversity can be found in the tropical and subttapzone, decreasing towards higher
latitudes (Mcintyre & Be 1967FEmiliania huxleyi is the only species which can be
found in all the biogeographic zones, also beimgniost abundant species in most
areas (Mcintyre & Be 1967, Winter et al. 1994).
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Figure 1-3: Coccolithophore biogeographical zonestropical, Il subtropical, IlI transitional
and IV subarctic/subantarctic from Mcintyre and Be (1967).

However,Emiliania huxleyi is also one of the smallest coccolithophore species
building relatively light CaC@structures. Therefore its importance for the Istilha
effect of coccospheres might be less than tharger and more heavily calcified
species (Young & Ziveri 2000, Buitenhuis et al. 20Riveri et al. 2007).

On an evolutionary timescale the first coccolithogs appear in the fossil record of
Triassic sediments, about 225 million years agoaiBet al. 2004). Since then
coccolithophores show a relative uniform increasdiversity in the fossil record,
interrupted by short extinction events at the Hiedurassic, Jurassic/Cretaceous
and Cretaceous/Tertiary boundaries - especiall{tietaceous/Tertiary event was
disastrous, as 85% of all coccolithophore speciest\@xtinct (Bown et al. 2004).
Events of increased speciation can also be fouadlynin the late Triassic, early
Jurrasic and Tithonian-Berriasian periods, whersast modern coccolithophores
evolved in the Paleogene period between 40 andii®myears ago(Bown et al.
2004). The most abundant coccolithoph@miliania huxleyi, is a descendant of the
GenusGephyrocapsa, first appearing about 270000 years égeisen et al. 2004).
This Genus dominated the world’s oceans sincedhg Pleistocene (between 2.6
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Million and 780000 years ago) until it was gradyalisplaced byEmiliania huxleyi
during the last 85000 years (Geisen et al. 2004).

1.3 Coccolithophores and climate change

Due to human activity we are experiencing majongfes to the global climate at the
moment. This climate change will have serious ¢ffen the world’s oceans as well,
altering marine ecosystems. The best known eféetttat the rise in the
concentrations of CO2 and other greenhouse gasks atmosphere leads to an
increase in temperatures as more of the outgomhgtran is intercepted and radiated
back to our planet. The oceans are a heat sinkas has much more heat inertia
than air, so that more than 80% of the additioealtlso far has entered the ocean
(Tyrrell 2011). This increase in oceanic tempemawil have further effects, as it is
mostly associated with surface waters. In manysaoé¢he world’s ocean, vertical
mixing between surface and deep water is a majmcsmf nutrients. As nutrients at
the surface get depleted through phytoplanktoviagtiexchange with deep, nutrient
rich water replenishes these nutrient pools. Anease in surface temperature will
lead to an increase in stratification, strong safp@n of water masses with different
densities, as the density of the surface wateedsadhsed. This stratification will
inhibit vertical mixing and the nutrient pools imese surface waters will be
replenished more slowly. Therefore phytoplanktoh kave to adjust to very low
nutrient concentrations. The increased stratifocawill also change the light
environment in which the phytoplankton are growiRgytoplankton is transported
by water movements, due to their small size theynaixed within the surface water
layer. As the stratification increases and the maxn depth to which the
phytoplankton is mixed gets shallower, the meaint ligtensity available for
photosynthesis increases.

Another effect of the increased ¢f@vel in the atmosphere is that, as a result, the
oceans take up more G@s well to stabilise the CO2 equilibrium between
atmosphere and ocean. In the ocean @@cts with water to form 4&€0;, which

then dissociates into HGCand CQ* according to equilibrium between these three

compounds (Equation 1.6).

1.6 CO,+H,0=H,CO3;=H*+HCO; =H*+C03%"
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The dissociation constants 0$€; (the concentrations in mol/L at which half of
the original reactant has dissociated) are&1*10” for the dissociation of $COs
to HCOy and K=6.2*10"° for the dissociation of HC to CQ;*(Pilson 1998).

From equation 1.5 it is clear that the equilibrissndependent on the pH as id
produced in both dissociation steps. At the curp¢hin the ocean, 8.1 on average
(Hofmann and Schellnhuber 2010), most of this iaarg carbon is present as HCO
(Figure 1-4).
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Figure 1-4: Concentrations of the components of theceans carbonate buffer system versus pH
for DIC=2000 pmol L™, S=35 and T=25°C. Modified after Hofmann and Schithuber (2010).

As ocean acidifaction occurs, the concentratioH oiincreases and shifts the
carbonate equilibrium to the left hand side in otdedecrease [H. Looking at
Figure 1-3 this process in particular affects theaentrations of CQand CQ?,
increasing the first and decreasing the latters Thhighly significant for calcifiers
such as coccolithophores as the calcium carboaateasion2 (omega) in seawater
is dependent on the GOconcentration, the concentration offCand the solubility

product K*;, of the two ions (Equation 1.7
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[ca*x[CO4*]
K*sp

1.7Q =

Decreasing the concentration of &Qwill lead to decreased calcium carbonate
saturation levels in the ocean and resulting froat, thigher levels of dissolution of
structures such as the shells of coccolithophdreis. issue has received
considerable attention among scientists over thiedacade (Riebesell et al. 2000,
Zonderan et al. 2001, Sciandra et al. 2003, Leanaind Geider 2005, Langer et al.
2006, Iglesias-Rodriguez et al. 2008, Feng et@d82Langer et al. 2009, Casareto et
al. 2009, De Bodt et al. 2010, Lohbeck et al. 2012)

Laboratory studies focussed on the speEidsixleyi in particular, but the results
give an inconclusive picture. Although most studrREbesell et al. 2000,
Zondervan et al. 2001, Feng et al. 2008, De Bodt. &010) observed a decrease in
the production of calcium carbonate (Caf@arallel to an increase in the
production of particulate organic carbon (POC),theostudy (Sciandra et al. 2003)
showed a decrease in POC as well as in GaE@thermore, Iglesias-Rodriguez et
al. (2008) observed an increase in both, Ca&t POC production. This could be
explained by the fact that different straindsohuxieyi were utilized in these studies.
In a study comparing four different strainskofhuxleyi, Langer et al. (2009)
observed that these strains showed different @acto ocean acidification
regarding production of CaG@nd POCLaboratory with other coccolithophore
species also indicate variability in the resposedean acidification. Where&s
oceanica showed the same responsdzakuxleyi in the two studies by Riebesell et
al. (2000) and Zondervan et al. (2001), Casaretd. ¢2009) observed an increase in
both, POC and CaCG(roduction rates iR. carterae and Langeret al. (2006) found
different responses 1@. leptoporus (non-linear relationship in CaG@roduction

and constant POC production rates) @agelagicus (no changes in CaG@r POC
production rates). Another point to keep in minthiat all the studies mentioned in
this paragraph were short term experiments andttake the process of adaptive
evolution into account. In two 500-generation setecexperiments witle. huxeyi,
Lohbeck et al. (2012) showed that CaCO3 produdtianultures after 500
generations was significantly higher than in cidtuafter short term acclimatisation

to high CQ, but still lower than in cultures grown at ambi€@, levels.
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To simulate the impacts of climate change on pHgtdfon, and also specific

groups of phytoplankton, computer models are used.

1.4 Modelling coccolithophores

To get an indication how climate change might dftee ocean and its ecosystems,
global biogeochemical models are developed anddesjainst available field data
to validate model simulations. These computer nmeodethe world’s oceans allow
us to ask questions that could not be addresséddatt alone, e.g. quantifying
interactions between different processes or extaiipg data over space and time.
The first global biogeochemical simulations wematstd in the early 1990’s (Najjar
et al. 1992, Maier-Reimer 1993) advancing currémiogphere-ocean general
circulation models (AOGCMs) which model the physitshe ocean and the
atmosphere including interactions between the wopartments. In 1995 the
International Geosphere-Biosphere Program (IGBiaiad a first comparison of
ocean carbon-cycle models (OCMIP) (Doney et al320During the first phase
(OCMIP-1) between 1995 and 1998, four ocean cadyate models were compared
for their simulations of natural and anthropoged{@2 and C-14. The second phase
(OCMIP-2) was carried out between 1998 and 2002cantpared the simulations of
13 models, also including a common biological modiake current phase (OCMIP-
3) added three more topics to the project, compganterannual variability, ocean
inverse-basis modelling and automating model-dataparison.

The first biogeochemical models by Maier-Reimer Alagjar et al. included one
group of phytoplankton. However, different spe@éphytoplankton may function

in diverse ways. Several studies in the last debasle started to divide this single
model phytoplankton into several individual groupsing the approach of plankton
functional types (PFT’s) (Aumont et al. 2003, Greg@l. 2003, Le Quéré et al.
2005). The concept of plankton functional types fwas put forward by Falkowski
and colleagues (Falkowski et al. 2003). It divigekton in distinct groups, based
on their biogeochemical metabolism. The initial oept is relatively vague and there
have been different classifications of PFT’s. Leé@uand colleagues therefore
suggested additional criteria for distinguishingfRi-A PFT should have a distinct
biogeochemical role, it should be controlled byeanlusive set of physiological
requirements, the PFT’s behaviour should have itapbeffects on other PFTs and

the PFT should be of quantitative importance ileast some areas of the world’s
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ocean (Le Quéré et al. 2005). The significanceootalithophores in the global
carbon cycle suggests their incorporation as aivishehl group in global
biogeochemical models and there have already beemaer of studies
incorporating coccolithophores as a functional groumodels (Le Quéré et al.
2005, Gregg & Casey 2007). However, the correlatiiothese model results with
field and/or satellite data needs to be improvexdiniprove this correlation, the
simulation of the physiology with model equatiomsi gparameters needs to be
representative of the functional group. Laboraexgeriments offer the opportunity
to examine the effects of univariant environmentaiditions on organisms. There
have been a number of studies on the effects miaté change parameters on
coccolithophores, but so far most of the reseaashfbcussed oBmiliania huxieyi.
This is the most abundant coccolithophore spebigsas mentioned above its role in
the carbonate export and the ballasting effecbotaspheres is thought to be

smaller than that of other species.

1.5 Thesis aims and objectives

The aim of this thesis was to examine the effe¢hefthree environmental
parameters temperature, light and nutrient avaitaloin five species of
coccolithophores. In addition possible intraspediifferences in the response of two
strains ofEmiliania huxleyi isolated from different biogeographic zones were
investigated, as those have been observed in spemse of this species to changes
in the carbonate system (Langer et al. 2009). @h&pgives an overview of the
different techniques that were used during theraooy experiments and the
statistical analysis that was applied to compatasgds. Chapter 3 describes the
results of experiments investigating the effedieofiperature and aims to test the

following hypotheses:

* Emiliania huxleyi has a wider temperature range for growth than other
coccolithophores.

* Atemperate strain has a lower optimum temperahae a subtropical strain
of the same species.

» Concentrations of particulate cell components (PEGM, Chla) and cell
volume show an inverse relationship to growth rasecells growing at a low

rate have more time to acquire biomass and inciibagecell size.
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Chapter 4 addresses the effect of light on codumpihores, based on laboratory

experiments, and focuses on the following hypotsiese

* A temperate strain has a higher maximum ratio dofoiphyll a to organic
carbon and is more sensitive to high light inhdsitthan a subtropical strain
of the same species.

» Coccolithophores are better adapted to high ligtenisities compared with
other groups of phytoplankton.

In chapter 5, the effects of changes in the rdtinitoogen to phosphorus on
coccolithophore growth are discussed on the basisemostat experiments
conducted in the laboratory, concentrating on thngmtheses:

» Coccolithophores grow well under both nitrate ahdgphate limitation.

» Coccolithophores increase cell volume under phogghlamitation, as
previously suggested in literature.

» Coccolithophores are good competitors for phosptatepared with other

phytoplankton groups.

Chapter 6 comprises a modelling study for whichrdseilts from the laboratory
experiments, discussed in the previous three ctsptere used to modify the
parameterisation of coccolithophores in the gldiiagieochemical model
PlankTOM10. This study also includes a validatibthe model output with a global
database of coccolithophore biomass measurementstfre field and surface
concentrations of particulate inorganic carbonwgtifrom satellite measurements.

Although not a hypothesis, the results are disaibased on the expectation that:

* Including more physiological data to parameteriserhodel leads to

improvement of the model relative to observations

Chapter 7 summarises the results of the four pusviatapters, addressing the
different hypotheses laid out previously, and gi@esutlook on future research that

needs to be carried out.

The thesis ends with two appendices. Appendix &gidetails of medium
composistion. Appendix B is a published paper desg a new database of

coccolithophore biomass in the global ocean.
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2 Methodology

2.1 Coccolithophores

Six different strains of coccolithophores (Figur&,ZTable 2-1) were used. All

strains were unialgal but not axenic.

Table 2-1: Coccolithophore strains obtained from Recoff Culture Collection (strain prefix
RCC) and Plymouth Marine Laboratory (strain prefix PLY)

Coccolithophore strain

Biogeography

Oceanic origin

Emiliania huxleyi

Temperate

58°42'N,3°21'E

RCC1229 North Sea

Gephyrocapsa oceanica Temperate 44° 60'N,5°1'W

RCC1314 North Atlantic

Coccolithus braarudii Temperate 49° 31'N, 0°41' W

RCC1197 North Atlantic (English Channel)
Pleurochrysis carterae Temperate Coordinates unknown

PLY406 North Atlantic (English Channel)
Emiliania huxleyi Subtropical 8°20'S, 141° 15 W

RCC963 Equatorial South Pacific
Calcidiscus leptoporus Subtropical 14° 49' N, 67° 3 W

RCC1150

Equatorial North Atlantic

Stock cultures were grown in seawater-based K/2umedfter Keller (Keller et al.

1987) as modified by lan Probert (recipe in Appahdstock cultures were kept in
MLR 351 Plant Growth Chambers (Panasonic Biomededés Europe BV,
Loughborough, UK), temperate strains at 17°C, 6®lphoton nf s* and a 14:10
light:dark-cycle, subtropical strains at 22°C, 1280l photon rf s* with a 14:10

light:dark-cycle. These are the conditions at whithalgae are grown at the Culture

Collections. Light intensity in the incubators Haekn measured with a Scalar PAR

Irradiance Sensor QSL 2101 (Biospherical Instruitsdémc., San Diego, USA).
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Figure 2-1: Global distribution (point of origin) of coccolithophore strains used in the
experiment. (A) Emiliania huxleyi RCC1229, (B)Coccolithus braarudii RCC1197, (C)
Pleurochrysis carterae PLY406, (D) Gephyrocapsa oceanica RCC1314, (E)Calcidiscus leptoporus
RCC1150, (F)Emiliania huxleyi RCC963

2.2 Temperature

Cultures were grown in a custom-made Temperatuagli€nt Bar (Buitenhuis
submitted) at 13 different temperatures in 50 nifuca tubes with 45 ml K/2
medium. Replicate cultures (2-4 depending on tloevtir rate of the cultures) from
each temperature were sampled for cell concentrgb@rticulate organic
carbon/nitrogen, particulate organic phosphorudjquéate inorganic carbon and
chlorophyll a. A detailed description of the expeental setup is given in chapter 3.
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2.3 Light

Cultures were grown in Erlenmeyer flasks with 402 media in growth
chambers at 4-6 different light intensities. Atlaght intensities samples of 4
replicate cultures were taken to measure the piwotiostic activity via
photosynthesis-irradiance curves. Following thissueement each culture was
analysed for cell concentration, particulate orgaarbon/nitrogen, particulate
organic phosphorus, particulate inorganic carbahdorophyll a. A detailed

description of the experimental setup is givenhapter 4.

2.4 Nutrients

Cultures were grown in chemostats under nitrajghosphate limitation. The
overflow of the chemostats was collected in a battintaining formaldehyde
solution to immediately preserve the coccolithoghwells. The overflow was
sampled at 4 time points for cell concentrationtipalate organic carbon, nitrogen
and phosphorus, particulate inorganic carbon afaaphyll a. A detailed

description of the experimental setup is givenhapter 5.

2.5 In Vivo Fluorescence

Growth in the cultures was monitored by measunmg/o fluorescence in a Turner
10-AU Field Fluorometer. This is a fast and easyhoe which has shown good
correlation with chlorophyll a concentrations oll cember in previous studies
(Tunzi et al. 1974, Slovacek & Hannan 1977, Brainal €1981, Karsten et al. 1996,
Gustavs et al. 2009). A shortcoming of this metisatthat the relationship between
chlorophylla concentration and the measured fluorescence Jagiggeen different
species and within species under different growtiddions (Slovacek & Hannan

1977). To overcome this problem fluorescence m

easents were compared to cell

numbers, measured in a Coulter Counter.
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2.6 Cell concentration
Cell numbers and volumes were analyzed with a @oMultisizer 3 (Beckman
Coulter Ltd., High Wycombe, UK).
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Figure 2-2: Schematic of the Coulter Counter pringdle (from the Multisizer Brochure). The
aperture with an internal and an external electrodeand filled with electrolyte solution is
immerged into the sample. As subsamples of the ol sample are transported through
aperture, particles displace a volume of electrolg and create voltage pulses which are
processed through an analog and a digital pulse peessor to convert them into information on
cell concentration and —volume in the sample.

The coulter principle is that particles suspendhean electrolyte solution are drawn
to an aperture separating two electrodes (Figw2e Zhe voltage applied between
the electrodes creates a “sensing zone”. Partickggpass through the aperture
displace their own volume of electrolyte, incregsiine impedance of the aperture
and creating a pulse which is processed. The uldieectly proportional to the
volume of the patrticle that produced it. Analysishese pulses creates a size
distribution of the sample in cell number, volunmel @iameter (Beckman Coulter
2009).

Each analysis consisted of three samples measutbd Multisizer. For each sample
0.5 ml of culture was diluted with 9.5 ml of 0.2 (fittered seawater (the electrolyte
solution). Samples were acidified by addition ofIH&give a final concentration of
3.6 mM to remove coccoliths and accurately measeitevolume (Buitenhuis et al.
2008). After placing a sample in the Multisizer thstrument was set to carry out
three replicate measurements of pDBubsamples.
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2.7  Particulate organic carbon and nitrogen

Particulate organic carbon (POC) and nitrogen (P@é&te analyzed with an Exeter
Analytical CHN analyzer (Verardo et al. 1990).

Samples of 5-7 ml culture (depending on experimestk filtered onto
precombusted (4-6 hours at 450°C to remove orgaaterial on the filter) 13 mm
diameter GF/F filters and stored at -80°C untillgsia (maximum 300 days). The
first step after defrosting was to acidify sam@esl 3 medium blanks in an
evacuated dessicator over 50 ml hydrochloric amid.® hours to remove the
inorganic carbon, without affecting the particulatganic carbon (Verardo et al.
1990).

25 4

20 -

——
—t—
HH
——
—H—

T
O
SN
8
e O unacidified
o g
g 10 - acidified
o s
- _ I T T M acidified+PIC

1 3 5 8 10 15
Volume filtered (ml)

Figure 2-3: Volumetric test for POC analysis withE. huxleyi RCC1229, comparing unacidified
samples for total carbon with acidified samples andcidified samples with added particulate
inorganic carbon to enable direct comparison with dtal carbon samples. Blue and red bars
represent the mean of triplicates for total carborand acidified samples for each tested sample
volume. Whiskers indicate the standard deviation.

A test was carried out to determine the minimumpamolume necessary for
accurate POC/PON measurements. For this, two E#iplwate samples for a range
of sample volumes (1 ml to 15 ml) were taken froouliure ofE. huxieyi RCC1229
with a cell concentration of 8.05*1@ells/ml. One triplicate of each set was acidified
for 24 hours whereas the other one remained urigcidenabling measurements of

total carbon (TC) in the culture. For sample congear, a particulate inorganic
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carbon (PIC) content (measured from samples o$adinee culture using flame
atomic absorption spectrometry as described inteh&) was added to POC
measurements to balance it with TC measurementset#zr, this test showed that
the duration of the acidification step suggesteth@protocol was too long, as the
combined concentrations of POC and PIC in the facited samples was much
lower than the TC concentrations in unacidified pl® (Figure 2-3). It also showed
that, at the measured cell concentration, 3 mhoffde were sufficient to ensure
satisfactory measurements. At a sample volumerolf theasurements of fumed
samples were noticeably lower and showed a higlweation. Another test was
carried out with varying durations of acidificatido find the optimum duration of
the acidification step. As in the volumetric tes®IC content analysed from the
same culture oE. huxleyi was added to measurements of fumed POC samples to
enable comparison with unfumed samples from theesartiure analysed for TC.
The test revealed that an acidification step ofid@rs, after addition of PIC,

compared very well with untreated samples (Figu#e.2
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Figure 2-4: Acidification test for POC analysis wih E. huxleyi RCC1229, comparing unacidified
samples and samples that were acidified for differg periods of time. Bars indicate mean of
triplicate samples, whiskers the standard deviation

Coming back to the general protocol, , the filt@ese dried for 24 hours at 60°C

after the acidification step, folded and placetinrcapsules in 96 well microplates.
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The samples were analyzed with a CE440 CHN ana(fs@&ter Analytical, North
Chelmsford, USA). During CHN analysis samples amalousted in pure oxygen
under static conditions (Figure 2-5). The genergsks pass through a copper
column that reduces oxides of nitrogen to The gases then enter a mixing volume
chamber to ensure homogenity before passing thrawsgnies of thermal
conductivity detectors. Two traps between the detegemove KO, then CQ. The
differential signal between the detectors adjateeiach of the traps is proportional
to the concentration of the corresponding compotihd.remaining gas (now only
consisting of the carrier gas helium and nitrogeagses through another
conductivity detector and is compared to a refezaradl through which pure helium
flows. The difference in the output signals gives hitrogen concentration (Exeter
Analytical 2005).
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Figure 2-5: Schematic of CHN analysis (from Exete€E440 Elemental Analyser brochure).
Samples are combusted in the Combustion Tube in paroxygen and then transported to the
reduction tube, using helium as carrier, where oxids of nitrogen are reduced and residual
oxygen is removed. In the mixing volume the samplgases are homogenized before this mixture
is released into the array of thermal conductivitydetectors. Two traps remove H20 respectively
CO2 and the concentrations of hydrogen and carbonra calculated based on the signal
differences at the two ends of each trap. The renmaing mix of helium and nitrogen passes
through a thermal conductivity cell and is comparedto a pure helium standard to give the
nitrogen concentration.

To calculate the amount of organic carbon and génoin the samples, the

instrument was calibrated with acetanilidgflgNH(COCH)) standards of known
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weight as this substance has a similar C/N ratidl€8) to that of phytoplankton
(C/N=6.625 after Redfield 1934) (Nollet 2007).

2.8  Particulate organic phosphorus

Particulate organic phosphorus (POP) in coccolitioop cultures was analyzed to
enable comparison of the ratios of organic carbdmgen and phosphorus against
the Redfield ratio, which is the average molectddio of carbon, nitrogen and
phosphorus in phytoplankton (Redfield 1934). POB maasured by high
temperature dry combustion (HTDC) (Andersen 19&gila et al. 1976).

Samples were taken at 4 time points in all expemnisesingle samples during the
temperature- and nutrient experiments and trigicaimples during light
experiments. In each case 20 ml of culture wasr&lt onto 25 mm diameter
Whatman GF/F filters. The samples were storedGftG&intil the day of analysis

(maximum 300 days).
Table 2-2: Recipe for POP Mixed Reagent

100 ml Ammonium Molybdate (12 mM)

250 ml Sulfuric acid (4.8N)

100 ml Ascorbic acid solution (153 mM) Reagent dtidurn pale yellow colour

50 ml Potassium antimonyl tartrate (509 uM)

At the start of the analysis, samples and tripicaedium blanks were placed in 50
ml culture tubes and dried at 70°C for one houoteebreaking down the POP into
orthophosphate (Pin an oven at 500°C for one hour. The first dgystep is
carried out to accurately measure the dry weighthefmaterial before analysis and
could have been skipped in this case as analyssiaae based on filtered volume
rather than weight. After the samples had coolegndd ml 1N HCI and 10 mi DI
water were added and the samples were heated pregsure in an autoclave at
104°C for two hours. After the samples had cooledrdonce more, 2.5 ml aliquots
of Mixed Reagent (Table 2-2) were added, the tumre briefly vortexed and then
stored in the dark for 30 minutes before analysis & LAMBDA 25
spectrophotometer (PerkinElmer, Waltham, USA) & 88 based on the method by
Murphy and Riley (Murphy & Riley 1958). This givédse molybdenum in the mixed
reagent time to react with the orthophosphateaenstimple, giving the solution a

blue colour. To calibrate the spectrophotometesrees of 6 KHPO, standards
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(0, 0.025, 0.05, 0.1, 0.15, 0.2 umol p@ere used. For this, different volumes of
1000 uM KHPO, were spotted onto GF/F filters and the standamte weated in
the same way as the samples including the highdeatyre incubation at 500°C.
The measurement of the standards gave a lineasgign that could be used to

calculate the orthophosphate concentration in aingp¢es.

2.9 Particulate inorganic carbon

Particulate inorganic carbon (PIC) was derived fiarticulate calcium. This was
analysed using flame atomic absorption spectronfeary Bleijswijk et al. 1994), to
determine the G4 concentration based on the absorption of light oértain
wavelength by atoms in ground state (Robinson.&x(l5). From this the amount of
particulate inorganic carbon (PIC) was calculatasill on a 1:1 ratio of €aPIC

(van Bleijswijk et al. 1994).

Samples were filtered on polycarbonate filters (0n8 pore size) and stored at -80°C
until analysis (300 days maximum). For the analysasnples and media blanks were
placed in 6 ml HCI (0.1 M) for 15 hours to extréoe calcium. The Ca

concentration in the extract was then measured inductively coupled plasma
optical emission spectrometer (Vista-PRO Simultasd@P-OES, Varina Inc., Palo
Alto, USA).
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Argon porihreneserms, Spray Microprocessor
— Py Chamber | and Electronics [
L
To Waste
— — —— —
Computer _j\_ |

Figure 2-6: schematic view of ICP-OES analysis. Theample is pumped through a nebulizer
before being ionized by electrons and argon ions.hiEse reactions give off radiation which is
analysed by the spectrometer and can be converteotd concentrations for different molecules
providing an adequate calibration was carried out pior to the analysis.
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In this process electrons and argon ions, createdigh electromagnetic ionization
of argon gas, collide with the nebulised sampldilggto its ionization (Figure 2-6).
The sample compounds lose electrons and recomépeatedly in the ICP-OES
plasma, giving off radiation at characteristic wawgths for different molecules
(e.g. calcium). This radiation is then analyzethim ICP-OES optical spectrometer.
Before sample measurement the instrument was atdibusing 6 Cagbktandards
of known concentration (range 0-800 uM).

Prior to the experiments a test run was carriedaastimate the sample volume
necessary for this analysis. Four replicate sangdlédifferent volumes were taken
from a culture oE. huxleyi RCC1229, analysed and compared against a thedretica
CaCQ content (Figure 2-7)his theoretical concentration was based on a weigh
0.28 pg C for each individual coccolith (Young &&ri 2000)and 15 coccoliths per
cell (Paasche 2001). This test showed that a savoplene of minimum 8 ml (at a
cell concentration of 8*10cells/ml) gives good agreement with expected Eoél
CaCQ.
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Figure 2-7: Volumetric test for PIC analysis, compang it with theoretical PIC(pg C/cell)
calculated from 0.28 pg C/coccolith (Young and Ziwe 2000) and 15 coccoliths/cell (Paasche
2001)
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2.10 Chlorophyll a

Samples for Chlorophy# analysis were taken at 4 times during all expeniisie
single samples during the temperature- and nuteepériments and triplicate
samples during the light experiments. Aliquots (3were filtered onto 25 mm
diameter Whatman GF/F filters, the filters werepsfrazen in liquid nitrogen and
stored at -80°C until analysis.

For the analysis, chlorophyll was extracted in 288étone (prepared fresh for each
analysis). The samples and three filter blanks wkxeed in scintillation vials with
10 ml of 90% acetone, gently shaken and vortexdgr Ahis, the samples were left
at 4°C in the dark for 24 hours to extract the abydryll. The fluorescence of
samples was measured in a LS45 Fluorescence Spetto(PerkinElmer,
Waltham, USA) at an excitation wavelength of 440ammd an emission wavelength
of 680 nm (Rebeiz 2002).

The bandwith of both, excitation- and emissionwhss 10 nm. To account for
chlorophyll derivatives in the samples, two drop8% HCI were added to the
cuvettes after the initial fluorescence measurerapdtthe sample was measured
once again. This value was then substracted frenmitial fluorescence value.

To calculate chlorophyll a concentrations from sknflporescence, a series of 5
chlorophyll a standards (0, 50, 100, 250, 500 p{tn spinach

(SIGMA product C575Bwas measured before the samples and the lineass}gn
of these standards was used to calculate the gigllca concentration in the
samples.

2.11 Statistical comparison

Datasets of all measured parameters were analgssdyhificant differences

between pairs of coccolithophores using the Manntivély U test

(Mann & Whitney 1947). It is a non-parametric testitable for non-normally
distributed data, testing the null hypothesis that datasets are the same against an
alternative hypothesis that they are differentsTikithe case if the calculated p-value
falls below the limit of 0.05. The tests were cadrbut using the statistical software
R Studio Version 0.94.110.
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3 Effect of temperature on coccolithophores

3.1 Introduction

Global climate change will bring considerable chatmthe marine environment; the
temperature in the world’s ocean will increase dgect result of climate change.
This makes it important to know about the effedteemperature on marine

organisms, to be able to explain and predict futtn@nges in marine ecosystems.

Temperature dependence of growth in phytoplanksendeen studied extensively
over the last 50 years. (Eppley 1972) suggestddritaidual species show highest
growth at their optimum temperature with decreag®eavth rates at higher and lower
temperatures, but that the temperature dependémptg/implankton assemblages
could be generalised to an exponential relationshigs exponential relationship has
been widely used in ocean biogeochemical and etmaysodels. However,
alternatives have been suggested in other studiash-as linear relationships for
individual species (Raven & Geider 1988, Montaghdganklin 2001, Montagnes

et al. 2003) or optimum-function relationships &sisemblages (Schoemann et al.
2005).

Previous studies have shown that temperature candaignificant effect on
coccolithophores and the growth optimum in cocholithores seems to be closely
related to biogeography. In a study by (Buitentatial. 2008)Coccolithus braarudii,
a cold-water species, and the globally distriblEsuliania huxleyi were the only
species to show significant growth below 10°C s@ggested by the differences in
biogeography -E. huxleyi having a much broader distribution th@nbraarudii —E.
huxleyi showed growth over a wider range of temperatunesytty rates only
decreasing at 25°C, where@sbraarudii did not grow at temperatures above 20°C
(Buitenhuis et al. 2008). In contrast, three sylital speciesCalcidiscus

leptoporus, Gephyrocapsa oceanica, Syracosphaera pulchra) did not grow very well
below 10°C, onlyC. Ieptoporus showed minimal growth at 9°C (Buitenhuis et al.
2008).C. leptoporus grew over a considerable narrower range of tempegsathan
the other species, showing growth up to 25°C, waseggowth inG. oceanica andS
pulchra continuously increased up to the maximum tempegatti25°C (Buitenhuis
et al. 2008). Other studies broadly support theofaions by Buitenhuis et al.

(2008), reporting an increase in growth rate watmperature, but over a narrower
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range of temperatures (Sorrosa et al. 2005, Schautal. 2006, Satoh et al. 2009).
Buitenhuis et al. also looked into the question wgrawth model would be best to
represent the temperature dependence of growibcicotithophores, comparing a
linear relationship with exponential (Eppley 19@Rd optimum-type correlations
(Schoemann et al. 2005). They found that the lia@drthe exponential model best
reproduced their laboratory data and the introdnotif an additional parameter with

the optimum growth model did not improve the mdadgBuitenhuis et al. 2008).

Regarding the effect of temperature on coccolitweltalcification, C&-uptake of

E. huxleyi has been measured at 10°C and 20°C (Sorrosa2&t0&l) respectively
12°C and 20°C (Satoh et al. 2009). Both studiesrted a higher uptake rate and
increased coccolith production at higher tempeeatburthermore, cell volume has
been shown to decrease with temperature, alongamiihcrease in growth rate fin
huxleyi andG. oceanica (Sorrosa et al. 2005, Satoh et al. 2009).Howevstudy by
Balch et al. (1992) showed higher calcificatioresain the same species at 15°C than
at 20°C together with increased photosynthetiozagtat 15°C. An earlier study
(Paasche 1968) could explain this inconsistencgsétae found an increased number
of calcified cells between 18°C and 24°C comparél WC, 12°C and 27°C. It

could be that the optimum temperature for calciitsain E. huxleyi is at 15°C

which the two studies by Sorrosa et al. (2005) @atbh et al. (2009) did not

measure.

The aim of the research presented in this chapter provide a broader picture of
the effect of temperature on coccolithophores najuiding more species than most
of the other studies and examining the effects orertevels — namely growth, cell
volume and cellular concentrations of chloroplaylparticulate organic carbon,
particulate organic nitrogen, particulate orgartiogphorus and particulate inorganic

carbon derived from particulate calcium.

3.2 Methodology

The experiments were carried out with six differsindins of coccolithophores (see
Figure 2.1) in a custom-made temperature gradi@n(TGB, Figure 3-1)

(Buitenhuis submitted). One end of the TGB is cddig a water chiller, whereas the
other end is heated. This creates a temperatudeegtaover 13 slots for 50 ml
culture tubes; the TGB consists of five rows (Aoof these slots. All slots are
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illuminated by individual LEDs. LEDs of the fivews are controlled separately and
the LEDs of each row can be regulated in groupst (66 and 7-13). Light intensity

in the TGB can be regulated in two ways.

1312 11 10 9 8 7 6 5 4 3 2 1

elelelelelelclelelefelele
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Figure 3-1: Temperature Gradient Bar providing 5 rows (A to E) of 13 slots for plankton
cultures (50 ml culture tubes).

Light level of the LED-groups can be adjusted ugheythermal gradient bar
controller and the light intensity can be tunedHar by changing the distance
between LEDs and the TGB. A glass plate at the bbdes TGB prevents
condensation of water at the cold end of the TG8 tduhe effect of the warm LEDs
and the cold TGB.

Two experiments were carried out, growing cultuneseawater based K/5. In both
cases, the light intensity was set to 300 pmolghai? s*. The experiment with

two strains oE. huxleyi and theG. oceanica used a gradient from 1°C to 29°C and
the experiment witlC. leptoporus andP. carterae used a gradient from 0°C to 32°C.
Growth was monitored biywivo fluorescence, measuring fluorescence directlién t
culture tubes after mixing the culture gently bypthaTowards the end of the
logarithmic growth phase, after the cultures hadtihed a sufficient cell density (at
least half of the maximum fluorescence yield) ai¢o 9 days depending on species
and growth temperature, a set of samples was fakemalysis of POC/PON, PIC,
Chla (8 ml each), POP (20 ml) and cell concentratiocl(ding cell volume
measurement). This criterion of sufficient cell siégywwas used to ensure there was
enough material for the different analyses and/themes of culture taken for each
sample was restricted due to the 50 ml culturemelulf growth in a culture started
to decrease before sampling, indicating that thiei@ireached the end of its

logarithmic growth phase, and still had an insuéfnt cell density, it was refreshed
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with new medium coinciding with the current growdtte. At most temperatures 4
consecutive cultures of each coccolithophore wanepted. However, in some cases
towards the cold end of the temperature range radtiook a long time to reach a
sufficient level of cell concentration and only Z&s of samples were obtained.

After the end of the experiment samples were apdlysa CHN analysis
(POC/PON), flame atomic absorption spectrometrZjP$pectrofluorometrically
(Chl a), high temperature dry combustion combin&t the molybdenum blue

method (POP) and Multisizer (cell concentration).

Three different equations for growth (1) as a fiorcbf temperature were compared
- a linear equation (Equation 3.1), an exponeetgiation after Eppley 1972
(Equation 3.2) and an optimum equation after Sclamemet al. 2005 (Equation 3.3)

3.1 -}/lmale«lmax,0°C+S|0pexT
3.2 -}/lmale«lmax,0°CleO(T/lo)

3.3 max= P—opteXp('((T'Topt)Z/ dT?))

, Where hax IS the maximum growth rate at a certain tempeeaiutmax, oociS the
theoretical maximum growth rate at 0°C, T is theperature in degree Celsius,oQ
is the temperature coefficient — a measure ofdke of change of a physiological
parameter as a consequence of increasing the tatapeby 10°C, gk is the growth
rate at the optimum temperaturg, s the optimum temperature and dT is the
temperature interval of growth.

Parameters and their standard errors were estimatieé nonlinear model fitting
function using the statistical software RStudiodfen 0.94.110. To compare the fit
of the three equations to the original data, Akailkeformation Criterion (AIC) was
calculated (Equation 3.4) (Burnham & Anderson 1998)

3.4.A|C:rbb5]09(02)+2rbaram

, Where gysis the number of observationgamamis the number of parameters and

3.552:1/(rbb5'nparan')x Z(uobs'uﬁt)z
, Where 4psis the observed growth rate at each temperatuteiars the
corresponding estimated growth rate from each@ftbdel fits. The AIC is a

measure of how well a certain model fits to a detteslative to other models. The
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model with the lowest AIC value is the one thatidespa data set best. The
difference between models is significant if the Al&@ues differ by more than 2.
However, it does not give information about howIle¢ model fits in an absolute

sense.
3.3 Results and Discussion

Growth rates

Of all tested coccolithophores, the subtropicaliatof E. huxleyi (RCC963) grew at
the lowest temperature of 4°C{34 4.=0.17,Table 3-1). The temperate strain of

E. huxleyi (RCC1229max65:0.26,Table 3-1) an@. oceanica

(Mmax.6.5°c=0.29, Table 3-1) grew first at 6.5°C wher@agarterae showed no signs

of growth until 8°C (jhax s:c=0.3, Table 3-1)C. leptoporus did not start growing until
10.5°C (Mnax, 105°0.26,Table 3-1). The growth & huxleyi at low temperatures
parallels the results from Buitenhuis et al. (2008greE. huxleyi was one of two
species growing at temperatures below 10°C. Thee alab fits well with the species
global distribution, growing in subarctic and sutaawatic waters (Mcintyre & Be
1967).P. carterae andC. |leptoporus do not appear in those areas being observed in
temperate water which fits with their minimum groviémperature in this study. For
C. leptoporus these observations are also supported by the sdsmfh Buitenhuis et
al. (2008). However, the low minimum growth tempera inG. oceanica was
unexpected. This species is thought to be a wartarwpecies, replacirtg huxleyi

as the most dominant species at temperatures &»@(Mcintyre & Be 1967)A
possible explanation could be that the strain usékis experiment was isolated
from 45°N in the North Atlantic and grown in culégrat 17°C for the last 15 years.
Strains from higher latitudes might be better aedpod low temperatures, even if the
species is thought to be a warm water organisnth&umore, a long period in
culture gives good opportunity for mutations in fapfankton strains that might
enable better adaption to cold temperatures.

All the coccolithophores tested showed an incr@ageowth with increasing
temperature up to an optimum temperature abovehrdmowth rates started to
decrease again (Figure 3-2). For the two strairis béixleyi this optimum
temperature was at 23.5° G4t 23.5:c0.98 forE. huxleyi CC963 and

Mmax, 23.5°&0.97 forE. huxleyi RCC1229, Table 3-1) and the growth rate in these tw
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strains was higher than in the other species dipisdemperature. At higher
temperature$§. oceanica started to show higher growth rates, growing faster
(Mmax, 25°:c0.91 forG. oceanica) thanE. huxieyi RCC1229 at 25°C (b 25:=0.79),
the optimum temperature f@. oceanica. At 27.5°C it also grew faster (g
27.5:c=0.9) tharE. huxleyi RCC963 (hax, 27.5:c0.59).

Growth (d %
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Figure 3-2: Coccolithophore growth rates. (AE. huxleyi RCC963, (B)E. huxleyi RCC1229,

(C) G. oceanica, (D) C. leptoporus, (E) P. carterae, (F) combined data of all strains. Points show
individual measurements, the line represents an ophum model fit through the data. For model
parameters see Table 3.2.

C. leptoporus had its optimum temperature at 24°G,{4124-.c=0.91, Table 3-1)

And growthexceeded growth in both strainskbfhuxleyi at the high end of the
temperature range {x 20:c=0.69 forC. leptoporus, Pmax 290:c=0.24 forE. huxleyi
RCC963 and ax 27.52=0.25 forE. huxleyi RCC1229,Table 3-1. carterae grew at
similar rates a€. leptoporus andG. oceanica at temperatures between 10.5°C and
17°C (Table 3-1). However, it had its optimum tenapere at 19°Cy(nax, 19°c0.77)
at a noticeably lower temperature and a lower lévaeh the other two species.
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Comparing these results with literature, it confirthe findings of Buitenhuis et al.
(2008) for differences betwe&h oceanica andE. huxleyi. They also observed
higher growth rates i&. huxleyi at temperatures below 25°C. At 25%:,0oceanica
showed higher growth rates. Comparing with theystudSorrosa et al. (2005),
where two different methods for growth rate caltioles were used (optical density
and cell number measurements), there is an agreédanegrowth rates based on
optical density measuremen@, oceanica showed similar growth rates b huxleyi

at 25°C in both studies. On a cell number basisdvewy Sorrosa et al. (2005)
showed higher growth rates miliania huxleyi, compared withG. oceanica at all
tested temperatures from 10-25%he method based on invivo fluorescence used in
this study compares much better with Sorrosa’sregéis based on optical density
measurements, which is not surprising given thes¢lmethods depend significantly
on the chlorophyll concentration in cells and thigy change over the course of an
experiment and is not taken into account when ¢aiog growth based on cell
number measurements. Sufficient acclimatisatiaihéoexperimental conditions
would have circumvented this issue, but Sorrogd. 2005) do not mention any
acclimatisation in their paper. The results@liteptoporus contrast with the findings
of Buitenhuis et al. (2008), where neither of the strains of this species grew at
25°C. However, this could be explained by intragpedifferences. The strain
RCC1150 used here is a subtropical strain, andtrbgetter adapted to high
temperatures as the two strains used by Buitergtuk (2008), NS10-2 and N482-1,
are more temperate strains. Unfortunately then® isterature data available for
comparison orP. carterae. The fact that it grows considerably slower thaa dther
species in this study may be explained by the targk size as larger organisms tend
to have lower metabolic rates (Marafion et al. 20E8pptimum temperature also

fits well with its more temperate origin.
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Table 3-1: Mean growth rates of tested coccolithopire strains over a temperature range from 0 to 30°%. The growth rate at the optimum temperature foreach
species is indicated in red. Zero values indicatemperatures at which no growth was observed in theoccolithophore; dashes indicate temperatures whemgrowth
was not tested in these particular species.

Tempera
ture (°C)

6.5

9.5

10.5

11

12

13

14

14.5

15.5

16

17

18.5

19

19.5

21.5

22

23.5

24

25

27

27.5

29

30.5

E. hux.
RCC963

0.28

0.48

0.60

0.72

0.81

0.87

0.96

0.98

0.97

0.59

0.24

E. hux.
RCC1229

0.26

0.47

0.67

0.81

0.84

0.92

0.97

0.79

G. oc.
RCC1314

0.29

0.41

0.43

0.52

0.58

0.84

0.85

0.91

0.63

C. lept.
RCC1150

0.32

0.35

0.38

0.48

0.50

0.65

0.82

0.69

P. Car.
PLY406

0.22

0.34

0.37

0.37

0.39

0.51

0.77

0.73

0.63

0.27




Following the approach of Buitenhuis et al. (20@Bjee different growth models
were fitted through the individual growth data satsl the combined data set. Based
on these three different models a series of paemetere estimated for the different
data sets (Table 3-2). Both, linear and exponegt@lth model give estimates for
the maximum growth rate at 0°C and there were eahte differences in the
estimates. The estimates from the exponential msebeh to be more realistic as it is
generally accepted that phytoplankton show an expited increase with
temperature at the low end of their temperaturgedar growth. Model predictions
for Umaxo-.cwere considerably higher in the two straing&olfiuxieyi (Umax,0-c=0.39

for E. huxleyi RCC963 and pax 0-c=0.42 forE. huxleyi RCC1229), indicating better
growth at low temperatures compared with the dftweze species. This again
supports its wide biogeographical distribution,wecimg in subarctic and
subantarctic waters. The modelled potential grawath at 0°C irC. leptoporus

(Mmax, 0°c=-0.24) was substantially lower than that of tHeeotspecies. At the other
end of the temperature ran@&,oceanica andC. leptoporus seem to be the best
adapted species as the optimum model suggestay high optimum temperature
(Top=24.3 forG. oceanica and T,,=26.7 forC. leptoporus) and model predictions
for P. carterae and the two strains &. huxleyi were markedly lower (f,=21.7 for

P. carterae, Top=20.1 forE. huxleyi RCC963 and J,=19.6 forE. huxleyi

RCC1229). However, the modelled growth rate atdpismum temperature was
highest in the twd. huxleyi strains (j4,=0.92 forE. huxleyi RCC963 and §=0.93
for E. huxleyi RCC1229)P. carterae had the lowest modelled growth rate
(Mop=0.66) at its optimum temperature. The modellgg\@lue, however, was
markedly higher irC. leptoprus (Q10=1.93) than in the other coccolithophores. This
is partly explained by the fact thaidds repressed by values abovg; &ndC.
leptoporus has the highestg; in this study. Indeed, when looking at Table 88 i
noticeable that the order from highest to lowestieds the same in the model
predictions for @ and Ty, C. leptoporus > G. oceanica > P. carterae > E. huxleyi
RCC963> E. huxleyi RCC1229. Therefore, {gwas also modelled using only the
growth data up to b, and in this cask. carterae (2.57+0.23) andC. |eptoporus
(2.55+0.25) showed the highest predicted valuecating that these species might
be better able to adjust to increasing temperathaesthe other species.
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Table 3-2: Growth parameters derived from three diferent growth models. All estimates plus or minustandard error.

Linear model

Exponential model

Optimum model

strain Slope Hmax, 0°C Hmax,0°c Qio Hopt Topt dT

E. huxleyi RCC963 0.017 +0.004 0.39 £0.07 0.48 +0.06 1.22 +0.07 0.92 £0.02 20.1+0.3 11.90.5
E. huxleyi RCC1229 0.015 +0.004 0.42 £0.08 0.51 +0.07 1.19 +0.08 0.93+0.03 19.6 +0.3 10.5+0.5
G. oceanica RCC1314 0.027 £ 0.003 0.09 #0.07 0.30%0.04 1.46 +0.09 0.85 +0.02 24.3 0.5 11.8+0.8
C. leptoporus RCC1150 0.040 + 0.003 -0.24 £ 0.07 0.14 +0.023 1.93+0.14 0.80 +0.03 26.7+1.3 12.6+1.5
P. carterae PLY406 0.016 + 0.004 0.17 £0.07 0.27 £0.05 1.31+0.11 0.66 +0.03 21.7+0.5 11.20.7
all 0.020 + 0.002 0.26 +0.04 0.38 £0.03 1.30+0.04 0.82 £0.02 21.840.3 12.2+0.5




Predictions for @ were noticeably lower i. oceanica (2.03+£0.11), but higher
than in the two strains &. huxleyi (1.70+0.07 forE. huxleyi RCC963 and 1.68+0.07
for E. huxleyi RCC1229)C. leptoporus also showed the broadest predicted
temperature range for growth (dT=12.6), howeveras not significantly different

from the other coccolithophores.

The maximum growth rate at 0°C for the combine@ dgfax 0-.c=0.38+0.03),
predicted with the exponential model, was highehia experiment than in the study
by Buitenhuis et al. (2008) who reporteg@ajo-=0.22+0.09 from their exponential
model. The main explanation is likely to relatette differences in light intensity
between this study (300 pmol photoff 1) and the earlier study

(180 pmol photon s during most experiments). A further reason coddHat
two strains oE. huxleyi, a species growing relatively well at low temparas,were
used in this study whereas only one strain was umste other study. Additionally,
differences inG. oceanica strains may play a role. As mentioned earl&roceanica
NS6-2 didn’t grow below 10°C in the study by Buiteis et al. (2008) whereas

G. oceanica RCC1314 showed significant growth at 6.5°C in #tigly.

The modelled @ value for the combined data the other hand was lower in this
study compared with Buitenhuis et al (2008), pdggsilated to the higher maximum
growth rate at 0°C as this might have decreasedtthrge in growth rate used to
calculate @, with the model. Optimum temperature and the teatpee range for
growth in coccolithophores are similar in both $&sdHowever, the growth rate of
coccolithophores at the optimum temperature isdngh this study compared with
Buitenhuis et al. This difference in growth is agmost likely explained by
differences in the light environment and inclusadriwo strains of the fast growing

species. huxleyi in this study.

The relative model fit to the data was assessezhlzylating and comparing
Akaike’s Information Criterion (Table 3-3). For aata sets the optimum model
fitted significantly better than a linear or theperential model. This is in contrast to
Buitenhuis et al. (2008) who found in their stubtgitlinear and exponential model
fitted their data significantly better than theioptm model. This contrast might be
explained by the fact that Buitenhuis et al. (2008)J a maximum temperature of
25°C in their study. However, as shown in this gtgebwth significantly decreases
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in many coccolithophores only above 25°C and teigrelase in growth rate
substantially favours the optimum growth model aber linear and exponential

growth models.

Table 3-3: AIC values (Equation 3.4) for three type of growth model fitted through the
individual data sets and the combined data set. Theest model fit for each dataset is indicated
in red.

Linear model | Exponential model | Optimum model
E. hux. RCC963 | -15.88 -11.32 -105.77
E. hux. RCC1229 | 0.48 2.96 -81.41
G. oc. RCC1314 | -47.82 -40.5 -81.37
C. lept. RCC1150 | -62.77 -52.98 -68.74
P. car. PLY406 -28.58 -25.35 -67.2
All -68.25 -52.66 -186.88

To compare the best model fit for significant diffieces between the 6 data sets
growth was estimated for a temperature range fraan3D°C for all five
coccolithophores using the optimum models (FiguB.3he data was tested for
normality using the Anderson-Darling test. The dagtforE. huxleyi RCC1229
(p=0.0538) was the only one that was normally thisted. In all other casek.(
huxleyi RCC963 p=0.027G. oceanica RCC1314 p=0.001C. leptoporus RCC1150
p=0.0008P. carterae PLY406 p=0.008, combined data set p=0.006) the null

hypothesis of a normal distribution was rejected.

Based on these results the Mann-Whitney U testh@arametric test for
non-normally distributed data, was used to comfgaeptimum growth models for
the different data sets (Table 3-4). The modelletd dorP. carterae showed the
most significant differences with three other dsdts E. huxleyi RCC963 (p=0.007),
E. huxleyi RCC1229 (p=0.045) and the combined data set (p8){d4ble 3-4).
These significant differences between dataaetsiue to the low growth rateskf
carterae compared with the others, explained by its redyivarge size.Besides
these differences between the data sePfaarterae and other data sets, there was
only one more significant difference between theletied data fo€C. leptoporus
andE. huxleyi RCC963 (p=0.018). This is most likely due to thiéedences in
growth at low temperatures where this straiedfiuxieyi has noticeably higher
growth rates thag. leptoporus.
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Table 3-4: Comparison of optimum models for the 6 dta sets (Mann-Whitney U test, p values). The valgeghat show significant differences between modedse

shown in red.

E. huxleyi RCC1229

G. oceanica RCC1314

C. leptoporus RCC1150

P. carterae PLY406

all

E. huxleyi RCC963

0.7

E. huxleyi RCC1229

G. oceanica RCC1314

C. leptoporus RCC1150

P. carterae PLY406

0.1 0.02 0.007 0.2
0.3 0.07 0.05 0.6
0.4 0.2 0.8

0.8

0.2




Cell volume

The effect of temperature on the volume of the obitwphore cell (after removing
the surrounding coccosphere) differed betweendsied species (Figure 3-3). In
most casesH, huxleyi RCC963E. huxleyi RCC1229G. oceanica andC.

leptoporus) no trend in average cell volume was observed.cBflevzolume inP.
carterae showed a U-type tendency, decreasing from low teatpees to 19°C and
starting to increase again at higher temperatuigsi(e 3-3E). This trend irP.
carterae had been expected for all 5 coccolithophores, shgan inverse
relationship to growth rate. At low growth rategg@anisms have more time to build
up biomass which is reflected in a larger cell wodu Sorrosa et al. (2005) found this
trend inE. huxleyi andG. oceanica,however it has been shown that cell volume in
coccolithophores can be very variableand depermenutrient concentration for
example (Riegman et al. 2000), which might exptaavariation found in this
study. Cultures were kept as semi-continuous sttkeeping them within the
logarithmic growth phase, but nutrient concentratistill vary in this type of culture
which may have affected the coccolithophores. Camganean cell volume of the
different coccolithophores, the two straindohuxleyi showed similar (p=0.88),
relatively low volumes (26 pifcell in E. huxieyi RCC1229 and 28 pifell in E.
huxleyi RCC963), significantly lower than i®. oceanica (p=9*10" for both strains
of E. huxleyi) andC. leptoporus (p=3*10"2 for both strains)G. oceanica (142
um/cell) andC. leptoporus (135 pni/cell) had 5-6 times larger cells and cell volume
was not significantly different (p=0.9). The meaail ¥olume inP. carterae (628
um/cell) was significantly higher than that of alhet coccolithophores
(p<1.5*10"Y).
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Figure 3-3: Cell volume of different coccolithophoes grown over a range of temperatures. (A)
Emiliania huxleyi RCC963, (B)Emiliania huxleyi RCC1229, (C)Gephyrocapsa oceanica
RCC1314, (D)Calcidiscus leptoporus RCC1150, (E)Pleurochrysis carterae PLY406. Dots
indicate triplicate measurements at different timepints. The black line in Figure 3-3(E) is the
best fit through the data with equation and coeffient of determination given in the upper left
hand corner.

Surprisingly,G. oceanica had a higher mean cell volume thaneptoporus. With
regard to the observed growth rates the oppositdditave been expected,
leptoporus at lower growth rates having more time to buildoipmass, and literature
values indicate that. leptoporusis larger tharG. oceanica (Stoll et al. 2002).
However, no cell size measurements could be foanthg strain ofC. leptoporus
used in this study and it is known that strainghed species can vary considerably in
size (Young 1998). Comparison of cell volume vather literature data is much
more difficult due to the fact that most studiegegtoccosphere cell volumes
including the calcified coccoliths whereas decadifcells were measured here. One
study with comparable measurements (Stoll et &12P@ives the cell diameter of
uncalcified cells and the values in the data hezeskghtly higher folE. huxleyi and
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G. oceanica, howeverC. leptoporus had a noticeable smaller cell diameter in this

study(Table 3-5). This is possibly due to straiacfic differences.

Table 3-5: Comparing cell diameter of three coccolithophores measured in this study with values found in
literature.

Coccolithophore Cell diameter fam) Cell diameter (um)
This study Stoll et al. (2002)

E. huxieyi 4.05 3.48

G. oceanica 7.12 5.09

C. leptoporus 7.05 11.34
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Particulate organic matter

Comparing the elemental composition of differentamithophores (Figure 3-4 to
Figure 3-6) E. huxieyi RCC1229 showed slightly lower values (984.2 fmalell/
98.51 fmol N/cell and 7.34 fmol P/cell), thBnhuxleyi RCC963 (1256.4 fmol
Clcell, 124.22 fmol N/cell and 9.63 fmol P/celD. leptoporus (2705.4 fmol C/cell,
235.55 fmol N/cell and 24.77 fmol P/cell) had lowatues tharG. oceanica (4216.5
fmol C/cell, 361.06 fmol N/cell and 40.51 fmol Pig@nd P. carterae showed the
highest values of all tested species (18219.7 fodcéll, 2225.24 fmol N/cell and
162.38 fmol P/cell).
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Figure 3-4: Cellular content of particulate organiccarbon in coccolithophores grown over a
range of temperatures. (A)Emiliania huxleyi RCC963, (B)Emiliania huxleyi RCC1229, (C)
Gephyrocapsa oceanica RCC1314, (D)Calcidiscus leptoporus RCC1150, (E)Pleurochrysis
carterae PLY406. Dots indicate triplicate measurements different sampling days. The black
line in Figure 3-4(E) is the best fit through the dta with equation and coefficient of
determination given in the upper left hand corner.

The relative differences between the species wareiated from the differences in
growth and cell volume, as species with lower grovates had more time to build

up biomass and cell volume. The resultsEonuxieyi are well within the range of
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concentrations found in other studies (472 to 42%@ C/cell, 43 to 379 fmol N/cell
and 1.8 to 6 fmol P/cell) (Muggli & Harrison 19%ice et al. 1998, Riegman et al.
2000, Zondervan et al. 2002, Harris et al. 200992&affes et al. 2010, Loebl et al.
2010). Literature comparison f@x. leptoporus was not conclusive. POC content fell
within the range of literature values (2500 to 51®dl C/cell), but PON content was
below literature estimates (342 to 929 fmol N/catil POP content higher (5.5 to
16.8 fmol P/cell). However, this comparison is lthsa only one study by (Langer et
al. 2012).
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Figure 3-5: Cellular content of particulate organicnitrogen in coccolithophores grown over a
range of temperatures. (A)Emiliania huxleyi RCC963, (B)Emiliania huxleyi RCC1229, (C)
Gephyrocapsa oceanica RCC1314, (D)Calcidiscus leptoporus RCC1150, (E)Pleurochrysis
carterae PLY406. Dots indicate triplicate measurements different sampling days. The black
line in Figure 3-5(E) is the best fit through the ata with equation and coefficient of
determination given in the upper left hand corner.

No strong trends were found considering POC, PQINRMP in four of the five
species, both strains Bf huxleyi, G. oceanica andC. leptoporus (Figure 3-4, Figure
3-5 and Figure 3-6)P. carterae showed a similar U-type correlation with increasing
temperature in all three parameters as for cellmel (Figure 3-4 E, Figure 3-5 E
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and Figure 3-6 E). However, the slope of the desgdeom 8°C to 21°C and increase
from 21°C to 28°C was more pronounced than thelthercell volume. For POC and
PON, the datasets of all coccolithophores wereifsegntly different from each

other (Table 3-6), only the POP datasets of thedtrnains ofE. huxleyi showed no
significant differences (p=0.18).
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Figure 3-6: Cellular content of particulate organicphosphorus in coccolithophores grown over a
range of temperatures. (A)Emiliania huxleyi RCC963, (B)Emiliania huxleyi RCC1229, (C)
Gephyrocapsa oceanica RCC1314, (D)Calcidiscus leptoporus RCC1150, (E)Pleurochrysis

carterae PLY406. Dots indicate triplicate measurements different sampling days. The black
line in Figure 3-6(E) is the best fit through the ata with equation and coefficient of
determination given in the upper left hand corner.
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Table 3-6: Statistical comparison of data on partialate organic matter in five coccolithophores growrover a range of temperatures using the Mann-
Whitney U test. shown are p-values, significant diérences are indicated in red.

E. huxleyi G. oceanica C. leptoporus P. carterae
RCC1229 RCC1314 RCC1150 PLY406
E. huxleyi RCC963 POC |0.02 2.6*10™ 4.1*10° >2.2¥10"°
PON | 0.02 2.0%10%° 0.02 >2.2%1018
POP | 0.18 2.9+10% 8.1*10° >2.2%1018
E. huxleyi RCC1229 POC >2.2*107" 4.8*10% >2.2%10%°
PON 8.9%101° 5.1*10° 1.4*1011
POP 1.9*10%? 3.2x101t 4.7*10%
G. oceanica RCC1314 POC 1.7*10° 3.4*10%
PON 1.3*10* 2.1*10%°
POP 2.8*10° 3.3*101°
C. leptoporus RCC1150 POC >2.2%10"°
PON 3.2*x10%
POP 1.5%10%




No data was found in the literature on trends @tcotithophore elemental
composition with temperature, but it was expected toncentrations would follow
changes in cell size very closely as suggested/laygfion et al. 2013).

Interestingly there is still a trend in POC and R@t temperature ilP. carterae
when normalized to cell volume (Figure 3-7). It Heen assumed that the trends
observed in elemental composition when normalipecketl number were due to
differences in cell volume, so that no trends wdéchoticeable in the data when
normalized to cell volume. An explanation mighttbat cells became nitrogen
limited at the end of the growth phase, despiteattdition of fresh nutrients, and the

algae started to store intracellular phosphoruscanioon.
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Figure 3-7: Cellular content of particulate organiccarbon and particulate organic phosphorus,
normalized for cell volume, inPleurochrysis carterae.

When calculating concentrations normalized to vauhe picture was very
different. The mean concentrations in POC, PONRQ& were highest in the two
E. huxleyi (Table 3-7).G. oceanica andP. carterae showed corresponding

concentrations in POC but the concentrations in @k different (although not
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significantly),P. carterae showing more similarity to the twie. huxleyi. Regarding
POP the picture was reverse@.-oceanica showing a higher concentration than
carterae, close to the mean concentratiorEohuxieyi RCC963.C. leptoporus had
considerable lower concentrations in all threeipaldte organic components per
volume than the other tested coccolithophores.

Compared with other phytoplankton groups, coccoptiores generally have a
higher carbon content per volume than dinoflagefia(Menden-Deuer & Lessard
2000) reported a range of 5.83 to 24.75 fmol Clpand diatoms, (Mullin et al.
1966) reported a range from 10 to 15 fmol Clufine nitrogen content is in the
same range as reported for dinoflagellates (0.7Z12b fmol N/ i) (Menden-
Deuer and Lessard, 2000).

Table 3-7: Mean concentrations of particulate orgait matter normalized to cell volume and
elemental relationship derived from these concentitéons.

POC (fmol/um®) | PON (fmol/um®) | POP (fmol/unt) | C:N:P
E. huxleyi RCC963 45+ 14 4+2 04+0.1 113:10:1
E. huxleyi RCC1229 379 4 +2 0.3+0.1 123:13:1
G. oceanica RCC1314 308 32 0.3+x0.1 100:10:1
C. leptoporus RCC1150 | 207 2+1 0.2+0.1 100:10:1
P. carterae PLY406 295 4+2 0.2+0.1 145:20:1
All coccolithophores 32+9 3x1 0.3+0.1 107:10:1

Having analysed the concentrations of all thesepmmants of particulate organic
matter, it is interesting to calculate the ratiesAeen the components and compare
them to the well-known Redfield ratio (C:N:P=1061)6 the mean ratios found in
phytoplankton (Redfield 1934). No major differencesild be found between the
tested coccolithophores (Figure 3-8). Only a smiiffikrence was observed in the
POC/PORP ratio, where the two straindohuxleyi (145+34E. huxleyi RCC963,
143+35E. huxleyi RCC1229) showed higher values than the other spétid+27
G. oceanica, 117+23C. leptoporus, 119+32P. carterae). Regarding the other two
ratios, POC/PON was slightly higher@ leptoporus (14+8) than in the other
coccolithophores (11+E. huxleyi RCC963, 10+ZE. huxleyi RCC1229, 11+45.
oceanica, 8+1P. carterae) whereas the ratio of PON/POP was somewhat lower i
leptorus (11+5) compared with the others (15E5huxleyi RCC963, 14+4. huxleyi
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RCC1229, 13+%5. oceanica, 14+4P. carterae). POC/POP and POC/PON ratios
were slightly higher than expected from literatuheugh not significantly different
(POC/POP 44-128, POC/PON 5.2-7.9), whereas the PORI/ratio fell within the
expected range (5.6-18) (Price et al. 1998, Quigd. 2003).

Compared with the Redfield ratio, all coccolithopt®showed a higher ratio of
POC/PON than the ratio observed by Redfield. Thie cd POC/POP was close to
Redfield inG. oceanica, C. letoporus andP. carterae, but higher in the two strains
of E. huxleyi. The ratio of PON/POP was lower than the Redfiatt in all
coccolithophores. This indicates that coccolithapBdave considerably higher
carbon requirements and slightly higher phosphoegairements than other
phytoplankton, most likely related with the celluhaachinery for calcification.
However, it might make them more susceptible tosphate limitation. This will be

discussed in detail in chapter 5.
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Figure 3-8: Ratios of particulate organic matter conponents in coccolithophores grown over a
range of temperatures. (A) particulate organic carlon / particulate organic nitrogen, (B)
particulate organic carbon / particulate organic ptosphorus, (C) particulate organic nitrogen /
particulate organic phosphorus. Bars show mean rabis for each coccolithophore, whiskers
indicate standard deviation and red lines the mearatios after Redfield (1934).
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Chlorophyll a
As in previous section®. carterae was the only coccolithophore were a trend in

chlorophylla with growth temperature was notable per cell (Feggr9).
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Figure 3-9: Cellular concentration of chlorophyll ain coccolithophores grown over a range of
temperatures. (A) Emiliania huxleyi RCC963, (B)Emiliania huxleyi RCC1229, (C)
Gephyrocapsa oceanica RCC1314, (D)Calcidiscus leptoporus RCC1150, (E)Pleurochrysis
carterae PLY406. Dots indicate triplicate measurements different sampling days. The black
line in Figure 3-8(E) is the best fit through the dta with equation and coefficient of
determination given in the upper left hand corner.

Mean concentrations were lowestEnhuxleyi RCC963 (120.0+45.4 fg/cell) arkfl
huxleyi RCC1229 (115.1+18.2 fg/cell), again similar in betrains. In contrast to
trends in the data discussed in the previous secbbthis chaptelC. leptoporus
(334.6+146.2 fg/cell) showed higher levels of chfayll a compared wittG.
oceanica (283.7+84.5 fg/cell)P. carterae (4984.9+1506.7 fg/cell) had a
significantly higher level than any of the otheccolithophores. These mean

concentrations per cell indicate a grouping ofdbecolithophores into three classes,
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which is substantiated by statistical comparisothefdatasets (Table 3-8). The two
strains oft. huxleyi form a class and are significantly different frame three other
coccolithophoresG. oceanica andC. leptoporus also show no significant
differences in chlorophyk concentration, but are significantly different frém
carterae.

Literature comparison is only possible tarhuxieyi in this case, concentrations fall
well within the broad range of values reported {&310 fg/cell) (Paasche 1969,
Muggli & Harrison 1996, Harris et al. 2005, Suggstal. 2007).

Table 3-8: Comparison of cellular chlolrophylla concentration in five coccolithophores using
the Mann-Whitney-U test. Shown are p-values of pa@d comparisons, significant differences in
red colour.

E. huxleyi E. huxleyi G. oceanica C. leptoporus P. carterae
RCC963 RCC1229
E. huxleyi 0.8 9*10™° 6*10° 2*10"°

RCC963

E. huxleyi 3*10™° 1*107 5+10%°

RCC1229

G. oceanica 0.3 5%10"

C. leptoporus

The chlorophyll to particulate organic carbon rairovides an important parameter
in algal physiology, as it indicates the organighetosynthetic capabilities
(Figure 3-10).
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Figure 3-10: Ratio of chlorophyll a to particulateorganic carbon in coccolithophores grown
over a range of temperatures. Bars show mean ratider each coccolithophore and whiskers
indicate standard deviation.

This was significantly higher iR. carterae (0.04+0.02; g3*10°) then in the other
coccolithophore species. The ratios Eohuxleyi (0.01+0.005 foiE. huxleyi

RCC963 and 0.009+0.003 f&r huxleyi RCC229) are within the range of values
reported in literature (0.008 to 0.025) (Muggli &kison 1996, Harris et al. 2005).
The considerable higher Chl a/C ratidincarterae can be explained by the larger
cell size and the so-called package effect (Figkkivin 2000). This effect implies
that, with a constant ratio of chlorophyll to volanpeach Chl a molecule has a
smaller chance of absorbing light in a large dehtin a small cell. It has already
been shown in diatoms that intracellular conceminadf Chl a increases with cell

size, balancing out the package effect to a cedegree (Finkel 2001).
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Particulate inorganic carbon

One particular characteristic of coccolithophosethat they produce a layer of
plates around their cells made up of calcium caab®(CaCGQ). Due to its ballasting
effect, discussed in chapter 1, it is an imporparameter in the study of
coccolithophores. The trends in cellular concernabf particulate inorganic carbon
(PIC) in this study matched the trends observetierother cellular parameters
(Figure 3-11). The only coccolithophore for whicHistinct trend was observed was
P. carterae, again showing a U-formed tendency with increasamgperature.
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Figure 3-11: Cellular content of particulate inorganic carbon in coccolithophores grown over a
range of temperatures. (A)Emiliania huxleyi RCC963, (B)Emiliania huxleyi RCC1229, (C)
Gephyrocapsa oceanica RCC1314, (D)Calcidiscus leptoporus RCC1150, (E)Pleurochrysis
carterae PLY406. Dots indicate triplicate measurements different sampling days. The black
line in Figure 3-8(E) is the best fit through the ata with equation and coefficient of
determination given in the upper left hand corner.

Most differences between strains were significaiab{e 3-9); onlyP. carterae was
not significantly different front. oceanica andC. leptoporus due to its wide range
of cellular PIC concentrations along its U-shapedd.
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A previous study suggested that cold temperatuegdistimulate calcification iE.
huxleyi (Sorrosa et al. 2005), but another study specifiatithis would only occur
under phosphate limitation and no change was obdamder nutrient replete
conditions (Satoh et al. 2009), supporting findinmgthis study where cells were
grown in semi-continuous cultures to avoid nutrienitation.

Mean concentrations, as in most other measurednedeas, was lowest in the two
strains oft. huxlieyi (15.04+11.65 pg C/cell ik. huxleyi RCC963 and 5.28+2.39 pg
Clcell inE. huxleyi RCC1229). Despite its large cell volurRecarterae had
relatively low PIC concentrations (42.23+35.96 pgell), higher than found i.
leptoporus (33.70+£13.46 pc C/cell) but lower than@ oceanica (57.08+32.96 pg
Clcell). PIC concentrations i huxleyi are within the range reported in literature
(2.46 to 28 pg Clcell) (Riegman et al. 2000, Stokl. 2002, Zondervan et al. 2002,
Kaffes et al. 2010), whereas concentrations fourd. ioceanica andC. |eptoporus
show lower concentrations than reported in litea{d86 pg C/cell respectively 70
to 1600 pg C/cell) (Stoll et al. 2002, Langer et&l12).

Table 3-9: Comparison of cellular PIC concentrationin five coccolithophores using the Mann-
Whitney-U test. Shown are p-values of paired comp#ons, significant differences in red colour.

E. huxleyi G. oceanica C. leptoporus P. carterae
RCC1229
E. huxleyi 5*10° 6*10° 4*10° 4*10°
RCC963

E. huxleyi 7+101! 9*107%? 9*10%

RCC1229

G. oceanica 0.02 0.09

C. leptoporus

The significant variation regarding PIC concentmatin C. leptoporus between the
studies by Langer et al. (71 to 145 pg C/cell) Stall et al. (1600 pg C/cell) could
indicate the potential for significant intraspeciariability although differences in

the analysis might have played a role as well.
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Langer et al. (2012) calculated PIC as the diffeedmetween CHN measurements of
total carbon and particulate organic carbon, whee(8toll et al. 2002) based it on
calcium analysis via flame atomic absorption speu#try.

To indicate the relative importance of calcificatio different coccolithophores, the
ratio of PIC to POC was calculated. The calciuniboaate coccoliths can have very
different shapes and/or thickness, affecting thetixe concentration of PIC to POC.
No notable responses to changes in temperaturesfaand and the ratio in most of
the tested coccolithophores was relatively sin{iffagure 3-12).
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Figure 3-12: Ratio of particular inorganic carbon to particulate organic carbon in
coccolithophores grown over a range of temperaturegA) Emiliania huxleyi RCC963, (B)
Emiliania huxleyi RCC1229, (C)Gephyrocapsa oceanica RCC1314, (D)Calcidiscus leptoporus
RCC1150, (E)Pleurochrysis carterae PLY406. Dots are ratios of the two parameters déred
from measurements of the same culture.

However,P. carterae showed significant lower ratios (mean 0.2+041110™9
compared with the other speci&huxleyi RCC1229 had higher ratios (mean
0.4+0.1), but those were still significantly low@=2*10"* for E. huxleyi RCC963,
p=1*10" for G. oceanica and p=2*10" for C. leptoporus) than those of the other
three coccolithophores (1.0+£0.3HEahuxleyi RCC963, 1.1+0.4 iit5. oceanica and
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1.1+0.4 inC. leptoporus). The low ratio inP. carterae compares well with the ratio
found in another study (Casareto et al. 2009). $pexies tends to have very thin
coccoliths around its cell. In addition, it is caleyably larger than the other tested
coccolithophores, resulting in a lower surface/waduratio of the cell. The PIC/POC
in E. huxleyi RCC1229 is relatively low, but similar ratios hayeen found in
another study (Feng et al. 2008). However, in gartbe ratio is reported to be
between 0.6 and 2.25 (Riebesell et al. 2000, Zmaaheet al. 2002, Sciandra et al.
2003, Delille et al. 2005, Langer et al. 2009, DmBet al. 2010, Lohbeck et al.
2012), the ratio found i&. huxleyi RCC963 falling within the range. The ratio@
oceanica is reported to be similar to the oneinhuxleyi, but PIC/POC irC.
leptoporus is lower in this study than suggested in litera{@.@ to 2.5) (Langer et
al. 2006, Langer et al. 2012). This could be dusttain-specific differences but it
might also be explained by the presence of undadtdells in the culture which
were observed and would only attribute to the PO, ghereby decreasing the ratio
of PIC/POC.

3.4 Conclusions

This study showed that coccolithophores have divelg wide range of growth
temperatures but generally do not grow very weteatperatures below 10°C. The
specie<. huxleyi andP. carterae are well adapted to temperatures between 10 and
23°C, wherea$&. oceanica andC. leptoporus perform best at temperatures above
23°C. The increase in seawater temperature duenate change could therefore
bring changes to coccolithophore community compmsitThis study has shown
thatE. huxleyi has its growth optimum slightly above 20°C #&gicbceanica andC.
leptoporus grow better thaik. huxleyi at temperatures above 25°C. If temperatures
in a region exceed 25°C over longer time peri@lsceanica or C. leptoporus

could therefore displade. huxleyi as dominant species. These two species have a
higher ratio of PIC/POC than E. huxleyi and a comityushift towards these two
species could increase the importance of the citlsophore ballasting effect as
more of the heavy calcium carbonate is availaliive to POC.

Little change in the ballasting function of coctioiiphores can be expected from
changes in the cell volume and cell compositiothis stdy. No relationship was
detected between temperature and cell volume hi@etomposition in most

coccolithophores. Onllp. carterae showed an increase in those parameters with
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decreasing growth rate at both ends of the temyerapectrum applied in this
study. However ratios between the components didmangealthough trends in the
other species could have been obscured by thevaiggibility in the measurements,
due to possible nitrogen limitation in some cultudespite the approach of semi-
continuous cultures.

Some indication for storage of intracellular carlaor phosphorus was foundRn

carterae, something not previously known in coccolithoplsore

Comparing coccolithophores with diatoms, anothey waportant group of
phytoplankton shows that diatoms are the dominanogp regarding growth over
the full spectrum of temperatures. At similar cgle toP. carterae, diatoms have a
maximum growth rate which is five times higher (8au et al. 2005). The
maximum growth rate for diatoms as a group is abbut two times higher than the
one found for coccolithophores in this study, alitjo the overall cell size is
significantly larger in diatoms (Sarthou et al. 3R0rhe range of growth
temperatures for this group is very variable (Segiollet, personal
communication), and it seems unlikely that climgitenge will lead to a change in
the seasonality found today in temperate regiohgrevdiatoms dominate early in

the year and coccolithophores develop blooms dftdoms become nutrient limited.
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4 Effects of light on coccolithophores

4.1 Introduction

The increase in temperature in the world’s oceamstd climate change will have an
indirect effect on the light environment of phytapkton. As the changes in
temperature will be more pronounced in the uppgriof the ocean (Kirk 1988), it
will reinforce temperature differences between watasses and intensify
stratification. As an effect of the intensifiedadification the mixed layer depth, the
depth at which the surface ocean is separatedttierdeep water by a pycnocline
which prevents mixing, will decrease and therefooeease the mean growth light

irradiance which phytoplankton are exposed to.

Blooms ofEmiliania huxleyi are most commonly observed in waters with a shallo
mixed layer depth between 10 and 20 meters wherauarage light intensity within
the mixed layer can exceed 500 umol photénsh(Nanninga & Tyrrell 1996,
Tyrrell & Taylor 1996). This suggests that highhligntensities might be one

requirement for bloom formation Emiliania huxlieyi (Tyrrell & Taylor 1996).

This is supported by laboratory studies with tlusaolithophore where growth was
observed to saturate between 200 and 300 pmol phets® and did not decrease
up to the highest light intensities of 800 pmol faimom? s* (Nielsen 1997, Harris et
al. 2005). In another study, growthEmiliania huxleyi was reported to continuously
increase up to a maximum light intensity of 2000glphoton n¥ s* (Brand &
Guillard 1981). In the same study, growthGaEphyrocapsa oceanica and
Pleurochrysis carterae (under is former namidymenomonas carterae) saturated at
around 1000 umol photonfs?, whereas growth dEalcidiscus leptoporus (under

its former nameCyclococcolithina leptopora) was already saturated at 200 pumol
photon n¥ s* (Brand & Guillard 1981). The general trend of gtbwate with
increasing light intensity in these studies fit general theory that growth in
phytoplankton as a function of light intensity damdescribed using a Poisson
function (Macintyre et al. 2002) that calculatgzr@bability distribution of growth
rates at different light intensities around a knanaximum growth rate (see chapter
4.2 for further details). Photosynthetic activisyashort term response was found
not to be light inhibited iemiliania huxleyi even at the highest tested irradiances of
1700-2500 umol photonfs® (Balch et al. 1992, Nanninga & Tyrrell 1996).
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However,Emiliania huxleyi also grows well at low light intensities down to

15 pmol photon M s* (Zondervan et al. 2002). Cell volume, and witthé
concentration of particulate organic matter, isorégd to increase with increasing
light intensity (van Bleijswijk et al. 1994, Muggdti Harrison 1996, Zondervan et al.
2002). On the other hand, Chlorophg/itoncentration is reported to decrease
relative to organic carbon with increasing lighteimsity (Harris et al. 2005),
supporting the general theory for phytoplanktort thare chlorophyll is produced at
low light intensity to take full advantage of thght that is available (Maclintyre et
al. 2002). As calcification is also an energy-canslg process it is light-dependent
as well (Anning et al. 1996). Laboratory studiesstfar have found an increase in
calcification with light intensity (Nimer & Merret993, Zondervan et al. 2002).
However, it seems to be much less light-dependtemt photosynthesis, saturating at
lower light irradiances between 50 and 100 pmok@honi? s* (Paasche 1998,
Zondervan et al. 2002).

The aim of the research presented in this chapterprovide a broader picture of
the effect of light on coccolithophores, by incluglimore species than most of the
other studies and examining the effects on morelsev namely growth, cell volume
and cellular concentrations of chlorophg]lparticulate organic carbon, particulate
organic nitrogen, particulate organic phosphorusarticulate inorganic carbon
derived from particulate calcium. Furthermore, phetosynthetic activity of these
species was measured through photosynthesis vieradisnce curves.

4.2 Methods

Cultures (500 mlin 1 L Erlenmayer flasks) werevgnan K/5-medium after the
recipe of Keller and colleagues (Keller et al. 19®7Sanyo MLR 350H (operated
without humidity control) and 351 Culture incubaotemperature and light/dark-
cycle set according to the stock culture conditbeach coccolithophore (chapter
2). The light was set to the highest possible sitgr{700 and 900

nmol photon rif s* (Sanyo MLR 350H, respectively Sanyo MLR 351)). Gito

light intensity was adjusted to lower light levelsing layers of neutral density filter.
Experiments with the two strains Bf huxleyi were carried out at 5 light levels (25,
65, 180, 350 and 900 pmol photoff 81, as was the experiment with oceanica
(25, 65, 180, 350 and 700 pumol photofi st). Experiments wittC. leptoporus and
P. carterae were conducted at 6 light levels (25, 65, 180,, D0 and 900
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pmol photon rif s%). Growth in the cultures was monitored by measyirinivo
fluorescence in a Turner 10-AU Field Fluorometehai the fluorescence (as an
indicator for cell density) had reached 1/2 of tm@ximum yield, and the culture was
still in logarithmic growth phase, a sample wastator measurements of
photosynthesis versus irradiance to construct B\es. These were obtained by
measuring oxygen evolution in culture samples fiémint light intensities using two
Oxygraph control units with DW1 Liquid-Phase Oxydd&ectrode Chambers
(Hansatech Instruments, King's Lynn, UK), each chantomprising a 2.5 ml
reaction vessel, a water jacket and an electrotiel@/pe polarographic sensor).
The electrodes were calibrated prior to each Pakemeasurement using a 2-point
calibration with 100% and 0% aturated culture medium. The 100% saturation
was obtained by using 0.8 um filtered culture amakshg it by hand for 2 minutes.
For the 0% saturation 10 mg of the reducing ageditusn dithionite (NaS,0,4) was
added to medium in the reaction vessel, produciognaentration of 0.02 mol/L.
After calibration, the oxygraphs were run with Kffedium for 20 minutes, as the
instruments had problems readjusting to higher erylgvels after measuring the
standard with 0% saturation. The signal overesgoh#tte correct concentrations in
the new sample and needed approximately 15 minoitesach the correct level. As
the oxygen consumption by the electrode disc preslan oxygen depleted layer
above the cathode and the rate of consumptioneadiigt is greater than the
diffusivity of oxygen through liquid, the sample svstirred continuously with a
magnetic stirrer to replenish this suboxic laydsoAsince the oxygen concentration
in water is anti-correlated with temperature, thmple temperature was held
constant using the water jacket that was connedotad-P30 water circulator
(JULABO GmbH, Seelbach/Germany). The P-I-curvesavgarrried out at the same
temperature as the culture growth temperaturethésell concentration in the
cultures was too low to obtain a clear signal, damwere concentrated 10-15 fold
to 50,000 — 10,000,000 cells/ml by filtration, aaiog to Multisizer measurements
done immediately before. However, this step wadtechwithP. carterae, as the
initial culture already gave good signals for oxygolution. The samples were
placed in the pre-calibrated Oxygraph reactionelemsd exchange of oxygen with
the surrounding atmosphere was minimized usingiagar that closes the reaction
vessel to the atmosphere. Oxygen evolution was uneadst 9 different light
intensities (0, 2, 25, 65, 150, 315, 600, 130020@D pmol photon ihs™) for

62



10 minute period<. huxleyi RCC1229 was not measured at 150, 315 and 1300
nmol photon rif s as the addition of more light intensities was ategided after

the experiment with this strain.

The first 5 minutes were used to let the samplasadp the new light environment
while minutes 5 to 10 were taken to calculate thenge in oxygen concentration
over time. As the Oxygraph system does not takreigainto account in its
calibration, a salinity correction was appliedhe tesults after the measurements
(Equation 4.1), where S is the salinity and T #magerature in Kelvin (Benson &
Krause 1984).

4.1 Correction factor = EXP(- S(0.017674 - 10.754/T,34D.7/TF))

The corrected oxygen concentrations were usedi¢talete rates of net primary
production, i.e. the oxygen trend in samples olrers minutes following
acclimatisation at each light intensity. Hereaftates were normalized to cellular

chlorophyll a and organic carbon content and ujgstctd daily rates.

Following P-I curve measurements, the culture veased for POC/PON, PIC, Chl
a (10 ml, triplicate samples) and POP (20 ml, tdale samples) and cell
concentration. See Chapter 2 for measurement igtoc

A dynamic photosynthesis equation, combining theaayic photosynthesis equation
developed by Geider and colleagues (Geider eBal7)land a steady state light
inhibition equation (Platt et al. 1980) that waformulated to match the dynamic
photosynthesis equation, was fitted to the comp#dcturve data of each species to
derive a set of important parameters related ta@ée measurements (Equation
4.2).

4.2 PC:Pcm[l-exp{_(x;}l%)] exp (_B;};:*e) — resp

Where Pc is the carbon-specific rate of photossishger day), Pcm is the light
saturated photosynthesis rate normalized to cafpemday) o™ is the chlorophyll a
specific initial slope of the P-I curve (in g ¢ @hl nf umol* photons), | is the light
irradiance for which Pc is calculated (in pmol mivet n* s%) , © is the chlorophyll

chl

to carbon ratio in the algae (in g Chl'a@), p" is the chlorophyll a specific

negative slope of the P-I curve at high light isiéias - indicating high light
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inhibition (in g C g Chl n? pmol* photons) and resp is the rate of respiration (per
day). All parameters on the right hand side, ex€eptere fitted to the data by
minimising the residual sum of squares. The ChHIO was a fixed parameter,
based on measured chlorophyll and particulate ecgaambon concentrations.

A Poisson function (Equation 4.3) was fitted to ¢ginewth data as a function of

irradiance (Macintyre et al. 2002).

4.3 p=pm(1-exp(-1/K))
Here | is the specific growth rate at a certaihtligtensity (per day), #tis the
maximum growth rate (per day), | is the growth tigitensity (umol photon ihs™)

and K is the light saturation parameter (mol photohs).

The growth data was tested for normal distributismg the Anderson-Darling test.
Since none of the distributions were normal, theyantested for significant

differences using the Mann-Whitney U test.
4.3 Results and Discussion

Growth

All five coccolithophores grew over the full rangklight intensities tested

(Figure 4-1). At the lower end of the tested ra(@fpmol photon M s?),

G. oceanica andP. carterae showed the highest growth rate (umax=0.37+0.03 in
both species) slightly higher than growthEohuxleyi RCC1229(umax=0.31+0.03).
Growth of E. huxleyi RCC963 (umax=0.16+0.02) a@ |eptoporus
(Lmax=0.15+0.06) was noticeably lower at 25 pmaitph m? s* than in the other

species.

The differences in growth pattern are most likakg do the biogeographical
background of the coccolithophores. Whergalsuxleyi RCC1229G. oceanica and
P. carterae were all isolated from sites in the temperate N&®a, the other two
species were isolated from sites in the subtropgidahtic (C. |eptoporus)
respectively the subtropical Pacifie. huxleyi RCC963) where light intensities in
the water column are higher and these two cocaghibres should therefore be
better adapted to high light intensity and less petitive at low light. This

difference between temperate and subtropical cidbophores was also found in the
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light intensity at which cultures showed their leghgrowth rates. Fdt. huxleyi
RCC963 (=900 pmol photon fhs?) — the only coccolithophore that didn’t show
high light inhibition of growth during the experimis - andC. leptoporus (1op=500
pmol photon rif s%) this was noticeably higher than for two temperate
coccolithophoreg. huxleyi RCC1229 (§,=350 pumol photon fs?), G. oceanica
(1p=350 umol photon ihs?). InterestinglyP. carterae

(1op=600 umol photon is™), the third temperate species, grew la¢she high end
of the range of light intensities.
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Figure 4-1: Growth of different coccolithophores over a range of light intensities. (A) Emiliania huxleyi
RCC963, (B) Emilinia huxleyi RCC1229, (C) Gephyrocapsa oceanica RCC1314, (D) Calcidiscus leptoporus
RCC1150, (E) Pleurochrysis carterae PLY406, (F) combined dataset. Points are growth rates of individual
coccolithophore cultures based on In vivo fluorometry, lines are growth models fitted through the data with
the equation given in the upper right hand corner

Comparing these results with published findingsa(@8r & Guillard 1981),
differences indy can again be explained by the biogeography ofiepersed. Brand
and Guillard (1981) carried out their experimenithwubtropical strains from the

Sargasso Sea that are likely to be better adapteidh light conditions than
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temperate strains. Thgdwhich Brand and Guillard (1981) reported @r

oceanica, P. carterae andE. huxleyi is higher than the one found in this study where
temperate strains of the same species were usatiefuaore, the results for the
subtropicaE. huxleyi in this study matches well with the results fronala and
Guillard, showing no high light inhibition of grotvtLike Brand and Guillard, we
also found a lowenj: in C. leptoporus compared with other subtropical

coccolithophore strains.

Highest growth rates were observedsinoceanica (Hop=1.02+0.07), somewhat
higher than in both strains &f huxleyi (Lop=0.88+0.09 foE. huxieyi RCC963 and
Mop=0.84+0.1 foriE. huxleyi RCC1229) and. leptoporus (Hop=0.81+0.03) which
showed similar maximum rates of growth. The lovggsivth rates were found i
carterae (Mop=0.62+0.009). The optimum growth rate tarhuxleyi compares well
with literature data of earlier studies (Macintgteal. 2002, Harris et al. 2005). The
fact thatP. carterae showed lower growth rates than the other tested
coccolithophores is explained when cell size igtaikto account. This species was
the biggest of the tested coccolithophores andlbsupported theory states that
growth rates decrease with cell size above a odlime of 50-100 prh(Marafién et
al. 2013). The main reason for this is that, asw@@lime increases, resources must
cover longer distances from the cell surface tositeeof metabolic processing which
is thought to decrease nutrient uptake in larghts ¢@aven 1995). A decrease in the
density of enzymatic units or in light absorptioayrcontribute to the decrease in
growth rate as well (Marafién et al. 2013). Maximgrmowth rate inC. leptoporus

was higher than expected as this species is aadisantly larger thairc. huxleyi
andG. oceanica. However, cell volume i. leptoporus is only slightly above the
threshold found by Marafion et al. (2013) and betug/threshold they report an
increase in growth rate with cell volume (Marafiémle2013). This is due to the
fact that at a lower cell volume less space islalbbs for scalable components
involved in metabolism and biomass production,@s-scalable components such as
membranes and nucleic acids occupy an increasacjdn of the cell (Raven 1994).
Another reason is, that the density of membramesprart sites increases with cell
surface (Marafion et al. 2013). Although cell volum&. oceanica was not
measured during this experiment, previous measurens@owed that its cell size

was very similar to that d&. huxleyi. Overall, growth rates in coccolithophores are
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lower than those found in diatoms but higher thenrates reported for

dinoflagellates (Maclintyre et al. 2002).

The growth rates fdP. carterae andG. oceanica were significantly different from
most of the other datasets (Table 4-1). These twodalithophores show the lowest,
respectively highestgs, explaining this observation. Interestingly thopgrowth in
P. carterae was very similar to the dataset torhuxleyi RCC1229. This might be
due to the slope of the growth vs. irradiance catvew irradiances in those two
coccolithophores being lower than in the three iotipecies. Growth rates i
huxleyi RCC1229 were significantly different fro®. oceanica andC. leptoporus.
Again, this could be explained by the growth veadiance relationship at low light
intensities.

Table 4-1: Statistical comparison, using the Mann-Whitney U test, of growth data from coccolithophores

grown over a range of light intensities. Shown are p-values from the analysis, values which suggest significant
differences (p<0.05) are in red colour.

E. huxleyi G. oceanica C. leptoporus | P. carterae Combined
RCC1229 RCC1314 RCC1150 PLY406 dataset
E. huxleyi 0.34 0.007 0.52 0.01 0.24
RCC963
E. huxleyi 0.0003 0.46 0.68 0.1
RCC1229
G. oceanica 0.003 9.2e-5 0.017
RCC1314
C. leptoporus 0.01 0.46
RCC1150
P. carterae 0.001
PLY406

Comparison with other groups of phytoplankton shavgeneral trend that diatoms

have higher maximum growth rates than coccolithogdonvhereas it is lower in

dinoflagellates (Brand & Guillard 1981, Richardssiral. 1983).
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Cell volume

Unfortunately no measurements of cell volume cdxddnade during the light
experiment with. oceanica due to the Beckman Coulter Counter being broken at
the time when thisxperiment was carried out. Cell counts were made
microscopically, using an Utermdhl chamber, withma&asurements of cell volume

due to time constraints.
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Figure 4-2: Cell volume of different coccolithophores grown over a range of light intensities. (A) Emiliania
huxleyi RCC963, (B) Emilinia huxleyi RCC1229, (C) Calcidiscus leptoporus RCC1150, (D) Pleurochrysis carterae
PLY406.

Cell size analysis from the other experiments slibsignificant differences between
all four coccolithophores §8.004). No noticeable trend with light intensitysva
observed in most cases (Figure 4-2). However,mistgease in cell volume from
180 pmol photon s to 350 pmol photon ths® was observed i&. huxleyi
RCC1229 (Figure 4-2 B). This increase is most jildele to a measurement error as
no similar trend was observed in any of the otedluar components measured.
Possibly, the addition of acid prior to the CoulBaunter analysis was forgotten or

the amount of acid was not sufficient to removedbmplete coccosphere.
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From the literature, an increase in volume withtioptensity (Muggli & Harrison
1996) had been expected, similar to the trend fonid huxleyi RCC1229.

However, a similar trend as in cell volume had &lsen expected for other cellular
components, in particular particulate organic nmgtteore room for scalable
components involved in metabolic activity in largefls) (Marafidn et al. 2013) and
particulate inorganic carbon (more coccoliths reggito complete coccosphere in
bigger cells). A potential higher concentratiorchforophylla

(chla) due to the increase in cell volume could havenlmmeinteracted by a decrease
in chla concentration with increasing light intensity (Seetion on cha in this
chapter for details on the theory). As this wasalmserved irk. huxleyi RCC1229,
the trend in cell volume was attributed to a measient error rather than showing a
real trend. Unfortunately, Muggli and Harrison (69#clude no data on particulate
organic or —inorganic matter to compare with thiglg. Looking at the study by
Muggli and Harrison, it seems that this phenomamnaght be related to Iron
concentrations rather than light intensity. Thgyorted a significant decrease in
volume ifE. huxleyi was grown under Fe-stress compared to culturesrgunder
Fe-rich conditions (Muggli & Harrison 1996). Podgjlsampling occurred under Fe-
replete conditions in cases of high cell volume nghe cultures with low cell
volume were Fe-limited. In general, cell volume swaments for both strains B&f
huxleyi compare very well with other studies (Sunda & Haordgs 1995, Muggli &
Harrison 1996).

Particulate organic matter (POM)

Cellular concentrations in the three measured commks of particulate organic
matter remained constant with increasing lightnstty in all coccolithophores
tested (Figure 4-3, Figure 4-4 and Figure 4-5). E\av, in some cases, particularly
the concentrations of particulate organic nitroged particulate organic phosphorus
(Figure 4-4 and Figure 4-5), there was noticeahheability in the data although the
variability for the triplicate samples was low. $hiariability removed some
significant differences that might have occurretieen the two strains &. huxleyi
andG. oceanica, as these strains are of similar size and difie¥sribetween them are
small. Still, significant differences between thtstrains oE. huxleyi were found
regarding POC and PON concentrations)(p3),E. huxleyi RCC963 showing

lower concentration<s. oceanica showed significant differences in POC and POP
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concentrations t&. huxleyi RCC963 (g0.02). Concentrations of all POM
components were significantly higher@nleptoporus andP. carterae, significantly
larger specieghan in the three other coccolithophores(Q©02) and concentrations
in P. carterae were also significantly higher than @ leptoporus (p<1.5e-5).
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Figure 4-3: Cellular concentration of particulate organic carbon in coccolithophores grown over a range of
light intensities. (A) Emiliania huxleyi RCC963, (B) Emilinia huxleyi RCC1229, (C) Gephyrocapsa oceanica
RCC1314, (D) Calcidiscus leptoporus RCC1150, (E) Pleurochrysis carterae PLY406. Dots are means of triplicate
samples, whiskers indicate the standard deviation within each group of triplicates.

The constant concentrations in particulate orgaratter are in agreement with a
study by Harris and colleagues which found no s$icgmt changes ii. huxieyi

POC and PON per cell grown over a range of ligtenaities from 50 to 800 pumol
photon n¥ s* (Harris et al. 2005). Overall, concentrations 6@and PON in both
strains ofE. huxleyi are within the range of concentrations found meotstudies
(Zondervan et al. 2002, Harris et al. 200%)wever, the constant concentrations in
POC are in contrast to the POC vs. light relatigmébund in diatoms, where
Anning and colleagues found an increase in celR@C when changing growth

light intensity from 50 to 1200 pmol photori?re* (Anning et al. 2000).
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Figure 4-4: Cellular concentration of particulate organic nitrogen in coccolithiphores grown over a range of
light intensities. (A) Emiliania huxleyi RCC963, (B) Emilinia huxleyi RCC1229, (C) Gephyrocapsa oceanica
RCC1314, (D) Calcidiscus leptoporus RCC1150, (E) Pleurochrysis carterae PLY406. Dots are means of triplicate
samples, whiskers indicate the standard deviation within each group of triplicates.

Concentrations for all the measured particulat@oigmatter fractions were highest

in P. carterae, and significantly higher than @. leptoporus which had higher

concentrations than the two straindohuxleyi andG. oceanica. The three latter

coccolithophores had similar concentrations irpalticulate organic matter

components. This correlates well with the differem cell volume found in the

experiments, the biB. carterae cells also showed the highest concentrations in

particulate organic matter.
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Figure 4-5: Cellular concentration of particulate organic phosphorus in coccolithophores grown over a range
of light intensities. (A) Emiliania huxleyi RCC963, (B) Emilinia huxleyi RCC1229, (C) Gephyrocapsa oceanica
RCC1314, (D) Calcidiscus leptoporus RCC1150, (E) Pleurochrysis carterae PLY406. Dots are means of triplicate
samples, whiskers indicate the standard deviation within each group of triplicates.

The ratios between the three components of paatewrganic matter also showed
no significant trend with increasing light interysfEigure 4-6, Figure 4-7 and
Figure 4-8). Keeping in mind the noticeable vatiapin cellular PON and POP
concentrations, these seem to be well correlatédegich other, as the variability in
the PON/POP ratio is much lower in most cases.ifftgnt differences were found
betweerC. leptoporus and the other coccolithophores in most case8.(2), this
species showing lower ratios. The only insignificdifferences were found in the
POC/PON ratios, in comparison wih huxleyi RCC1229 andP. carterae (p>0.28).
POC/PON ratios ifP. carterae were also significantly lower than B huxleyi
RCC963 and5. oceanica (p<0.001). These relatively low ratios of POC/PONEIn
huxleyi RCC1229 andP. carteri, together with insignificant differences in POCHO
relative toE. huxleyi RCC963 and5. oceanica, explains the significantly higher
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ratios in PON/POP in these two species comparddtiwit other coccolithophores
(p<0.005).
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Figure 4-6: Ratios of particulate organic carbon to particulate organic nitrogen in coccolithophores grown
over a range of light intensities. (A) Emiliania huxleyi RCC963, (B) Emilinia huxleyi RCC1229, (C) Gephyrocapsa
oceanica RCC1314, (D) Calcidiscus leptoporus RCC1150, (E) Pleurochrysis carterae PLY406.

Ratios of POC/POP and PON/POP showed noticeabhehigariability inE.

huxleyi RCC1229, than in the other coccolithophores (FiguéeB and Figure 4-8
B). As the POC/PON ratios in this strain showed lhmiation, the observed
variability in the other two ratios seems to batet to POP concentrations. As the
N/P ratio in the media (N/P=16) was higher thanrtteman PON/POP in most
coccolithophores (Figure 4-9), some cultures chalde been phosphate limited at
the point of sampling, leading to lower concentnasi of POP relative to POC and
PON and therefore increasing variability in POC/PEdE PON/POP ratios.
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Figure 4-7: Ratios of particulate organic carbon to particulate organic phosphorus in coccolithophores grown
over a range of light intensities. (A) Emiliania huxleyi RCC963, (B) Emilinia huxleyi RCC1229, (C) Gephyrocapsa
oceanica RCC1314, (D) Calcidiscus leptoporus RCC1150, (E) Pleurochrysis carterae PLY406.

The constant ratios of particulate organic mattengare well with the study carried
out by Harris and colleagues who found no signifidifferences irk. huxleyi
POC/PON grown over a range of light intensitiesrfr0 to 800 pmol photon frs*
(Harris et al. 2005).
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Figure 4-8: Ratios of particulate organic nitrogen to particulate organic phosphorus in coccolithophores
grown over a range of light intensities. (A) Emiliania huxleyi RCC963, (B) Emilinia huxleyi RCC1229, (C)
Gephyrocapsa oceanica RCC1314, (D) Calcidiscus leptoporus RCC1150, (E) Pleurochrysis carterae PLY406.

Mean ratios between the three components of p&ateorganic matter were similar
in all five coccolithophores (Figure 4-9). The mé&DC/PON ratio was higher in all
coccolithophores (7.85 iB. huxleyi RCC1229 to 11.23 ifs. oceanica) than the

ratio of 6.6 derived by Redfield (1934), no sigesiint differences were found
between the tested coccolithophores (Table 4-2).rahos are also slightly higher
than the ones found by Harris and colleagues (slatral. 2005) but within the range
reported in bigger reviews (Quigg et al. 2003, Eirgt al. 2010). Ranges in the
mean POC/POP (62.34 @ leptoporusto 118.57 inP. carterae) and PON/POP
ratio (7.89 inC. leptoporusto 18.7 inE. huxleyi RCC1229) covered the value which
Redfield reported in his study as mean ratios (FRQE: 106, PON/POP: 16)
(Redfield 1934) and are also within the ratios reggbfor haptophytes in
comparative reviews (Quigg et al. 2003, Finkelle2@10).
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Table 4-2: Mean ratios between the cellular concentrations of POC, PON and POP in 5 coccolithophores.
Numbers give the mean ratios plus/minus the standard deviation.

Species POC/PON POC/POP PON/POP
E. huxieyi RCC963 10.4+2.4 106+34 10.9+4.5
E. huxleyi RCC1229 7.9+3.5 117+42 18.7+9.3
G.oceanica 11.2+5.8 95+26 9.8+4.1
C. leptoporus 7.9+1.7 62+19 7.9+1.9
P. carterae 8.1+0.9 118+20 15.0+2.1
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Figure 4-9: Mean ratios of particulate organic matter components in coccolithophores grown over a range of
light intensities. (A) POC/PON, (B) POC/POP, (C) PON/POP. Bars show the mean ratios for each
coccolithophore, whiskers indicate the standard deviation and the vertical lines represent the mean ratios
reported by Redfield 1934.

Significant differences were found in the ratioP@C/POP and PON/POP between
C. leptoporus andP.carterae. The lower ratios irC. leptoporus indicate that this
species has higher requirements for phosphateRhearterae. This could be due to
the fact thatC. leptoporus has higher phosphate requirements for its cal¢iina

machinery, as this species is known to producgla &imount of CaCO3 relative to
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POC (Langer et al. 2006) whereas the ratio betweeitwo components is reported
to be low inP. carterae (Casareto et al. 2009)he results are in accordance with
ratios observed during the temperature experinsiatsissed in chapter 3 and
indicate that coccolithophores have higher requenets for carbon and phosphorus
than other phytoplankton, due to requirements efcillular calcification

machinery.

Chlorophyll a

In most experiments the cellular concentrationfddophylla showed an
exponential decrease with increasing light intgn@tigure 4-10). This trend in
chlorophylla concentration vs. light has also been found irotloccolithophore
and diatom studies (Anning et al. 2001, Harrisl.e2@05, Suggett et al. 2007).
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Figure 4-10: Cellular concentration of chlorophyll a in coccolithophores grown over a range of light
intensities. (A) Emiliania huxleyi RCC963, (B) Emilinia huxleyi RCC1229, (C) Gephyrocapsa oceanica RCC1314,
(D) Calcidiscus leptoporus RCC1150, (E) Pleurochrysis carterae PLY406. Dots are means of triplicate samples,
whiskers indicate the standard deviation within each group of triplicates.
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At low light intensities, cells need to invest mamehe production in chlorophy#

to be able to take full advantage of the availdiglet. As more light becomes
available, the cells are able to move energy amidemi resources away from the
process of chlorophyH production to the build-up of biomass, therebyrdasing

the cellular chlorophyl& concentration. Interestingly, the cellular concation inE.
huxleyi RCC963 remainsonstant over the complete range of light inteesitested
(Figure 4-10 A).

Differences in chlorophylh concentrations between the 5 coccolithophoresiagai
mirror the picture found concerning cell volume eTiiggest coccolithophor®.(
carterae) also had significantly higher cellular concenitras of chlorophylla than

all other coccolithophores €0.004).C. leptoporus, intermediate in size, also
showed intermediate chlorophgiconcentrations, significantly higher than the two
strains ofE. huxleyi andG. oceanica (p<0.04), whereas these three, with comparable
cell size, also had very similar cellular levelscbforophylla at most of the tested
light intensities. Chlorophyk concentrations . huxleyi compare well with
concentrations reported in other studies (Harred.€2005, Suggett et al. 2007). A
study by Price and colleagues reported signifigamtiher concentrations, but they
also reported a much higher cell volume for thalcifying E. huxleyi which

counteracts the difference in chlorophgy/{Price et al. 1998).
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Figure 4-11: Ratios of chlorophyll a to particulate organic carbon in coccolithophores grown over a range of
light intensities. (A) Emiliania huxleyi RCC963, (B) Emilinia huxleyi RCC1229, (C) Gephyrocapsa oceanica
RCC1314, (D) Calcidiscus leptoporus RCC1150, (E) Pleurochrysis carterae PLY406.

The ratios of chlorophyll a to carbon again indésaain increased investment in
chlorophyll a production over biomass productiomilow light environment, as it
showed an exponential decrease with increasing ilngénsity in all experiments
(Figure 4-11). Even i&. huxleyi RCC963, where no decrease was observed in
cellular concentrations, the Chl/C ratio decreag#ls increasing light intensity
under low light conditions (Figure 4-11 A). Nevestbss, the decrease in Chl/C in

this coccolithophore is small compared with thedren the other experiments.

P-1-curves

In all cases photosynthesis initially increasedwight intensity up to a saturating
light intensity (Figure 4-12). This saturating ltghtensity was at 315 pmol photon
m? st in G. oceanica, C. leptoporus, P. carteri and low light acclimate&. huxleyi
RCC963. The higher saturating light intensityeirhuxieyi RCC1229 (600 pmol
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photon n¥ sY) is insufficiently constrained due to lack of me@sments. The
saturation irradiance increased to 600 pmol photérs® with increasing growth
light intensity inE. huxleyi RCC963 andP. carteri. The saturating light intensity in
the other coccolithophores compares well with agogitudy orE. huxleyi which
reported a saturating irradiance level of 300 pptmiton n¥ s* (Nimer & Merrett
1993). However, other studies reported saturatidb@ pmol photon s?
(Zondervan et al. 2002) and above 500 pmol photérshiBalch et al. 1992,
Nanninga & Tyrrell 1996). The low saturation leveported by Zondervan and
colleagues is explained by the fact that the mawinfight intensity was at 150 pmol
photon n¥ s in this study, so the actual saturating irradiamight be higher than
this. The higher saturating light intensity in stadies by Balch and colleagues and
Nanninga and Tyler is explained by the relativaghngrowth light irradiance in

those studies.
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Figure 4-12: Photosynthesis-Irradiance curves of coccolithophores grown at different light intensities. (A)
Emiliania huxleyi RCC963, (B) Emilinia huxleyi RCC1229, (C) Gephyrocapsa oceanica RCC1314, (D) Calcidiscus
leptoporus RCC1150, (E) Pleurochrysis carterae PLY406. Dots represent means from three P-1 curves, colours
indicate the growth light intensity as described in the legend.
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Maximum photosynthetic activity was noticeably lgasiable with growth light
intensity inC. leptoporus (Pmax 25=0.574, Rax 7060.485) ancE. huxleyi RCC963
(Pmax2570.951, Riax356=1.012) than in other species. However, there wasvadent
decrease in R in E. huxleyi RCC963 between 350 pmol photoif st

(Pmax=1.012) and 900 pmol photonids® (Pma=0.592) growth light irradiance. The
other three coccolithophores showed more varighBt oceanica (Pmax,250.283,
Prmax,356=0.851) andE. huxleyi RCC1229 (Rax 25=0.335, Riax3561.039) reaching an
optimum photosynthetic activity at 350 pmol photofi s* wheread. carteri
(Pmax25=1.928, Riax 356=0.544) had its optimum at 25 pmol photoR st. Initially it
had been anticipated thatRwould be constant with light intensity after cotren
for chlorophyll and carbon, possibly showing slightigher values at optimum
growth light conditions. An explanation might be tariability in the growth state
which the algae were in at point of measurememi$entinuous culturing assured
that cultures were in the exponential growth phbsegcell concentration differed
which might have affected the cultures performashagng the P-I curve
measurement. The high,Rin P. carteri was unexpected. A lower value had been
anticipated as this was the biggest coccolithophotkis study with the lowest
growth rates. A possible explanation for this cdugdthe omission of the filtration
step prior to P-1 curve measurements to concensatgles. Despite efforts to
perform the filtration at low pressure (below Oditih), this appears to have stressed
the algae, leading to decreased photosynthetigityatelative to unconcentrated and
non-stresse®. carteri. This is supported by the fact thatswas lower than ax in

E. huxleyi RCC1229G. oceanica andC. leptoporus, whereas it should be higher to
allow for dark respiration during the dark periédirthermore, although,Rxwas
higher than waxin E. huxleyi RCC963, it was lower than the value of 1.06 to 3.58
reported in another study (Nielsen 1997).

A steady decrease ifi" was observed if. huxleyi RCC963 during this study
(a",5=1.65e-50"90=1.08e-5). Similar results have been found in afiezastudy
with E. huxleyi wherea®™ decreased by 19.5% over a range of light interssitem
30 umol photons is* to 800 pmol photons fs* (Nielsen 1997). However, the
relative decrease was higher (34.6%) in this stpdgsibly indicating a competitive
advantage at low light intensities in this straimE. huxieyi RCC1229 "

decreased from cultures grown at 25 pmol photdrsfn(o“"=4.07e-5) to cultures
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grown at 180 pmol photon fs? (a“"'=4.69e-6) but then increased again towards the
highest growth light intensity to higher levelsnhabserved under low light growth
(aCh'900=5.62e-5). This is most likely explained by errorshe measurements. The
rates of respiration in the dark could have beear@stimated if not enough time had
been given for the oxygraphs to readjust to higixggen concentrations following

the standard with 0% saturation, leading to a hightie fora™"

. The experiment
with E. huxleyi RCC1229 was the first one for this study, and teamental
setupwas refined subsequently@noceanica o™ increased initially from cultures

grown at 251mol photon rif s* (¢“"=4.65e-6) to cultures grown at 65 pmol photon

m? st (0“"=1.24e-5) and decreased from there on to lowestdém cultures grown

at 700 umol photon ts?* (o

=7.44e-6). This could indicate that photosynthesis
G. oceanica is significantly constrained at low growth irraéa.No obvious trends
were found inC. leptoporus andP. carterae, however in both cases the highest
was measured at 350 pmol photof st (0“"c =1.25e-50"s=2.48e-4). This

could be correlated to the point of saturationpgieotosynthesis (300 pumol photon m

2 sh, with the algae performing best when grown aireatliance close to this point.

High light inhibition (expressed by the paramdiewas observed in most
coccolithophores, however at minimal levels (3.86e-5.33e-9). Yet?. carteri did
not show any high light inhibition of photosyntresapart from the culture grown at
25 pmol photon A s* (3=1.09e-8). This supports results of other studiiis &
huxleyi that found no signs of high light inhibition (Balehal. 1992, Nanninga &
Tyrrell 1996), giving coccolithophores a compettiadvantage over diatoms and

dinoflagellates at very high light intensities (demvan 2007).

Respiration was highest i huxleyi RCC963 (0.214 to .0341) and only slightly
lower inE. huxleyi RCC1229 (0.160 to 0.239k. oceanica andP. carterae again

had lower, similar levels of respiration (0.099Dt@89 respectively 0.082 to 0.171)
wherea<C. leptoporus had noticeably lower rates of respiration thandtteer
coccolithophores (0.001 to 0.043p some extent this supports the theory that
respiration is linked to cellular growth and speaieth lower growth rates, lik€E.
leptoporus, also show lower respiration rates. Interestintflg, species with the
lowest growth rateR. carterae) still has relatively high rates of respiratiornid
might again be explained by the fact that samplidx carteri were not concentrated

prior to the measurement and therefore not stressed
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Comparing the photosynthetic parameters of thecBalithophores indicates that

huxleyi RCC963 was the most active, showing the highesiegah all parameters

(Table 4-3), almost twice as high as in most otloecolithophores. Rather than an

overestimation in this strain, it is more likelyedto a parameter underestimation in
the other strainE. huxleyi RCC1229. In addition, the"in E. huxleyi RCC963

compare well with literature data (Nielsen 1997).

Table 4-3: Photosynthetic parameters for different coccolithophores.

Respiration (day™) o (gCcg’chl Pmax (day™) B(gCgchl m’ B, (gChlg?
m? p.mol'1 p.mol'1 photon) Q)

E. huxleyi 0.29+0.04 1.2e-5+2e-6 1.03+0.07 1.6e-7+5.6e-8 0.014+0.003
RCC963
E. huxleyi 0.16+0.06 6.8e-613.2e-6 0.55+0.14 1.3e-8+5.4e-8 0.02+0.018
RCC1229
G. oceanica 0.15+0.03 7.1e-611.6e-6 0.48+0.04 7.7e-813.2e-8 0.015+0.012
RCC1314
C. leptoporus | 0.02+0.02 5.7e-619.6e-7 0.45+0.03 7.8e-911.5e-8 0.019+0.015
RCC1150
P. carterae 0.1+0.07 5.7e-6t2e-6 0.85+0.12 0+3.8e-8 0.02+0.016
PLY406

Particulate inorganic carbon

Cellular concentrations of particulate inorganidoca remained constant with
increasing light intensity in all the coccolithopls (Figure 4-13). Concentrations of
PIC per cell irE. huxleyi RCC963 were significantly different from the other
coccolithophores §0.007) as were concentrationsdnleptoporus (p<0.001) and

P. carterae (p<0.001). Concentrations B huxleyi RCC1229 and5. oceanica
showed no significant differences (p=0.18).

Average PIC concentrations compared well with catregions reported in another
study (Zondervan et al. 2002), although they foarsignificant increase in inorganic
carbon concentration from 30 pmol photof st to 80 pmol photon ihs™ in E.
huxleyi (Zondervan et al. 2002). They also observed arase in POC with
irradiance, so this difference is likely explair®dan increase in cell volume. Other
studies found an increase in calcification raténwight intensity (Balch et al. 1992,
Nimer & Merrett 1993), but these studies reliedsbort-term incubations without

acclimation of the cultures.
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Figure 4-13: Cellular concentrations of particulate inorganic carbon in coccolithophores grown over a range of
light intensities. (A) Emiliania huxleyi RCC963, (B) Emilinia huxleyi RCC1229, (C) Gephyrocapsa oceanica
RCC1314, (D) Calcidiscus leptoporus RCC1150, (E) Pleurochrysis carterae PLY406. Dots are means of triplicate
samples, whiskers indicate the standard deviation within each group of triplicates.

Concentrations were highest@ leptoporus, P. carterae showed intermediate
concentrations whereas the two straink.dfuxleyi and theG. oceanica had
similarly low concentrations. The coccospher®ofarterae is relatively thin,
wherea<C. leptoporus produces very thick coccospheres. This explaingotiver
concentrations measuredRncarterae relative toC. leptoporus, although cells oP.
carterae are larger than those 6f |eptoporus.
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Figure 4-14: Ratios of particulate inorganic carbon to particulate organic carbon in coccolithophores grown
over a range of light intensities. (A) Emiliania huxleyi RCC963, (B) Emilinia huxleyi RCC1229, (C) Gephyrocapsa
oceanica RCC1314, (D) Calcidiscus leptoporus RCC1150, (E) Pleurochrysis carterae PLY406.

These observations on the coccospher&s tdptoporus andP. carterae are also
mirrored in the relationship between particula@ganic carbon and particulate
organic carbon (Figure 4-14). The ratio betweesdhe/o components is
significantly lower inP. carterae than in all other tested coccolithophoresq®02).
As in most other measured variables, the valuethfotwo strains oE. huxleyi and
the G. oceanica were similar, falling within the range of ratiogpoeted in other
studies forE. huxleyi (Zondervan et al. 2002). The ratiosGnleptoporus were
significantly higher than in the other coccolithopés (<0.01).

4.4 Conclusions

No changes in particular organic or inorganic datleéomponents were observed
with increasing light intensity, in contradictiom dther studies witk. huxleyi
showing an increase in organic and inorganic cagswhorganic nitrogen with light
intensity (Zondervan et al. 2002, Harris et al. 200 his increase might have been

counteracted by nutrient limitation in this stuéy increase in particulate organic
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matter with increasing light intensity would alsgléw the trend observed in
diatoms (Anning et al. 2000).

Coccolithophores seem to be better competitorsrumda light conditions

compared with diatoms and dinoflagellates. Optingrowth light intensity for
coccolithophores in this study were higher thanntean optimum irradiances for
the other two groups of phytoplankton (Richardsbal €1983), indicating that
coccolithophores have a competitive advantage otar phytoplankton groups at
high light intensities. This assumption is suppditby the fact that blooms &

huxleyi are often observed during mid-summer at relatiedi surface irradiance
(Balch et al. 1991, Fernandez et al. 1993). Orother hand, many coccolithophores
seem to operate relatively poor at low light intiBes, as the shallow slope of P-I
curves in cultures grown at low light indicake .huxleyi appears to be better adapted
to low light intensities however. On the other hamdomparative study of different
phytoplankton groups found no significant differesdn the growth-irradiance
relationship between coccolithophores, diatomsdindflagellates and pointed out
the importance of the biogeographic backgroungeties instead (Brand &
Guillard 1981), which is supported by the currantly where subtropical strains of
coccolithophores grew slower than temperate stiait®w light intensities. It could
be that biogeography is more important than grgeisic differences in defining
the competitive position of phytoplankton regardimgdiance, but more studies are

necessary to resolve this question.
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5 Effects of nutrients on coccolithophores

5.1 Introduction

An increase in oceanic surface temperature duknaie change will have indirect
effects on the concentration of nutrients for pplaokton. Stratification in large
areas of the ocean will intensify, decreasing tinanyg rate between surface water
and deep water. This will reduce nutrient replemsht from the deep ocean into the
surface waters. At the moment the water columnanyrareas of the world’s oceans
is stratified during the summer months as the teatpee in the surface ocean is
considerably higher than in the deeper waters.rguhis period, nutrient
concentrations in the surface waters are diministyephytoplankton primary
production. In temperate and polar regions, thetrature in the surface decreases
during winter, disrupting the stratification andxinig the water column, thereby
replenishing nutrient concentrations in the surfiaom the deep waters. An increase
in stratification will prevent this winter mixingnisome places as the water column
will be stratified the whole year round. Phytopleorkwill therefore have to cope
with very low nutrient concentration all througtetiear.

Blooms ofE. huxleyi usually occur in waters with low nitrate (minimun®8uM,

Van der Waal et al. (1995))and phosphate concémtisa{minimum 0.3uM, Van

der Waal et al (1995)) (Balch et al. 1991, Fernareteal. 1993, Holligan et al. 1993,
Van der Wal et al. 1995, Buitenhuis et al. 199&dms-Rodriguez et al. 2002) and it
is known that thepften directly follow a diatom bloom after thesevbaecreased
nutrient concentrations in the water (Margalef J9T8boratory studies have shown
thatE. huxleyi is a very good competitor for phosphate, havingaftee highest
affinities for phosphate recorded in phytoplanksorfar (Riegman et al. 2000). In
contrast, its affinity for nitrate is low comparedth other phytoplankton, suggesting
that it could be a poor competitor at low nitrab@centrations (Riegman et al. 2000).
Concentrations of particulate organic and inorgaaiton increased with decreasing
growth rate under phosphorus limitation in the gty Riegman et al. (2000),
whereas no such effect was found in cultures gromder nitrogen limitation. The
increase in particulate inorganic carbon was mooagunced than the increase in
organic carbon and reflected an increase in théFC ratio (Riegman et al. 2000).
This is supported by another study (Paasche 1888hugh Paasche found similar

results for cultures grown under nitrate limitaticontrerary to the observations of
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Riegman et al (2000). Cells Bf huxleyi also show a significant increase in cell size
at low growth rates under P-limitation (Paasche8l®8egman et al. 2000), whereas
it decreases under N-limitation at low growth rgfeegman et al. 2000, Sciandra et
al. 2003).

The aim of the research presented in this chapterprovide a broader picture of
the effect of nutrient availability on coccolithaples, by including more species
than most of the other studies and examining tfez&sfon more levels — namely
growth, cell volume and cellular concentration€llorophylla, particulate organic
carbon, particulate organic nitrogen, particulatgaaic phosphorus and particulate

inorganic carbon derived from particulate calcium.

5.2 Methods

Cultures were grown in nitrogen-limited (N:P 3:1wjNOs]=288 uM and

[PO4]=90 uM) and phosphorus-limited (N:P 80:1 with [jJ€1440 uM and
[PO4]=18 uM) chemostats in a constant temperature rabii°C and continuous
light (to ensure steady state in the culture witteodial cycle) of

150 pmol photon hs® (Figure 5-1).

The medium was artificial seawater medium, withrieats added based on K/2
medium (Keller et al. 1987). The concentrationha kimiting nutrient in the
medium was set according to the recipe as the otrat®n of the non-limiting
nutrient was increased to match the desired rétmotimgen (N) to phosphorus (P).
Furthermore, N&CI was not added to the medium, so that NaW@s the sole
nitrogen source.

Tubes, bottles, medium, etc. was autoclaved at@ 2dr 30 minutes and assembled
in a flow cabinet to minimize contamination. Tors&ach chemostat culture
1000000 cells of stock culture grown in K/2 mediwere added to each 50 ml
culture vessel. The complete arrangement was thefiudly transported and set up
in the constant temperature room.

Two experiments were carried out, testing the ¢dfe€the two nutrient ratios on
three strains of coccolithophores in each. Thegttains ofE. huxleyi and theG.
oceanica were studied in the first experiment. The secormqkdrment was intended
to focus on the three larger spedizdeptoporus, C. braarudii andP. carterae.
Unfortunately the second experiment had to be teated before any sampling was
possible, due to issues with the peristaltic pump.
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Figure 5-1: Setup of chemostats in the 11°C constatemperature. 1. Medium bottles, 2. Peristaltic pmp,
3. Air pump, 4. Culture vessels, 5. Water bath witlwaste bottles

In the experimental setup, medium was pumped thrautjure vessels using a
Watson-Marlow 323E peristaltic pump and siliconitgjfor peristaltic pumps with
an inner diameter of 0.19 mm (Experiment 1) (WatStarlow Bredel Pumps,
Falmouth, England). After passing through the paltis pump, filter-sterilised
(Sartorius PTFE membrane, 0.2 um pore size) airaddsd to the medium flow
using an aquarium pump. The air bubbles in the umediow facilitated mixing of
the coccolithophore cultures as the mix of mediunth @r entered the culture vessels
at the bottom.

The dilution rate in the chemostats was set acogrti half the maximum growth
rate observed in the temperature experiment at {Pa6le 3.1), exchanging a
certain percentage of the total culture volume eksh(0.225 day) and thereby
setting the growth rate for the coccolithophordse Themostat cultures were
completely filled with media over the course of fEXperiment 1) and run for a
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time period (1.5 weeks) that allowed 2 completehaxges of medium to give
cultures time to equilibrate. After this they wesaampled on 4 consecutive occasions
at 4 day intervals for POC/PON, PIC, Chl a (8mlgaPOP (15 ml), P NO; (39

ml for both analyses together) and cell count.rifeonot to disturb the state of the
culture, samples were taken from the culture wasies was treated with 500ul (1%
of the maximum volume) 10% formaldehyde solutiod kaept at 4°C to preserve the
composition of the algal cells. The formaldehydiison was buffered to pH 7 with
hexamine (GH12N4) as suggested in an earlier study to preserveoplatkton
cultures whilst also minimizing the effects of fhreservative (lwasawa et al. 2009).
However, the formaldehyde interfered with the plagp measurements (see section
5.3 on particulate organic matter).

Analysis of phosphate (RPwas carried out a similar way as particulate niga
phosphorus, using a spectrophotometric analysisgMu& Riley 1958) but

omitting the digestion process applied to POP sampllixed reagent (2.5 ml, see
chapter 2.8 for detailed recipe) was added to 16frehmple and measured in a
LAMBDA 25 spectrophotometer (PerkinElmer, WalthddgA) at 885 nm, after
calibration with the set of standards introducedhapter 2. Samples from the
chemostats with N:P=3 were diluted by a factor@fsb that the concentrations fell
within the range of analysis of the method.

Analysis of nitrate (NG) was performed using a San++ Automated Wet Cheynist
Analyzer (Skalar Analytical B. V., Breda/Netherla)dThe autoanalyzer measures
the combined concentration of M@nd nitrite (NQ - was neglected in samples of
this study as none was added to the artificial s¢emmedium) by a colorization
method (Wood et al. 1967). In a first step N©Oreduced to N©by passing through
a cadmium-copper column where cadmium is oxidisechtimiumhydroxide
(Cd(OHY),). Following this, NQ is diazotized with sulphanilamide {dsN.O.S) and
coupled witha-naphthyl-ethylenediamine dihydrochloride; (8;NHCH,CH,NH -
2HCI) to form a deep-red coloured complex whicmisasured in a
spectrophotometer at 540 nm. Samples from the cbiatsovith N:P=80 were
diluted by a factor of 10 to ensure that the samplecentrations fell within the
range of analysis of the method.

Using the initial concentrations of R@nd NQ in the two media and the final

concentrations in the waste bottles, uptake rdt@Opand NQ were calculated for
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all coccolithophores and treatments, normalizirggdtiferences in concentration for

cell concentration and growth rate (Equation 5.1)

5.1VN = w -
, Where VN is the uptake rate, [N]1 is the initialtrient concentration, [N]2 the final
concentration, C the cell concentration in cellsfid p the growth rate per day

(equal to the medium flow rate in chemostats).
5.3 Results and Discussion

Cell Concentrations and Cell Volume

Cultures in all chemostats reached significantlkewécell concentration

(Figure 5-2), indicating that the medium flow rafed.225/day was low enough for
the three coccolithophores to demonstrate thelityabp grow under continuous
light as reported from other studies (Brand & Gardl 1981, Price et al. 1998).
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Figure 5-2: Mean cell concentration of three coccithophores during the first chemostat experiment atwo
different ratios of nitrogen to phosphorus (N:P=3 i white and N:P=80 in grey). Whiskers give the
standard deviation of four triplicate measurements.
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Cell concentrations i&. huxieyi RCC1229 were noticeably lower thanBnhuxleyi
RCC963 ands. oceanica, but without significant difference in most cases

(Figure 5-2). The only significant difference inla®ncentration was found between
E. huxleyi RCC1229 ands. oceanica RCC1314 when grown at a N:P-ratio of 3
(p=0.017). The difference between the two strairis. tiuxleyi was also only

slightly over the p-value threshold (p=0.057). Ttusild have been caused by the
change to continuous lighE, huxleyi RCC1229 being more affected by the change
to continuous irradiance compared withhuxleyi RCC963 and5. oceanica. The
difference in sensitivity to continuous light beemethe two strains d. huxleyi are
possibly due to the time period which the two sisadiave been in culture collection.
Wherea<. huxleyi RCC1229 was extracted in 198 ,huxeyi RCC963 only came

to the culture collection in 2004. In culture calien, both strains are grown at a
14:10 light:dark-cycle to which they adapt with &nOne such possible adaption is
the diel timing of metabolic processes in the lighthe dark period (Brand &
Guillard 1981). This adaption becomes more likélg, longer the algae is in culture
and it seems that this process is more advancédnuxleyi RCC1229, making it
more sensitive to changes in the light:dark-cycnE. huxleyi RCC963. The
difference in sensitivity betwedh huxleyi RCC1229 and. oceanica however,
cannot be explained by a difference in time spaichvtihe two algae have been in
culture. Interspecific differences could be the amant factor in this case.
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Figure 5-3: Cell concentration of coccolithophoresn chemostats with two different ratios of nitrogento
phosphorus (N:P=3 and N:P=80) over the course of axperiment with 4 days of sampling.

Cell concentration showed a high standard deviabahthe changes in cell
concentration in most chemostats showed little @l/&end with time (Figure 5-3).
Cell concentration in both chemostatdohuxleyi RCC1229 decreased successively
over time, but the range of decrease is withinrtimge of change observed in the
other four chemostats and is not necessarily aragmis dilution of the chemostats.
The time course of cell concentrations in the ch&tate forE. huxleyi RCC963 and

G. oceanica is mostly without any clear trend, except the mgj&o-limited chemostat

of G. oceanica which is the only one with stable cell concentnatiBeasons for the
variability in the other three chemostats are nikety to be found in the
experimental setup. For example, the peristaltmaptubing is subject to heavy

wear which might have affected the chemostats. Wewehis phenomenon would
have resulted in a decrease in the medium flowasitie tubing is squeezed and this
would have led to a continuing increase in cellagoriration. A more plausible
explanation might be problems with the tubing #t@inected the culture vessels

with the waste bottles. The flow through this tigomight have been slow enough
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for culture to settle and accumulate in the tubdegreasing the number of cells that
reached the waste bottles. On the other hande idticumulation of material in the
tubing approached a certain point the culture flowhe waste bottles might have
released some of the accumulated material andedatrio the waste bottle which
would have increased the number of cells theres@ o processes together might
explain the observed variability in cell concenitrat although it is interesting that

this didn’t happen in all chemostats.
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Figure 5-4: Mean cell volume of coccolithophores gwn in chemostats under two different ratios of
nitrogen to phosphorus (N:P=3 in white and N:P=80n grey). Whiskers indicate the standard deviation b
four triplicate measurements.

An interesting trend was observed comparing cdlime in the N- and P-limited
chemostats (Figure 5-4). In all three coccolithapkaells were significantly larger
when grown under P-limitation (p=0.003 férhuxleyi RCC963, p=0.019 fdE.

huxleyi RCC1229 and p=0.022 f@. oceanica). This has also been observed in an
earlier study wherg&. huxleyi grown under P-limitation were on average 40% larger
than cells grown under N-limitation (Riegman et24100), due to an increased
concentration of alkaline-phosphatase-complexesjrea complexes which remove
phosphate groups from other molecules, and regutigher cell volume

requirements.
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Particulate organic matter

In the study by Riegman et al. (2000), the increéasell volume was accompanied
by an increase in cellular particulate organic oarbindication for this was also
found in the present study. In all three coccolmares the cellular concentrations
of POC were higher under phosphorus limitation careg with cultures grown
under nitrogen limitation (Figure 5-5). Howevere tthifference was less pronounced
then reported in the study by Riegman et al. agadifstant only inE. huxleyi
RCC1229 (p=0.03). This so called carbon overcom$iam@Toggweiler 1993) has
been reported from severall other studies \Eithuxleyi andC. leptoporus growing
cultures solely under nutrient limitation or in coimation with increased GO
(Riegman et al. 2000, Engel et al. 2005, Leona&Geider 2005, Borchard et al.
2011, Langer et al. 2012, 2013).
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Figure 5-5: Mean concentrations of cellular POC irthree coccolithophores grown in chemostats with two
different ratios of nitrogen to phosphorus (N:P=3 n white, N:P=80 in grey). Whiskers indicate the
standard deviation of four triplicate measurements.

It is also notable that POC concentration in akk¢éhcoccolithophores was
considerably higher then concentrations measuradgithe temperature- and light
experiments (Figure 3-4, Figure 4-3). This is ekpd by the dilution rate of the
chemostats, setting a lower growth rate for theaclithophores than the maximum

growth rates observed during the temperature- ightléxperiments.
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Furthermore, POC concentrationenhuxleyi RCC1229 were significantly higher
than for the other species grown in chemostatsastiwases (Table 5-1). This could
be a further indication that some error occuredhwhe coulter counter
measurements and that the cell concentrationfi®coccolithophore were
underestimated.

Table 5-1: Statistical comparison of mean POC concéations in coccolithophore chemostats with

different ratios of nitrogen to phosphorus, using he Wilcoxon rank-sum test. Shown are the calculatep-
values, where a value of p<0.05 indicates significadifferences.

E. huxleyi RCC1229 vs. | E. huxleyi RCC1229 vs.
E. huxleyi RCC963 G. oceanica

N:P=3 | 0.003 0.023

N:P=80| 0.001 0.16

A similar observation was made for cellular concatiins of PON (Figure 5-6),
although the differences between the coccolithogharere not significant
(Table 5-2).
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Figure 5-6: Mean concentrations of cellular PON irthree coccolithophores grown in chemostats with two
different ratios of nitrogen to phosphorus (N:P=3 i white, N:P=80 in grey). Whiskers indicate the
standard deviation of four triplicate measurements.
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No differences were observed between the two trewiisrfor each coccolithophore.
This is in contrast to a previous study which foandecrease in cellular PON
concentration under nitrogen limitation (Riegmaimle2000), though another study
found no trend in PON concentration with changing Katios in the medium
(Leonardos & Geider 2005).

Table 5-2: Statistical comparison of mean PON concémtions in coccolithophore chemostats with
different ratios of nitrogen to phosphorus, using he Wilcoxon rank-sum test. Shown are the calculatep-
values, where a value of p<0.05 indicates signifigedifferences.

E. huxleyi RCC1229 vs. | E. huxleyi RCC1229 vs.
E. huxleyi RCC963 G. oceanica

N:P=3 | 0.133 0.073

N:P=80| 0.095 0.200

This discrepancy could be due to the initial nérabncentration in nitrogen limited
chemostats during this study and the study by Letmsaand Geider (2005) being
relatively high (288 uM respectively 200 uM), whaseRiegman et al. (2000) set the
initial nitrate concentration in their nitrogen-ited cultures at a considerably lower
level (25 pM). Although nitrogen was the limitingtrient in all three studies, it is
likely that during the experiments by Riegman eEahuxleyi had more difficulties

to acquire nitrate, due to the low initial concatitbn, and decreased the level of
cellular PON in response to that. PON concentratfoom this study were
noticeably higher than concentrations obtained ftoenlight- and temperature
experiments, due to the low growth rate in compariwith the other experiments.
Analysis of the cellular POP samples revealed 8aarit differences in cellular
concentrations between the coccolithophores gravdeunitrogen-limitation or
phosphorus-limitation (Figure 5-7, p=0.022 Erhuxleyi RCC963, p=0.004 for

E. huxleyi RCC1229 and p=0.001 f@. oceanica). This is most likely caused by a
decrease in POP concentration under low phospbat®antrations, as has been
reported in previous studies (Riegman et al. 20@0nardos & Geider 2005, Langer
et al. 2012, 2013). However, all measurements & RQhis study are considerably
higher than the concentrations in other studiesliaaty to be overestimations due

to a methodological mistake, so the question ifdifference in POP observed in this
study is due to an increased concentration undergan-limitation or a decreased

concentration under phosphorus-limitation canncat®vered satisfactorily.
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Figure 5-7: Mean concentrations of cellular POP irthree coccolithophores grown in chemostats with two
different ratios of nitrogen to phosphorus (N:P=3 i white, N:P=80 in grey). Whiskers indicate the
standard deviation of four triplicate measurements.

The overestimations of POP concentration are likeky to samples for POP
analysis being taken from culture waste that hashbixed with 10% formaldehyde.
Tests showed that the formaldehyde interfered R@H and phosphate
measurements, by also forming a blue complex witlybdenum and thereby
increasing the absorption measured in the spedattopteter. After these problems
were encountered during analysis of POP anglda@ples, a test was carried out
with different dilutions of buffered and unbuffertmmaldehyde in MilliQ water to
investigate the issue (Figure 5-8). This reveated the solution of buffered
formaldehyde, as used during the chemostat expetjrsiongly affected phosphate
measurements at high dilutions. The reason forpthéxomenon is unknown at the

moment and no references to it have been founukititerature.
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Figure 5-8: phosphate measurements of differnt diltions (dil.) of buffered (buff.) and unbuffered
(unbuff.) formaldehyde (FA). Bars show mean of duptiate measurements, whiskers indicate the standard
deviation.

This effect was neither seen in low dilution of feséd formaldehyde, nor in any
dilution of unbuffered formaldehyde. Although nadé@@nal phosphate is contained
in hexamine (GH12N4), the buffer as well as the high degree of dilmtse@ems to
play a role, but the actual cause remains unreddbrethe moment. A correction of
phosphate concentration was not possible as affset@ples showed a deep blue
colour, giving apparent phosphate concentratiovaliioe concentration limits of
the method. A dilution of the sample, to bring do&centration within the
concentration range of the method, was not sucltesfitihe issue only occurred at
high formaldehyde dilutions.

This issue has also significant effects on the elgal ratios derived from the
particulate organic matter measurements. For gasan, only the relationship of
POC to PON is discussed in this thesis.

Regarding the correlation of POC with PON, no cbiéierences were found
between coccolithophores or between treatmentsi(€ig-9). The similarity
between the two treatments is surprising, as cavercomsumption under
phosphate limitation was observed in all threeirssravhich would suggest a higher

ratio of POC/PON under phosphate limitation. Howetlee level of carbon
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overconsumption was small and might have been rddskéhe variability in POC
and PON measurements, so that no differences ifPPQIT can be seen between
treatments. The ratios in all chemostats were hitites the Redfield ratio of 6.6,
which is commonly observed in coccolithophores. fdt®s are at the upper range
of ratios reported in literature but compare wathwatios found in the light- and

temperature experiments (Figure 3-8 and Figure 4-6)
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Figure 5-9: Ratios of POC to PON in coccolithophore grown in chemostats with two different ratios of
nitrogen to phosphorus (N:P=3 in white, N:P=80 in gy). Bars show the means of 3-4 triplicate
measurements, whiskers indicate the standard devian.

Chlorophyll a

Analysis of chlorophyllh samples showed a significant difference (Tabl¢ &3
cellular chlorophylla concentration betweds huxleyi RCC1229 and the two other
coccolithophores, the first showing higher concatrans (Figure 5-10). This was
also observed in the cellular POC and PON conteaidributed to
underestimations in the measurements of cell cdratén inE. huxleyi RCC1229,
leading to an overestimation in the calculationsarfcentrations for cellular

components.
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Table 5-3: Statistical comparison of cellular chlorphyll a concentration in coccolithophore chemostats
with different ratios of nitrogen to phosphorus, usng the Wilcoxon rank-sum test. Shown are the
calculated p-values, where a value of p<0.05 indits significant differences.

E. huxleyi RCC1229 vs. | E. huxleyi RCC1229 vs.
E. huxleyi RCC963 G. oceanica

N:P=3 | 0.035 0.044

N:P=80| 0.01 0.007

This is supported by the measured chloropaybncentration ifE. huxleyi
RCC1229 during this experiment being noticeabhhbighan the concentration
measured in cultures grown at a similar irradiashoeng an earlier experiment
looking at the effect of light on this coccolithapk, whereas concentrationsin
huxleyi RCC963 and5. oceanica compared well with concentrations measured

during these light experiments (Figure 5-10 andifegi-10).
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Figure 5-10: Chlorophyll a concentration in coccoltihophores grown in chemostats with two different
nitrogen to phosphorus ratios (3:1 in white, 80:1n grey). Bars show the mean of three to four triptate
samples, whiskers indicate the standard deviation.

Calculations of the relationship of chlorophgito POC indicated no significant
differences between the three coccolithophorestwden the two nutrient levels
(Figure 5-11). This had been anticipated as thigseare similar in size and had
already shown fairly uniform ratios during the ligixperiments (Figure 4-11). The
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fact that the relationship iB. huxleyi RCC1229 is similar to that of the two other
strains points again towards an overestimatiorhtwfrophyll a concentrations due to
underestimated cell concentrations. It is notewpottiat the calculated ratios are
noticeably smaller than the ratios obtained inligiie- and temperature experiments.
This is due to the higher POC content in all coiticophores.
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Figure 5-11: Ratio of chlorophyll a to POC in cocclithophores grown in chemostats with two different
ratios of nitrogen to phosphorus (3:1 in white, 8Qt in grey). Bars show the mean of three measuremesnt
whiskers indicate the standard deviation.

Particulate inorganic carbon

Concentrations of particulate inorganic carbon {Ri&ied little between the two
treatments or between coccolithophores (Figure)5lt#e exception was the
nitrogen-limited chemostat wit. oceanica, which showed a significantly higher
PIC concentration than the corresponding phospHonited chemostat (p=0.01)
and was also significantly different fro huxleyi RCC1229 grown under nitrogen-
limitation (p=0.02). Initially it was anticipatetiatG. oceanica would have higher
concentrations of PIC than the two straing&afuxleyi, as this had been observed
during light- and temperature experiments. The &dcentration in the phosphorus-
limited chemostat ofs. oceanica was therefore lower than expected. This could be
an indication thaG. oceanica is decreasing levels of calcification under phospko

limitation or sheds an increased amount of codww®iinto the medium. Earlier
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studies withE. huxleyi andC. leptoporus had found an increase in cellular PIC under
phosphorus limitation (Riegman et al. 2000, Laregeal. 2012, 2013). Whereas the
response irC. leptoporusis coupled to an increased rate of calcificatioanger et

al. 2012), the results fdt. huxleyi are less convincing. The study by Langer at al.
was carried out with semi-continuous cultures dreddbserved increase in PIC is
explained by the difference in growth between thetio| and the phosphorus-
limited culture (Langer et al. 2013), Riegman e{2000) found an increased PIC
concentration in phosphorus limited cultures, commgavith nitrogen-limited
cultures, but only at very low growth rates. Furthere, a control is missing to
answer the question of whether this observati@uésto an increased rate of
calcification under phosphorus limitation or a ds&sed rate of calcification under
nitrogen limitation. At growth rates around 0.3/dainilar to the growth rates in
this study, they find no difference in cellular Fd€tween nitrogen- and phosphorus

limited cultures.
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Figure 5-12: Concentration of PIC in coccolithophoes grown in chemostats with two different ratios of
nitrogen to phosphorus (N:P=3 in white, N:P=80 in gey). Bars show the mean of 3 to 4 triplicate
measurements, whiskers give the standard deviation.
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Interestingly, PIC concentrations i huxleyi RCC1229 compare well with
concentrations in the other coccolithophores (Fedud2), whereas it had higher
concentrations for most of the other cellular congags. This could indicate that
this coccolithophore was shedding more coccoliths the medium or had a higher
percentage of naked cells in the chemostats theattier two, decreasing the
amount of cellular PIC.

The above hypothesis is supported by the calculsitod the relationship of PIC to
POC, wherée. huxleyi RCC1229 shows noticeably lower ratios than therdile
coccolithophores (Figure 5-13). The ratio in ate#halgae is considerably lower
than expected from the temperature and light erparis (Figure 3-12 and 4-14),
explained by increased shedding of coccoliths tinkomedium at low growth rates

as observed in a previous study (Fritz 1999).
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Figure 5-13: Ratio of PIC to POC in three coccolitbphores grown in chemostats with two different levs
of nitrogen to phosphorus (N:P=3 in white, N:P=80n grey). Bars show the mean of three calculations,
whiskers indicate the standard deviation.
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Nutrient uptake

Nutrient measurements showed that the initial cotragons in the two media
reflected the desired nutrient levels very well arede only slightly higher than the
expected concentrations ([NO3]=304.9 uM and [PO3]3uM in medium with
N:P=3, [NO3]=1465.3 uM and [PO4]=18.7 uM in mediwith N:P=80) .
Measurements of POn nutrient samples taken from the waste bottlestéd with
formaldehyde solution again showed a severe overatsbn of concentrations
(Figure 5-14), most likely due to some interfereatthe formaldehyde solution

with the molybdenum used in the analysis.
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Figure 5-14: Concentration of NO3 and PO4 in samptefrom chemostats with different levels of nitrogen
to phosphorus (N:P=3 in white, N:P=80 in grey). Carentrations labelled “Media” give the initial
concentrations; concentrations labelled “Culture” the concentrations after nutrient uptake by
phytoplankton. Also shown are PO4 concentration isamples from those media that had been treated with
formaldehyde (FA). Bars give the mean of 1 to 6 (POwith FA) triplicate measurements, whiskers indicte
the standard deviation.

For this reason, calculations of P@ptake could only be made based on one
triplicate PQ analysis for each chemostat where the sample é@a taken from the
culture vessel at the end of the experiment (Figutd) and this showed an
increased uptake under nitrogen limitation (FigeHE5). The concentration of RO
in this media was higher and therefore more realigjlable, explaining the higher

uptake rates. These uptake rates fall within timédi of another, more detailed study
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(Riegman et al. 2000). Riegman et al. reported @irmam uptake rate of 532.8 fmol
P cell* day" in E. huxleyi and a ratio of 705+214 between maximum uptakeamate
steady state uptake rate. Compared with the didtwatassiosira pseudonana, both
coccolithophores show higher uptake rates and hawnpetitive advantage (Perry
1976).
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Figure 5-15: Uptake of PQ for three coccolithophores grown in chemostats wlittwo different levels of
nitrogen to phosphorus (N:P=3 in white, N:P=80 in gy). Bars show rates calculated from the mean ofne
triplicate PO4 measurements.

Uptake rates for N©were similar (around 100 fmol N céltlay®) in most
chemostats (Figure 5-16), consistent with the sinBlON quota. Significant
differences were only observed between the twdrreats inG. oceanica

(p=0.036).
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Figure 5-16: Uptake of NQ for three coccolithophores grown in chemostats whttwo different levels of
nitrogen to phosphorus (N:P=3 in white, N:P=80 in gey). Bars show mean rates of 2-4 rate calculations
whiskers give the standard deviation.

The uptake rate i&. huxleyi RCC1229 seemed to increase under phosphorus
limitation, but the differences in rates underaggn limitation were not significant
(p=0.67). Most of these calculated uptake ratesansiderably higher than the rates
reported in an earlier study wikh huxleyi (Riegman et al. 2000). Only the uptake
rate ofG. oceanica under phosphorus limitation (59 fmol N ¢ktlay™) falls below

the maximum rate of 72 fmol N célbay" reported by Riegman et al. (2000).
Uptake rates are lower than reported for the diaBynhotella (273.1 fmol N celf
day?) (Caperon & Meyer 1972).

5.4 Conclusions

E. huxleyi andG. oceanica were grown at half their maximum growth rates in
chemostats. The POP quota was affected by phosphonitation whereas PON
guota seemed to be unaffected by nitrogen limmatBoth coccolithophores
increased their cell size under phosphorus lingitatioupled with an increase in
cellular POC concentration. Cellular PIC conceimratid not change with nutrient
limitation, so the ratio of PIC to POC decreasedarrphosphorus limitation. Taken

together, all the effects on POM and PIC coulddaté that low phosphate
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concentration in seawater would lead to an increaseccolithophore weight and
reinforce export of particulate matter from theface ocean to the deep sea.
Uptake rates for PQecreased under phosphorus limitation, whereastake rate
for NOz showed little significant variation with nutrieminlitation. This indicates that
a low PQ concentration in the ocean would affect the coitipetability of E.

huxleyi andG. oceanica. However, both coccolithophores have higher uptakes
for PQ, than the one reported for diatoms, whereas thakepiate for N@is lower
than reported for diatoms. Coccolithophores seebetmore competitive than
diatoms at low phosphate concentrations, wherederds should dominate at low
nitrate concentrations. However, coccolithophoresable to utilize organic nitrogen
as well (Benner & Passow 2010), explaining why otittophore blooms are
usually found to succeed diatom blooms when nitaatk phosphate concentrations

are both low.
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6 Modelling coccolithophores in a global biogeochemad model

6.1 Introduction

The importance of coccolithophores in global priynaroduction emphasizes the
importance of knowledge about how this group oftpplankton will react to shifts
in their environment due to climate change. Maipftatory studies, including this
PhD project, have demonstrated that coccolithoghsinew significant reactions to
changes in environmental parameters, supportisgetifort.

To explore how coccolithophore biomass and actiathd their impact on processes
like export and air-sea gas exchange will chandberworld’s oceans,
biogeochemical models that incorporate coccolitloplas a distinct plankton
functional type (PFT) are a tool for integrating tifferent components of
environmental change into one framework (Le Quéa.&005, Gregg & Casey
2007). This approach of dividing the plankton indals into distinct groups is a
crucial step as important classes of plankton fonddifferently (Falkowski et al.
2003). To test the validity of a model its outpgitompared to recent field data, and
assessing whether it can reproduce the patterms\ausin the oceans. As part of
Marine Ecosystem Intercomparison Project (MAREMiR)bal databases of field
data were compiled for a series of important PRR&uding coccolitophores
(O'Brien et al. 2013, Appendix A), and publishedsaspecial issue in the journal
Earth System Science Data over the years 2012 @Rl Plowever, a major

problem with field data is the patchiness of theadagarding location and time of
the year. Another method for model validation ieli@ oceanographic research
satellites (e.g. SeaWIFS, MODIS). These satellismsremote sensing techniques to
calculate a range of parameters. To isolate caboghores from other
phytoplankton groups, concentrations of particulateganic carbon (PIC)
measured by SeaWIFS and MODIS can be utilized. pdniameter is measured
using an algorithm based on reflected light from dcean at 440 and 550 nm (Balch
et al. 2005). However, satellite remote sensing giles information about the
surface ocean where light is reflected. As phytoktien are distributed throughout
the mixed layer the satellite measurements areimgisssubstantial part of
phytoplankton biomass.

To minimize these issues in model validation, gtigly combines the two
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approaches, validating model output against a ¢lddta base of coccolithophore
field measurements and concentrations of partieutadrganic carbon measured by
the Aqua-MODIS satellite.

6.2 Methodology
The distribution of coccolithophores and othertedlgparameters such as CaCO
concentration and export production in the worlatteans was simulated using the
global biogeochemical model PlankTOM10 (Le Quérale2005). PlankTOM10 is
a refined version of PlankTOM5 and encompassesstidict PFT’s: Silicifying
phytoplankton, calcifying phytoplankton, nitrogexefrs, picophytoplankton,
Phaeocystis, mixed phytoplankton, microzooplankton, mesozooktan,
macrozooplankton and bacteria. PlankTOM10 versiog s embedded in the
NEMO general circulation model as the physical m@darently working with
NEMO 3.1), is forced with NCEP daily winds and fas<and the biogeochemical
field is initialised with data from the World Oceatlas. Limitation by the three
environmental variables studied in this thesignbedded in PlankTOM10 in the
following way:
* Temperature limitation is based on an exponent@ith model (Eppley
1972).
* lron-light colimitation is governed by a dynamicabdel in which the rate of
photosynthesis controls cellular iron and chlordp$ynthesis based on their
guota (Buitenhuis & Geider 2010).
* Nutrient limitation is based on Liebig’s law of th@nimum and follows
Michaelis-Menten-Kinetics.
Based on results from laboratory experiments, loglkit the effect of temperature,
light and nutrient concentration on coccolithoplsof€hapters 3 to 5), all model
parameters (Table 6-19r coccolithophores related to these effects whanged to
look at all possible combination of the three eowimental variables and a model
run (Table 6-2wascarried out for each combination, all running faeog/ear to

simulate annual variability in the world’s oceans.
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Table 6-1: Parameters in PlankTOM10 that were altered during this study.

Name of paramete

Parameter descriptior

o

Initial slope of photosynthesis vs. irradianceveur
(g C nf g* Chl pmot* photon)

Onmax Maximum ratio of Chl a/C
(9d"

Hmax, 0°C Maximum growth rate at 0°C
(day™)

Q1o Temperature dependence of growth

K O° Half-saturation coefficient for DIN

] (mol N/L)

Km © Half-saturation coefficient for PO

(mol P/L)
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[49)

Table 6-2: List of conducted model runs showing changes in parameterisation in comparison with the test run.

Name of model rur | Description Changed paramete | Initial value | New value
IP Control run with initial parameterisati
L Run with changes to lig-related paramete Omas 0.4 0.07
a 1.0*1C-6 6.2*1(-6
T Run with changes to temperat-related paramete | tmax, o°c 0.7 0.3¢
Qic 1.6¢ 1.6¢€
N Run with changes to nutrie-related paramete KO- 2.0*1C-6 2.2*1C-7
Km > 1.19*1(-7 | 4.02*1(-7
LT combiningruns Lar T
LN combining runs L and
TN combining runs T and
LTN combining runs L, T and




ForOmax 0, max, occ@nd Qo the new values were aquired from the laboratosulits,
taking the mean of all tested coccolithophores. fiéw values for K'°° and K, °*,
the concentration of N§xespectively P@necessary for the algae to grow at half the
maximum growth rate, were taken from Riegmann .€28l00) and unfortunately
only represent the speciBshuxleyi. All model runs with changes in the
parameterisation were compared to run IP to deteaniges in coccolithophore
biomass, CaCg&concentration, coccolithophore chlorophy/tind export production.
Logarithmic conversion of the parameters was useddrease the resolution of the
graphical output.

Furthermore, each model run was validated in twgswa test the models ability to
reproduce patterns found in the field. First, mtatktoccolithophore biomass of
each model run was compared to a global databasscoblithophore biomass
(O'Brien et al. 2013). Additionally the output waempared to satellite
measurements of surface ocean PIC concentratitliang the algorithm of Balch
et al. (2005) mentioned earlier. However, the stateable CACO3 in PlankTOM10
comprises only those coccoliths that have been sttedhe water, whereas the
satellite measurements include intact coccosplaregell. The cellular PIC was
added using the model Cag/lPOC ratio of 0.433 (Equation 6.1).

6.1Total PIC=C0C*0.433+CACO3

This relationship between CaCO3 and POC is caledlah the basis of 20
coccoliths (21.7 fmol CaCO3 per coccolith) per 10bfOC (Buitenhuis et al.

2001). This calculation is based on the spe€idsixleyi, but unfortunately not
enough data is available for other species tofyuteir inclusion in the calculation.
To visualize the correlation between model andlifgatellite data in Taylor
diagrams, the model was sampled at locations amestivhen field/satellite data was
available. Then, the ratio between the standarchtlem of the model and the
standard deviation of the observatioogdf/oony and the Pearson correlation

coefficient R were calculated.
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6.3 Results and Discussion

Coccolithophore biomass

The coccolithophore biomass in the model run vhthinhitial parameterisation

(run IP) indicates hotspots for coccolithophoredurcion in continental shelf
regions and in the temperate to subarctic zondseofiorthern hemisphere

(Figure 6-1). These hotspots represent major bleeemts in the field and their
distribution compares well with a study that lochéeeas of coccolithophore blooms
in the world oceans from satellite imagery (BrowrY&der 1994) and localized field
studies of coccolithophore blooms off the coastadtern North America (Mcintyre
& Be 1967, Okada & Mcintyre 1979, Balch et al. 199&dwnsend et al. 1994) and in
the North Atlantic (Holligan et al. 1983, Holligat al. 1993, Buitenhuis et al. 2001,
Leblanc et al. 2009). High concentrationsgohuxleyi andG. oceanica were also
reported in field studies for the subarctic Padfionjo & Okada 1974) and off the
coast of Japan (Okada & Honjo 1975). Small bloofris. bluxieyi andG. oceanica
have been reported of the coast of South AfricaNaahibia (Mitchell-Innes &
Winter 1987). However, some coccolithophore blosonggested by the model run,
in particular the high biomass in subarctic watdffkussia and northern Europe
have not been reported in the field. This couldlbe to a lack of field studies in
these areas and the low monthly percentage of edpssa surface, inhibiting

satellite measurements (Brown & Yoder 1994).
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Figure 6-1: Coccolithophore biomass, averaged over depth and time, in the model run with the initial
parameterisation.

In most areas, coccolithophore blooms are favobyeldw nutrient concentrations
(Townsend et al. 1994) and high irradiances (Nagai Tyrrell 1996). However,
blooms have also been observed in waters with higligient concentrations
(Mitchell-Innes & Winter 1987), where a dominandaelmtoms would have been
assumed. This phenomenon is possibly explainedwybncentrations of silica,

suppressing diatom growth (Brown & Yoder 1994).

Comparing coccolithophore biomass from this initreddel run with the runs
including changes to the parameters (Table 6-als\vinteresting changes over
depth (Figure 6-2). Changing the light parametens L) increased coccolithophore
biomass over all depth levels, but more distinctlgdeeper water layers below 60 m.
This is due to an increase in the initial slopé¢hef coccolithophore P-I-curve

that improved coccolithophore performance at Ightlintensity in deeper waters in
most of the world’s oceans but also in surface vgade higher latitudes. An effect of
the decreased maximum GHC ratio Pmay cannot be found. If this value had

reached a critically low value it would have reedlin a decrease in biomass,
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particularly in deeper water layers, as the amotichlorophyll would have been
insufficient to maintain the same level of primg@npduction found in run IP.
Possibly, changes ..« alone would show a decrease in biomass, but thié@uhl
changes ta in run L increased biomass more substantiallyltieg in an overall

increase with both changes included.
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Figure 6-2: Coccolithophore biomass in the top 300 m, averaged over latitude, longitude and time, from
different model runs. The colour key indicates the different model runs in the plot. Detailed descriptions for
the different model runs can be found in Table 6.2.

Decreasing temperature parameters for coccolith@shioun T) decreased the
overall coccolithophore biomass. This was mostyikaused by the decrease in the
maximum growth rate at 0°Qu{ax 0°9, as the changes to thg/@alue were not
substantial. It also increased the depth of maxirbiomass. This is likely due to a
switch from temperature limitation to light limitah in coccolithophores on a global
average. At the depth of the original biomass maxmncoccolithophore production
is still noticeably controlled by temperature. Hawg with increasing depth, light
inhibition in particular becomes more important dnel biomass of model runs IP

and T converge. Below 140 m, biomass concentratiinm®ered the simulations from
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run IP, indicating that coccolithophores were mohperature limited below this
depth.

Combining the changes in light and temperaturematers (run LT) intensified this
deeper maximum, as the light intensity at this deptikely to be relatively low and
the change to. improved coccolithophore performance at low ligitensities.
Biomass in the upper water masses was still lolgan the one modelled in run IP,
as the additional changes in light parameters coatadcancel out the more
pronounced effects of the decreasaqi o-c At deeper levels however, beneath
140 m, biomass exceeded the one modelled in ras IRht limitation became more
important and the increasedrincreased the biomass at these depths. Compaited wi
model runs L and T, biomass in run LT mirrors ttead in run T down to a depth 60
meters. This shows the importance of temperatargdiion over light limitation in
this region, although the increaseninesults in slightly higher levels of biomass in
run LT. Below 60 meters, biomass in run LT stastgntrease relative to biomass in
run T and mirrors the concentration in run L betw#&60 meters and 180 meters.
The zone between 60 and 160 meters is temperatdright co-limited, but light
limitation becomes increasingly important with depntil coccolithophore
production becomes solely light limited at 160 met8elow 180 meters there is a
slight combined effect of light and temperatureitation which increases biomass
relative to run L. An explanation for this phenormaertould be that the decreased
growth rate, due to the decreasenir, o°c, gave coccolithophores time to produce
more chlorophyll which increased coccolithophoredurctivity in this zone of light

limitation.

Changes to coccolithophore nutrient parametersNjuronsiderably increased
coccolithophore biomass over all depth levels, nposhounced in the surface
waters, and decreased the depth of the biomassmaaxiThis indicates that
coccolithophores were nitrogen limited under theahparameterisation and
decreasing the half saturation concentration foatd (K, °°) significantly

increased their competitive position. The incraagbe half saturation concentration
for phosphate (k™°% decreased the competitive ability of coccolithorgs for
phosphate uptake, but this had less effect thanhaeges to K'°3, indicating the
importance of nitrate limitation over phosphateitation in the ocean. At depths

below 140 m, run N mirrored run IP as coccolithagisdoecome light limited.
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Addition of changes in light parameters (run LNglstly increased coccolithophore
biomass even further, due to the additional in@eaa. But the increase relative to
run N was slight and indicated a paramount impaeasf nitrate limitation. As

found in other model runs with changes to lightapagters, biomass remained higher
than in run IP at depths below 140 m, mirroring kuin the zone of light limitation

due to the increase in

Combining changes in nutrient parameters with chamg temperature parameters
(run TN) the model gave biomass estimates lowar tha one observed in run IP
between 0 and 160 meters, closer to levels foumdnT than levels in run N and
demonstrates the importance of temperature- oveienulimitation. The deeper
maximum in biomass observed in run T and LT disapgs coccolithophores might
be phosphorus limited at this depth due to thesimse in K °*Below 160 meters,

in the zone of light limitation, biomass in run TiNrrors the biomass found in runs
IP, T and N. Combining all changes (run LTN) gaighbkr coccolithophore biomass
than run TN but still lower than run IP betweem@ 420 meters. In this zone,
coccolithophores became more temperature limitedtdihe decrease jhax o°c
Below 120 meters, light limitation becomes more amt@nt than temperature
limitation and biomass starts to show higher letteds found in runs without
changes to light parametersaion, due to the iner@as Below 160 meters, biomass
in run LTN were the same as found in run LT witigtsily higher biomass than in
run L and LN below 180 meters.
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To get a more detailed picture of differences irdelouns with changes to the
parameterisation in relation to run IP, the vaoiativas plotted on a global map with
biomass being averaged over depth and one yearp&uon of run L with run IP
showed increases in coccolithophore biomass in arests of the world’s oceans
(Figure 6-3). The most pronounced increases arerodd in coastal areas where the
water is likely to contain a large amount of parkate material, decreasing light
penetration into the water column. The increasedpsditive ability at low light in

model run L, due to an increasevifresulted in a higher biomass in those waters.

Latitude

—-180

Longitude N
log(Run L)-log(Run IP) Coccolithophore biomass (ug C L)

Figure 6-3: Differences in coccolithophore biomass, averaged over depth and time, between the model run
with changes to light parameters and the model run with the initial parameterisation. Changes are shown as
the difference between the two biomass simulations after logarithmic transformation.

At high latitudes above 45° North and South, ahsldgcrease in biomass was
observed. This is explained by the fact that cattumphores do not play an
important role in these regions as they are outpsiad by diatoms which are much
better adapted to the low temperatures in thesengg
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Although changes due to modification of light paetens in the model were
observed, these are small compared with changetduedifications of
temperature- and nutrient parameters. This becewident when the differences
between run L and IP are plotted on the same ssafégures 6-5 to 6-10 and the

trends seen in Figure 6-3 become much less proeduiegure 6-4).
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Figure 6-4: Differences in coccolithophore biomass, averaged over depth and time, between the model run
with changes to light parameters and the model run with the initial parameterisation. Changes are shown as
the difference between the two biomass simulations after logarithmic transformation. The scale in this figure
was adjusted to coincide with figures 6-5 to 6-10.
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Changes to the coccolithophore temperature paraisetien decreased
coccolithophore biomass in large areas of the i®mddeans (Figure 6-5) as
coccolithophore growth at low temperatures wasehsad in model run T. Changes
were most pronounced in areas of coastal upweking, off the coast of Chile and
South Africa, where cold water is transported frd@eper levels to the surface and
the mean temperature over all depth levels is tbexéower than in other regions at
a similar latitude. An area with a small increaséiomass was found in the
Antarctic. Coccolithophores only play a minor roighis region, as they are limited
by low concentrations of iron (Martin et al. 199The small increase is due to a
decreased coccolithophore production in adjacesgsawhich makes more iron

available in the region where the small increass alaserved.
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Figure 6-5: Differences in coccolithophore biomass, averaged over depth and time, between the model run
with changes to temperature parameters and the model run with the initial parameterisation. Changes are
shown as the difference between the two biomass simulations after logarithmic transformation.
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Coccolithophore biomass decreases in coastal ar@asdel run LT relative to run

IP (Figure 6-6), whereas an increase was obsernvetwdel run L and a decrease in
run T. This indicates that these areas are moeetaffl by the changes to temperature
parameters, decreasing growth at low temperatinrélse tropics, where changes to
temperature parameterisation showed only smaltesfie model run T, changes to
light parameterisation were more important andi¢ean increase in biomass.
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Figure 6-6: Differences in coccolithophore biomass, averaged over depth and time, between the model run
with changes to temperature and light parameters and the model run with the initial parameterisation.
Changes are shown as the difference between the two biomass simulations after logarithmic transformation.
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Changes in the nutrient parameterisation (modeNumcrease coccolithophore
biomass particularly in areas of major ocean ggiretian Ocean Gyre, North Pacific
Gyre, South Pacific Gyre and South Atlantic GyRy(re 6-7), indicating nitrogen
limitation in these waters at the initial model gr@eterisation. The North Atlantic
Gyre is only affected by the changes in parametgois in a minor way, even
showing a slight decrease in biomass. It seemgti@dphorus limitation is perhaps
more of an issue in this gyre than in the othehss 15 in accordance with field
studies (Read et al. 2000, Bonnet et al. 2008, &tathal. 2008) which show that the
model captures the general distribution of nutrlenitation in the world’s oceans
very well. In other areas of the world’s oceans, todel run comparison indicated

only slight cases of nitrogen- or phosphorus litiota
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Figure 6-7: Differences in coccolithophore biomass, averaged over depth and time, between the model run
with changes to nutrient parameters and the model run with the initial parameterisation. Changes are shown
as the difference between the two biomass simulations after logarithmic transformation.
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Adding changes in light parameterisation (modelli) (Figure 6-8) led to minor
changes relative to comparison of model runs NIBndgain indicating the
relatively low importance of the implemented chantgethe light parameterisation.
The additional changes increased the biomass &s arfeslight nitrate (small
biomass increase in run N relative to run IP) arguthate limitation (small biomass
decrease in run N relative to run IP) that candumd in Figure 6-6, e. g. in the
tropical Pacific or the tropical and subtropicalahitic off the African coast. The big
oceanic gyres however, where run N indicated s&shgitrate (Indian Ocean Gyre,
North Pacific Gyre, South Pacific Gyre and SouttaAtic Gyre) or phosphate
limitation (North Atlantic Gyre), additional changdue to modification of the light

parameters are too small to make a clear impact.
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Figure 6-8: Differences in coccolithophore biomass, averaged over depth and time, between the model run
with changes to nutrient and light parameters and the model run with the initial parameterisation. Changes
are shown as the difference between the two biomass simulations after logarithmic transformation.
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Combining changes to temperature parameters wéhggs to nutrient parameters
(model run TN) preserved the relative trends olewvhen comparing model runs
N and IP but decreased the magnitude of positieagbs, whereagegative changes
were intensified(Figure 6-9). The areas of slighiogen limitation, where a low
biomass increase had been observed when compaoidgl mins N and IP, now
indicate a decrease in biomass, narrowing the afdaismass increase down to 4 of
the oceanographic gyres and decreasing the globedged biomass relative to

model run IP as shown in Figure 6-2.
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Figure 6-9: Differences in coccolithophore biomass, averaged over depth and time, between the model run
with changes to nutrient and temperature parameters and the model run with the initial parameterisation.
Changes are shown as the difference between the two biomass simulations after logarithmic transformation.
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Combining all three sets of parametric changes ghaoh LTN) again showed

results that were similar to run TN (Figure 6-185,changes to light parameterisation
had the smallest effect of all the modificationeeTnain differences are found in
tropical waters, where phosphate and temperatmigation had induced a decrease
in biomass but the additional modifications to tigarameters reversed this trend
into a slight increase, due to the increase which led to an increase in productivity

in deeper waters where little light is available.
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Figure 6-10: Differences in coccolithophore biomass, averaged over depth and time, between the model run
with changes to nutrient, light and temperature parameters and the model run with the initial
parameterisation. Changes are shown as the difference between the two biomass simulations after
logarithmic transformation.

Comparison of model results with field data congile the MAREDAT
coccolithophore biomass database (O'Brien et 43Réhowed that PlankTOM10
does not compare to the biomass distribution irddtabase very well (Figure 6-11).
The correlation between model and database wa¢Re@.212) and standard
deviation in the modelled biomass was lower thanstiandard deviation in the
database in most cases (SD(model)/SD(datab@<h) Only model runs N
(SD(model)/SD(database)=0.857) and LN (SD(modeljdaiabase)=0.87), the two
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model runs with the biggest localized increaseiamiass relative to run IP, showed
comparable standard deviation relative to the de@bThis suggest that changes in
the model parameters would be a first step fori@ialing PlankTOM10 closer to
field observations considering the standard demmatvithin the model. However,
even though this comparison seems discouragingsagiven the hope for a good
representation of coccolithophores in the model! stfortcomings of the MAREDAT
database have to be taken into account as well.

Standard Deviation

0.0 T T T

0.0 0.4 0.8 1.2
Standard Deviation

Figure 6-11: Taylor diagram comparing coccolithophore biomass in the model runs with the MAREDAT
coccolithophore biomass database. The legend in the upper right hand corner indicates the symbol
representing each model run in the plot.
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Although the database include over 55000 obsenmvsitits coverage of the world’s
oceans is quite poor (Figure 6-12 A), showing reddy good coverage in the
Atlantic but very little in the Pacific and Indi&ceans.

To look closer at the bad correlation between PI&@M10 and MAREDAT, a look
at the global coccolithophore biomass distributghelpful (Figure 6-12). With the
initial parameterisation PlankTOM10 overestimatescolithophore biomass,
compared with MAREDAT. Some points with data in MAREDAT database are
missing in Figure 6-12 B, due to lack of modellotga in these locations. This is
surprising, as coccolithophore field studies aterotarried out in regions and at
times of high coccolithophore concentration (Badtlal. 1991, Fernandez et al.
1993, Holligan et al. 1993, Buitenhuis et al. 19B6itenhuis et al. 2001, Schiebel et
al. 2004, Bernard et al. 2009) and the model sugges higher biomass than found
in these coccolithophore blooms. It seems therefepessary to decrease model
estimates of coccolithophore biomass substantiatigking at the trends found in
the model runs with changed parameterisation welat the original
parameterisation, changes to the temperature- laosppate uptake parameters seem

to have been steps in the right direction, as tiezyeased coccolithophore biomass.
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Coccolithophore biomass from the MAREDAT database (A) and the model run with initial

parameterisation, at positions coinciding with the database (B). All data is averaged over depth and time.
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Coccaolithophore chlorophyll a

Coccolithophore chlorophyll a concentrations in diféerent model runs revealed
interesting features (Figure 6-13). All runs witiaages to the light parameterisation
showed noticeably lower concentrations than therattodel runs, due to the
considerable decrease in the maximum ratio of oployll a to particulate organic
carbon (POC). The similarity in concentration bedswenodel runs L, LT and LTN
relates well to the biomass simulations (Figure ,6ahere the three runs also
showed comparable concentrations. However, thectmweentrations simulated in
run LN over the first 100 m are in contrast to bam® simulations (Figure 6-2) which
featured a much higher level than the other runls @hanges to light

parameterisation.
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Figure 6-13: Coccolithophore chlorophyll a in the first 300 m, averaged over latitude, longitude and time,
from different model runs. Detailed descriptions for the different model runs can be found in Table 2 of this
chapter.

The increase in biomass in run LN (Figure 6-2s®& have occurred in tropical
waters to a great deal. The high light intensitthiese regions resulted in a low ratio

of Chla/C and therefore, the increase in @hklative to the increase in biomass was
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small. The concentrations in model runs IP, T, N &N showed a similar
distribution as found in biomass concentrationgFe 6-2). However, the relative
increase in run N compared with run IP is smahantthe increase in biomass, due
to the fact that a large part of the biomass irswezcurred in the subtropics, where
the ratio of chlorophyla to POC is relatively low. Therefore the increas®iomass
resulted in a smaller increase in chloroplaytioncentration. It can also be observed
that the slope of the increase from the surfadké¢anaximum is sharper in
chlorophylla concentration than it is in biomass concentrafidns is due to the fact
that cells grow at higher light intensity at thefage than in deeper water layers,
resulting in a lower ratio of chlorophydlto POC. This amplifies the increase in

chlorophylla with depth.

Coccolithophore CaCO3

The concentration of CaG@om detached coccoliths (PlankTOM10 output
CACO23) showed a different trend than the one olegkfor biomass, as coccoliths
are accumulating and aggregating with depth uetdichment of coccoliths and their
dilution arrive at a steady state at around 16Figufe 6-14). It is noteworthy that
this steady state is reached at approximatelyagheeglepth in all the model runs and
this is due to the fact that coccolithophore biosrasthis depth is at a comparable
level in all model runs (Figure 6-2) as coccolithopes become more and more light
limited. Whereas model runs with changes to ligimid/or nutrient parameterisation
show the same trend relative to model run IP tleet @bserved in the biomass
estimates, model runs with changes to temperaananeterisation show a different
trend. Model runs LT (partly), TN and LTN showegjlmer biomass estimates than
the model run with the initial parameterisation lmwter estimates in detached
CaCQ over the whole depth interval. Concentrationscateulated in the model as a
product of a fixed ratio of PIC/POC, the coccolphorid productivity and the
coccolithophorid biomass (Enright et al. 2009). Thecolithophore productivity is
calculated from the growth rate, and as this grawatl decreased overall, due to the
decrease ipmax, 0°g coccolithophore productivity decreased as well trerefore the
concentration of detached coccoliths relative toccotithophore biomass in model

runs with changes to temperature parameterisation.
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Figure 6-14: CaCO; from detached coccolithsin the first 300 m, averaged over latitude, longitude and time,
from different model runs. Detailed descriptions for the different model runs can be found in Table 2 of this
chapter.

Simulations for coccolithophore Ca@(@ combination of the model parameters
CACO3 and COC) mirrored the trend in biomass esgmaf model runs with
changes in parameterisation relative to run IPWEd-15). This is not surprising as
the amount of coccoliths shed from the coccosphardsge model is small, compared
with the amount of CaC£n intact coccospheres, directly derived from
coccolithophore biomass.

132



Depth

T I I T I T I

IPO.25 0.35 0.45 0.55 0.65 0.75

i Coccolithophore CaCO; including intact coccosspheres (ug C L)

LT
— LN

Figure 6-15: Coccolithophore CaCO; in the first 300 m, averaged over latitude, longitude and time, from
different model runs. Detailed descriptions for the different model runs can be found in Table 2 of this
chapter.

As satellite observations only give information abthe surface concentration of
CaCQ, only the first depth level of the model data cbioé used for the model
validation with data from the MODIS Aqua satellifg.first glance, the CaCO3
surface concentration in model run IP (Figure 64d6ks very different from
coccolithophore biomass (Figure 6-1), but it hasddaken into account that
biomass was averaged over all depth levels, sceatdiomparison of the two plots is
not possible as the maximum coccolithophore bioroasars at depths of 80 to 100
m (Figure 6-2). High concentrations of surface Ca@r@ simulated in temperate to

tropical waters in most of the world’s oceans.
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This is in accordance with the worldwide distriloutiof coccolithophores, in
particularE. huxleyi (Mcintyre & Be 1967, Winter et al. 1994).
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Figure 6-16: Surface concentration of CaCO3 (coccospheres and detached coccoliths), averaged over time, in
the model run with initial parameterisation.

Noticeably, concentrations are lower in oceaniegyn the Atlantic and Pacific
Ocean, where primary production is largely nutrientted (Mather et al. 2008) and
in the Arctic and Antarctic where coccolithophorewth might be limited by low
iron concentration (Falkowski et al. 1998) or ougeeted by diatoms in surface
waters. Differences in surface Caglé@tween the model runs with changed
parameterisation and model run IP showed trendiasito those observed in
coccolithophore biomass, supporting the findingsassed in the section on

biomass.

Comparison of the model data with PIC data fromMi@DIS Aqua Satellite
(Figure 6-17) revealed a similar picture to thathef biomass comparison with the
MAREDAT database. The correlation was lcv0(195), but the standard deviation
in relation to the standard deviation in the saéetlata was noticeably lower

(<0.098) than it had been in the biomass comparison.
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Figure 6-17: Taylor diagram comparing surface CaCOj; in the model runs with PIC data of the MODIS Aqua
Satellite. The legend in the upper right hand corner indicates the symbol representing each model run in the
plot.

The difference in standard deviation also becompesit@nt when surface Cag
model and satellite data are compared on a latitutgtude grid (Figure 6-18). The
model shows a very uniform distribution at low Isv@=igure 6-18 B), whereas the
MODIS data indicates a noticeably higher varia(Bigure 6-18 A). However,
satellite observations are likely to be overestiome, as the signal is known to
include other particulate material as well, suckliasom frustules (Brown & Yoder
1994, Balch et al. 2005). The concentration ofipaldte material is especially high
in coastal areas, where the satellite data shewsaikima. Even so, the model
doesn’t capture the trends in surface Ca@®Qhe open ocean, where interference in

the satellite data is smaller.
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Figure 6-18: Surface CaCO; from the MODIS Aqua satellite (A) and the model run with initial parameterisation
(B). All data is averaged over time.
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The contrary results of the model validations, wlasrthe model overestimates
coccolithophore biomass compared with MAREDAT itlarestimates surface
CaCO3 compared with MODIS data, are intriguing tmal explanations are
possible, excluding the uncertainties in both messents. One would be that the
underestimation of surface Cagf@lative to MODIS data is linked to the
concentration of shed coccoliths in surface waaesthe model underestimates this
process of shedding coccoliths that is known tainf@equently inE. huxleyi. The
model calculates this CaG@s the product of the ratio of PIC/POC, coccolith
dissolution during coccolithophore losses (the siiithe three processes mortality,
respiration and grazing), sinking rate of CaCO3 @mredchemical dissolution of
coccoliths (Enright et al. 2009). A main point winmwould lead to a decreased
concentration of shed coccoliths would be that#te of PIC/POC in the model
(0.433) is set too low. This seems possible, asdtie is derived from the speciEs
huxleyi, which is known to have a low ratio of PIC/POC. iAnrease in this ratio
would increase total CaG@n the model even further, as the main part of thi
calculated as the product of the PIC/POC ratioa@utolithophore biomass.
Secondly, the model might overestimate coccolitlmoptbiomass at deeper levels
whereas it underestimates biomass at the surféte cduld be investigated by
comparing model and MAREDAT biomass at the firseleof depth, but it seems
unlikely as calculations af, which controls coccolithophore production in deep
waters with low light intensities, based on laboratresults were substantially
higher than the value under the initial paramea¢ios and therefore increased

biomass at these depth levels even further.

Export of particulate organic matter

The export of particulate organic matter from tbhdace to the deep ocean depths, a
process which is affected by coccolithophores dubeir ballast function, shows
only slight differences between the model runs{Feg-19).
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Figure 6-19: Export rates of particulate organic matter, averaged over latitude, longitude and time, from
different model runs. Detailed descriptions for the different model runs can be found in Table 2 of this
chapter.

This is interesting, given the different trenddiamass and CaCGOthe main drivers
of export in coccolithophores, in all the modelsuBut it is explained when looking
at the export rates of coccolithophore Ca@@d diatom opal (Figure 6-20). Export
in PlankTOM10 is driven to a large extend by adxsilhg effect of opal, whereas
coccolithophore CaC{plays only a small role in the ballasting of pautate

organic material. However, the difference betwegwod rates for CaC@and opal
seems to be too large compared with literaturenegés that suggest a value of 4.6
for the ratio of export(opal)/export(CagdJin et al. 2006). The ratio suggested by
PlankTOM10 is considerably higher (between 8 andd2pending on the model

run).
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Figure 6-20: Export rates of (A) coccolithophore CaCO3 and (B) diatom opal, averaged over latitude, longitude
and time, from different model runs. Detailed descriptions for the different model runs can be found in Table
6-2.
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6.4 Conclusions

Comparison of PlankTOM10 results for coccolithogsowith a database of biomass
measurements from the field and surface Ca@centrations derived from

satellite showed little correlation. While the mbdeerestimated biomass, compared
with the database, it underestimated surface Ga€l@ive to satellite data. The
most likely explanation for this is an underestiimaf the ratio between PIC/POC,
which would increase CaGQ@elative to biomass. To bring the model estimédes
biomass closer to observations, changes to temyperand nutrient parameterisation
were found to be a promising approach. Furthermmoglel results had a lower
standard deviation than the observations in alutrons, but changes in the
nutrient parameterisation increased the standanatien in biomass substantially to
a level similar to that found in the biomass dasgb&lowever, it has to be noted that
neither the biomass database nor the satellitepgatactly represent the actual
coccolithophore distribution. Whereas the biomasalthse has a low spatial and
temporal resolution, satellite observations arecéd by other particulate matter
than CaCQ.

Comparing different model runs with altered paramséations showed that changes
to nutrient parameters had the biggest effecthabrtutrient limitation, in particular
nitrogen limitation, is the main limiting growthdsor for coccolithophores in
PlankTOM10. The model runs with changes to theienitparameterisation relative
to the model run with the initial parameterisatghrowed that PlankTOM10
simulates the situation in the main oceanograpyrieggwell with regard to nutrient
limitation. Most of the changes in model output &eonsistent with expectations for

the distribution of temperature, light and nutrgeaver the ocean.
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7 Summary, general discussion and outlook for futureesearch

7.1 Thesis summary

Chapter 3 discussed the effects of temperatureffameht coccolithophores,
growing them over a temperature range from 0 t&€€3®d sampling the cultures for
analysis of cellular composition (POM, PIC, @l and focussed on three

hypotheses:

« Emiliania huxleyi has a wider temperature range for growth than other

coccolithophores.

* Atemperate strain has a lower optimum temperahae a subtropical strain

of the same species.

» Concentrations of particulate cell components alldvolume show an

inverse relationship to growth rate.

E. huxleyi is a cosmopolitan species that has been foundrteerically dominate
coccolithophore assemblages over most latitudes.eder, it was found thdi.

huxleyi did not have a wider temperature range for growémtother
coccolithophores. On the other haBdhuxleyi did show the highest growth rates at
temperatures up to 23°C. Above this temperaf@receanica andC. leptoporus

were the fastest growing speciPscarterae has a similar temperature rangeeas

huxleyi, but growth in this species is much slower.

No significant differences in growth were foundeen the temperate huxleyi
RCC1229 and the subtropidalhuxieyi RCC963. The subtropical species showed
first growth at a slightly lower temperature thhe temperate species and had a
slightly broader temperature range for grovighhuxleyi RCC963 also showed
slightly higher concentrations in all measuredudall components including cell
volume. These differences were uniform in all comgaas so that stoichiometric

ratios were not different between the two strains.

The expected trend of an inverse relationship dovgr rate in cellular components
was only found in one specidd,carterae. None of the other coccolithophores
showed any noticeable trends. However, due toge kaariability in all data, it was
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not possible to completely reject hypothesis haswuariability could have masked

any trends in the other coccolithophores, all senaanP. carterae.

Chapter 4 focussed on the effects of light on chitmphores, growing them over a
range of light intensities, testing their photo$watic performance and sampling them
for measurement of different cellular components| the following hypotheses

were discussed:

* Atemperate strain has a higher maximum ratio dfef and is more
sensitive to high light inhibition than a subtragdistrain of the same species.

» Coccolithophores are better adapted to high ligtensities compared with
other groups of phytoplankton.

Some interesting differences were observed betweetemperat&. huxleyi
RCC1229 and the subtropidalhuxleyi RCC963. An increase in cell volume
between 180 and 350 pmol photoif g1 in the temperate strain was found, but
possibly this is due to a measurement error. Cploylba concentrations k.
huxleyi RCC1229 showed the expected trend, a sharp deatkmse light intensity
with increasing irradiance. This was not observe. ihuxleyi RCC963, where the

measuredax is relatively low.

Compared with other phytoplankton, coccolithoph@esbetter adapted to high
light intensities. Optimum growth light intensity coccolithophores is higher than
the one reported for diatoms and dinoflagellatesaly slight inhibition of
photosynthesis was found at light intensities up@60 pmol photon fhs™. At low
light intensities however, coccolithophores seerbe@oor competitors, as indicated

by the relatively low slope of P-I curves.

In chapter 5 the effects of nutrient concentratiese investigated, growing
coccolithophores in nitrogen- and phosphorus-lichitkemostats and analysing the

cultures for cell composition. Three hypothesesavasidressed:

» Coccolithophores grow well both under nitrogen phdsphorus limitation.
» Coccolithophores increase cell volume under phoghlanitation.
» Coccolithophores are good competitors for phosphoampared with other

phytoplankton groups.
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All tested coccolithophores grew well under nitrogad phosphorus limitation.
However, cell concentration in the chemostats wasenaariable than had been
expected, most likely due to problems with the expental setup where the tubing
connecting the chemostats to the waste bottlestrhmle affected cell concentration

measurements in the waste.

Cell volume in coccolithophores was in fact highader phosphorus limitation than
under nitrogen limitation. It could not be confirchsufficiently if this difference was
due to an increase in volume under phosphorusdiioit or a decrease in volume
under nitrogen limitation, as no direct controlgroin K/2 with N:P=16 was

available. However, other studies point towardsfitlse assumption.

Coccolithophores are better competitors for phogghthan diatoms, as uptake rates
for phosphate were higher in this study than haenbreported for diatoms. On the
other hand, they are poor competitors for nitrate@ake rates for this compound

were found to be lower than the ones reportediftomhs.

Chapter 6 takes the results of the laboratory exy@sts, mentioned in the previous
chapters, and applies them to change the parasedten of coccolithophores in the
global biogeochemical model PlankTOM10. Changgshtmtosynthesis-related
parameters had a positive effect on coccolithopbamass throughout the global
oceans, whereas the opposite was observed wheenaime-related parameters
were changed. The extent of development was bigierchanges to temperature
parameters, indicating that temperature limitaptays a bigger role than light
limitation. Changes to nutrient-related parameisceeased coccolithophore
production in most of the big subtropical gyresjchhare known to be nitrogen
limited and this limitation had been reduced dua ttecrease in K'°°. Production

in the North Atlantic gyre was reduced, as thissaseknown to be phosphorus
limited and K,"°*had been reduced in this model runs. Combinati¢gheodifferent
changes confirmed the importance of temperaturigdiion over nutrient- and light
limitation in PlankTOM10.

Two different approaches of model validation praetlidisappointing results.
Comparison with a global database of coccolithoplmomass showed a low
correlation, the model overestimating depth-avetdgemass in most areas of the

world’s ocean. Comparing surface calcium carboimatee model with estimates
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derived from satellite also showed very low cotiela In this case, model results

underestimated the satellite measurements in meas.a

7.2 General Discussion and Conclusions

Coccolithophores are an important group of phytoitian (Falkowski et al. 2004),
forming a layer of calcium carbonate plates arailnedr cells. This increases the
importance of coccolithophores as, besides cotistifa noticeable percentage of
the global marine primary production, the calcicanbonate aggregates with
particulate organic matter after cell death, insiegthe weight of these particles and
the fraction of it that reaches the deep sea (P&bwad, 2008) where it is kept out of
contact with the atmosphere for long periods. Tioeedt is important to know how

coccolithophores will react to changes in theirismment.

This thesis focussed on the effect of temperatigiet, and nutrient concentration on
coccolithophore growth, evaluating these effeatsugh laboratory experiments and

computer modelling.

Temperature

Results from the temperature experiment showEhhtixleyi andP. carteri are two
species of coccolithophores that are best adaptséawater temperatures around
20°C but also grow very well at lower temperatutes/n to 10°C. These two
species highlight the different approaches in $ele¢heory in coccolithophores.
Wherea<t. huxleyi is a typical r-strategist, with small cell size dngh growth rates
to react fast to favourable environmental condgjéh carterae is much more of a
K-strategist, with lower growth rates but a largell volume. This explains why.
huxleyi is a species which can form extensive coccolithopltooms, whereds.
carteraeis usually found as a small contributor to thesmbis. At temperatures
above 25°C, a community shift in coccolithophoresld occur, as other species
such ass. oceanica andC. leptoporus are much better adapted to these high
temperatures. This study has shown tabceanica andC. leptoporus have a
similarly broad temperature range of growtleakuxlieyi. The growth range of these
two species could not be completely captured s shidy or a previous one
(Buitenhuis et al. 2008). Both coccolithophorell gtew well at the maximum

temperatures tested.
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Compared with diatoms, another major group of pbigiokton, coccolithophores are
at a competitive disadvantage. The maximum growatih for diatoms is about two
times higher than the growth rate of coccolithoglsas a group, although diatoms
show significantly higher cell volumes (Sarthowakt2005). Different diatom
species have an optimum temperature over a widgerand it is unlikely that

changes in temperature will give coccolithophomreadvantage over this group.

Little changes in the concentrations of cellulamponents were observed in this
study. OnlyP. carterae showed an inverse relationship of cell volume agitutar
composition with growth rate. However, trends ia tiher, smaller coccolithophores
could have been masked by the high variabilithmdata, most likely due to short
periods of nitrogen limitation at the end of sonaéch cultures. This would probably
have had little effect on measured growth rateswmuld have resulted in

unacclimated cells with a variable cell composition

Light

Coccolithophores are better competitors for ligjaint diatoms and dinoflagellates,
two other important phytoplankton groups. They hawea group average, higher
optimum growth light intensities than the two otlgepups and show little high light
inhibition in photosynthesis during short term ibations. An increase in the mean
growth light intensity due to climate change, agexted for some areas in the global
oceans (Doney 2006), would strengthen the posttfiaoccolithophores relative to

the two other phytoplankton groups.

Besides the expected changes in chlorophyll awdleasing growth light intensity,
no significant trends in the concentration of deliicomponents and cell volume
were observed in coccolithophores, which is sugabbly literature (Harris et al.
2005). The steep increase in cell volumé&imuxieyi RCC1229 is most likely due to
a measurement error. Taking into account the catiyeeadvantage of
coccolithophores with increasing growth light inatte, this could indicate an
increase in coccolithophore biomass and coccolltbapcalcium carbonate for the

future and a higher significance of the coccolithage ballasting effect.

Nutrients
Coccolithophores are shown to be better competitorghosphate than diatoms, but

are less competitive then diatoms at low nitrateceatrations. Most areas of the
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ocean are nitrogen- or iron-limited (Moore et &13), only small areas, such as the
North Atlantic gyre, are known to be phosphate tieai(Mather et al. 2008). A
decrease in nutrient concentration due to climbh#nge, as expected in some areas
of the global oceans, is therefore more likelyaodur diatoms rather than
coccolithophores. However, coccolithophores arenmto be able to utilize organic
nitrogen sources as well (Benner & Passow 2010igwimnas to be taken into

account.

Phosphorus-limitation seems to increase cell volaneparticulate organic carbon
in coccolithophores, due to carbon-overconsumptsa.an increase of phosphate-
limitation in some areas could lead to an additiomarease in coccolithophore
biomass in these areas, as coccolithophore arenhptn a better competitive
position regarding growth but are also producimgéacells. Coccolithophore
calcium carbonate concentration does not seem &fféeted in the same way
however, so the role of the coccolithophore bahgseffect would only be affected
by changes in growth rate due to increased phosgimaitation and not by changes

in cell size.

Modelling

Validation of PlankTOM10 did not give satisfactagsults, either validated with
biomass or surface calcium carbonate data. Thetfatmodel predictions
overestimated the depth-averaged biomass datagaddrunderestimated surface
calcium carbonate concentrations, indicates ttebtierestimation in the modelled
biomass might originate at deeper water levelsratian the surface. At these
depths, light limitation is likely to be most impant, so that a further modification
of the light parameters for coccolithophores imREEOM10 could be necessary.
Additional analysis of the differences between mdademass and biomass database
at different depth levels could resolve this issumight also be that the model is
underestimating the process of coccolithophoreddihg coccoliths in the water,

leading to an underestimation in surface calciurbaaate.

Another issue in the model validation is that naithf the two benchmarks for
validation is perfect. The biomass database hatatvely low spatial and temporal
resolution, due to lack of field data in vast arebthe world’'s oceans. The surface

calcium carbonate concentration derived from stadive a very good spatial and
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temporal resolution, but measurements are biasednbgspheric corrections and
other particulate matter in the water such as didtastules or calcium carbonate
from pteropods and foraminifera. To minimize thsseles, more field data
measurements of coccolithophore biomass and calcarbonate are necessary and

further validation of satellite measurements wighdf data.

7.3 Future Work

Although there have now been a number of studigb@effects of temperature,
light and nutrient concentrations on coccolitho@sothere are still open questions
which need to be answered. Most previous studies farussed only on the
coccolithophoree. huxleyi. Although this is undoubtedly the most abundant
coccolithophore in the global oceans nowadaystehgperature increase due to
climate change could lead to a shift in the cotlsophore community towards
species better adapted to high temperatures, sughogeanica andC. leptoporus.
This study shed some light on the effect of temijpeesand light on these two
species, but unfortunately the nutrient experinwétit C. leptoporus crashed so that
data on the effect of nutrients could only be ot#diforG. oceanica andE. huxleyi.
Further nutrient experiment includi®@) leptoporus are therefore necessary to study
the effect of nutrient limitation on this coccobijphore species. Another species of
interest that needs to be investigated furtherescbld-water coccolithophore
Coccolithus pelagicus. This species is known to be important in arctid aubarctic
waters (Mcintyre & Be 1967), the only other cocttwdphore reported from these
waters beinde. huxleyi. Although this species is of high importance imgaregions,
little experimental data is available on its reaesi to changes in its environment.
Furthermore, the studies wih pelagicus were in most cases carried out with the
subspecie€. pelagicus subspbraarudii, a more temperature subspecies (Houdan et
al. 2006, Buitenhuis et al. 2008, Benner & Pass0®02. The arctic subspeci€s
pelagicus subsppelagicusis difficult to keep in culture and at the momenhot
available at culture collections to our knowleddé. was possible to establish this
coccolithophore in culture, it would be importantdetermine if it will be able to

adapt to the expected increase in temperatureadcieriate change.

To continue and advance the study of effects aftrartal changes on
coccolithophores, it will be necessary to examioa limitation in coccolithophores.

Although only a nutrient required at low concentmas, iron is nevertheless
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important in the photosynthetic pathway and lowacamtrations are known to be
able to limit phytoplankton production (Street & 2005). Diatoms are able to
store iron intracellular (Marchetti et al. 200901t Ithis has not yet been observed in

coccolithophores.

Another route of studies to explore would be maltiate experiments. It is
important to know about the effects of each simgieironmental condition to start
with, but situations like the univariate laboratexperiments do not occur in the
field. There are always multiple parameters chamgirthe same time, as for
example growth light intensity increases and natr@ncentrations decrease in
areas as an indirect effect of temperature incréaisanges of two or more
environmental parameters together might have @iffieeffects on coccolithophores

than the effects that each of the parameters daden them.

To improve coccolithophore representation in PIaZDKILO, the issue of model
correlation with the benchmarks for comparison sé¢ede improved. One major
point would be to increase the standard deviatioczoccolithophore biomass within
the model, as this has shown noticeable underesbimaith the biomass database
and satellite measurements in this study. Aftengka to the nutrient
parameterisation, the standard deviation withinntloelel already compared well
with the standard deviation in the MAREDAT datahdse was still very low when

compared with surface calcium carbonate conceatratilerived from satellite.
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8 Appendix A: K/2 medium after Keller et al. (1987) modified

by Ian Probert

To 994 ml of seawater (pH 8.2, adjusted with Na@#i):

Quantity Compound Stock solution Final conc. in K
(sterile) medium

0.5ml NaNO3 48.9542¢/litre H2( 288uM

0.5ml NHA4CI * 0.535g/litre H20O | 5uM

0.5ml KH2PO4 4.8992¢/litre H20 [ 18uM

0.5ml FeEDTA solution (see recipe below| (see below)

0.5ml Trace metal solution (see recipe beloyl (see below)

1.0ml f/2 vitamin solution (see recipe below| (see below)

* optional

FeEDTA solution

To 950ml distilled H20 add:

Quantity Compound Stock solution Final conc. in K
medium
4.3g (Na)FeEDTA - 5.85uM

Make up to 1 litre with milliQ H20, sterilize (fdr 0.22um) and store in fridge

Trace metal solution

To 950ml distilled H20 add:

Quantity Compound Stock solution Final conc. in K
medium

37.229 Na2EDTA.2H20 - 50uM

1.0ml CuS04.5H20 2.497gl/litre H20O |0.005uM

1.0ml Na2Mo04.2H20 7.2585¢/litre H20]0.015uM

1.0ml ZnS04.7H20 23.0g/litre H2O  [0.004puM

1.0ml CoS04.7H20 14.055¢/litre H2(Q1 0.025uM

1.0ml MnCI2.4H20 178.11g/litre H20]0.45uM

1.0ml H2SeO3 1.29¢g/litre H2O [0.005uM

1.0ml NiCl2.6H20 1.49 g/litre H2O |0.00314uM

Make up to 1 litre with milliQ H20, sterilize (fdr 0.22um) and store in fridge.
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f/2 Vitamin solution

To 950ml distilled H20O add:

Quantity Compound Stock solution Final conc. in K
medium
1.0ml Vit. B12 0.5¢/litre H20 0.37nM
(cyanocobalamin)
1.0ml Biotin 5.0mg/litre H20 | 2.0nM
100.0mg Thiamine HCI - 0.3uM

Make up to 1 litre with milliQ H2O, filter sterilezinto plastic vials and store in

freezer.

Sterilization of medium

(Optional: Heat to 80°C for 2 hours and leave tol edhis should kill most
organisms but should not chemically modify the raedioo much)

Filter sterilize through 0.22um filters (e.g. Mibre Steritop units) into sterile

(autoclaved) polycarbonate bottles.

For K-ET, add 10-30 ml marine soil extract (ET)
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Abstract.

Coccolithophores are calcifying marine phytoplanksd the class
Prymnesiophyceae. They are considered to play parimole in the global carbon
cycle through the production and export of orgamaidkoon and calcite.We have
compiled observations of global coccolithophorerat@nce from several existing
databases as well as individual contributions dilished and unpublished datasets.
We make conservative estimates of carbon biomasg atandardised conversion
methods and provide estimates of uncertainty agtgtivith these values. The
quality-controlled database contains 57 321 indialdbbservations at various
taxonomic levels. This corresponds to 11 503 olagEms of total coccolithophore
abundance and biomass. The data span a time éri®29-2008, with
observations from all ocean basins and all seasmasat depths ranging from the
surface to 500 m. Highest biomass values are reghantthe North Atlantic, with a
maximum of 127.21gCL-1. Lower values are reported for the Pacifieximum of
20.0pgCL-1) and Indian Ocean (up to 4@CL-1). Maximum biomass values
show peaks around 60 _ N and between 40 and 20ittSdeclines towards both the
equator and the poles. Biomass estimates betweesgtiator and 40 _ N are below
5 ugCL-1. Biomass values show a clear seasonal aycdleei Northern Hemisphere,
reaching a maximum in the summer months (June-=Jualyfie Southern
Hemisphere the seasonal cycle is less evidentiljpppsisie to a greater proportion of
low-latitude data. The original and gridded datasain be downloaded from
Pangaea (doi:10.1594/PANGAEA.785092).
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1 Introduction

Marine plankton are the main driver for the glotmarine cycling of elements such
as carbon, nitrogen and phosphorus, primarily thindhe process of carbon fixation
and nutrient uptake during primary production anldsgquent export of organic
matter to the deep ocean. Modern marine ecosystetelsiseek to represent the
functional diversity of marine plankton using threncept of plankton functional
types (PFTs; Iglesias-Rodriguez, 2002; Le Querd.e2005). PFTs are groups of
plankton with defined biogeochemical functions, égample calcification, DMS
production or nitrogen fixation. The inclusion bese groups in marine ecosystem
models provides great potential for improving onderstanding of marine processes
(see for example Dutkiewicz et al., 2012; Marintale, 2010; Vogt et al., 2010;
Manizza et al., 2010), but has also highlighte@adfor extensive observational
datasets for model parameterisation and validgtimod et al., 2006; Le Quere et
al., 2005; Anderson, 2005). The MARine EcosystenTRAMAREDAT) project (as
part of the MARiIne Ecosystem Model IntercompariBoaject —- MAREMIP) seeks
to compile global biomass data for PFTs commongpyegsented in marine ecosystem
models: silicifiers, calcifiers (including coccdldphores, pteropods and
foraminifera), DMS-producers, pico-phytoplanktorgzbtrophs, bacteria, and three
zooplankton sizeclasses (micro-, meso- and macpdaokton). A summary of the
findings for all groups is presented in Buitenhetigl. (2013). This paper presents a
database of global coccolithophore biomass didioha compiled as part of the
MAREDAT effort. The coccolithophores are a globaidlgcurring group of calcifying
phytoplankton of the class Prymnesiophyceae (Jogtlah, 2004; Winter and
Siesser, 1994; Thierstein and Young, 2004). Theylavught to play an important
role in the global carbon cycle due to their cdnition to primary production and
export as well as through calcite production (IglesRodriguez, 2002; Hay, 2004;
Jin et al., 2006), with blooms of over 100 000 kob&erved in some ocean regions
(Brown and Yoder, 1994; Holligan et al., 1993). Toecolithophores have received
considerable attention in recent years due to fl@ntial sensitivity to climate
change and particularly ocean acidification (Doaegl., 2009). The decrease in
carbonate saturation state in the oceans causesiy atmospheric CO2 is
generally expected to have negative effects onfgag marine organisms due to
the increasing energetic cost of calcification (iHahn et al., 2010). There have,

however, been mixed results from experimental &id studies of
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coccolithophores, with some showing a negativecefié ocean acidification (e.g.
Beaufort et al., 2011; Riebesell and ZondervanQ20hereas others show no
change or even increased calcification and prodndtianger et al., 2006; Iglesias-
Rodriguez et al., 2008). Changes in ocean tempesatratification and nutrient
supply are also expected to affect coccolithophistibutions, although again the
direction of this change is unclear (Hood et 20, Iglesias-Rodriguez, 2002).
Given these uncertainties, it is more importanhtéeer to understand the current
distribution of coccolithophores in the global oegeaRemote sensing approaches are
frequently used to study the distribution of codbalphore blooms (e.g. Smyth,
2004; Brown and Yoder, 1994; Iglesias-Rodriguef2Mirata et al., 2011). The
reflective properties of the calcitebased coccsldahow blooms to be observed in
satellite images (Holligan et al., 1983), providorgat potential for improving our
understanding of coccolithophore distributions ajiabal scale. There are, however,
several limitations to this approach. Firstly, #a&images pick up the optical
properties of the calcite-based coccoliths thenesednd do not distinguish between
living cells and detached coccoliths (Tyrell andride, 2004). Secondly, satellite
data are limited to waters within the optical depthhe satellite and provide no
information as to the vertical structure of celishin the water column or cells
occurring below this depth. Finally, more detaitagonomic information cannot yet
be obtained from satellite images. There is, tloeegfa continuing need for in situ
observations of coccolithophores in order to betteterstand their distribution,

ecology and contribution to global plankton biomass

This database compiles existing published and umgtdal coccolithophore
abundance data and provides standardised biontassites using species-specific
conversion factors. We also provide a detailedugision of our conversion methods
and quality control procedures and discuss thertaioéies associated with the
biomass values. Although this dataset was born ttmmeeds of the modelling
community, we anticipate that it will be of usestentists from a range of fields
including biological oceanography, marine ecoldgggeochemistry and remote

sensing.
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2 Data

2.1 Origin of data

Our data consists of abundance measurements abbfaome several existing
databases (NMFS-COPEPOD, BODC, OBIS, OCB DMO, Pemg&/OD09, OQV),
as well as published and unpublished data fromnaben of contributing authors (P.
Ajani, H. Andruleit, J. Aristegui, L. Beaufort, NEstrada, D. Karentz, E.
Kopczynska, R. Lee, T. Pritchard and C. WiddicomBaple 1 summarises the
origin of all datasets, sorted in temporal ordére Tatabase contains 58 384 data
points when all counts of individual taxa are cdesed separately, which equates to
11 503 samples of total coccolithophore abundantieated from 6741
depthresolved stations. Abundance data were stdisddrto units of cells per litre,
and ancillary data such as temperature, salinfigrophyll and nutrients were

retained where available.
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Table 1. List of data contributions. sorted in temporal order.

Imvestizator/Institute Year(s) Region Datapomts Flagged Reference

Meteor 1929-1930 N Atlantic 66 - NMFS-COPEPOD

M k Marine Biol 1 Ins Russia 1954-1973  Barents Sea 267 - WOD09

H. Marshall 1965 NW Sargasso Sea 32 32 Marshall (1969)

ORSTOM 1965 Tropical Pacific 161 - WOD09

Instituto del Mar del Peru 1966-2005  Peruvian coastal zone 2668 92 WOD09

NOAA/University of Alaska (OCSEAP) 1965-1978  Gulf of Alacka 293 265 WOD0%

J. Throndsen 1970 Tropical Pacific/Canbbean 105 - NMFS-COPEPOD

SAHFOS 1970-1999 N Atlantic 391 - WOD09

Institute of Biology of the Southern Seas, Ukrame  1972-1990 Indian Ocean 558 - NMFS-COPEPOD

Tokyo Unversity Ocean Research Institute, Japan 1975 W Pacific 68 - WOD09

National Institute for Environmental Studies, 1976-1985 W Pacific 120 - WOD09

Japan

NOAA 1976-1977 Puget Sound, WA, US 18 - WOD09

Japan Meteorological Agency 1977-1986 W Pacific 1963 29 WOD09

Institute of Ocean Sciences, Sidney, Canada 1979 US Coast (Oregon) 29 - WOD09

E. Baldmaetal 1979-1986 Tropical Atlantic 941 - NMFS-COPEPOD

Aomon Prefi 1 Fishenes Exp 1 1980 West Pacific 2 - WOD09

Station, Japan

TPFS 1983 West Pacific 1 - WOD09

AtlantNIRO 1984-1991  Atlantic 365 - NMFS-COPEPOD

M. Estrada 1985 Mediterranean Sea 260 - Estrada (1991),
Estrada (unpublished data)

M. Estrada 1985 Weddell Sea 126 - Estrada and Delgado (1990),
Estrada (unpublished data)

Osaka Prefectural Fishenies Expenmental Station, 1985 W Pacific 8 8 WOD09

Japan

P. Tett 1988-1989 North Sea 50 - BODC

D. Harbour 1989 North Atlantic 33 - BODC

B. Zeitzschel 1989 North Atlantic 205 205 Zeitzschel et al. (2002)

D. Harbour 1990 North Atlantic 68 - BODC

D. Harbour 1991 North Atlantic 78 - BODC

AESOPS 1992 Southern Ocean 31 - WOD09

G. Fryxell 1992 Equatonal Pacific 186 - Fryxell (2003)

K. Takahashi and H. Okada 1992 SE Indian Ocean 114 - Takahashi and Okada (2000)

M. Fiala 1992-1995  Southemn Ocean 73 - ooV

E. Ramos 1992-2005 Peruvian Coastal Zone 229 - Ramos (2006)

C. Widdicombe 1992-2008  Enghsh Channel 625 - Widdicombe et al. (2010)

H. Andrulest 1993 Arabian Sea ! - Andruleit (2003)

R Uncles 1993-1995 North Sea 20 - BODC

P. Wassmann and T. Ratkova 1993-2003  Arctic/Sub-Arctic 108 - Ratkova (2012)

D. Harbour 1994 Arabian Sea 65 - BODC

OMEX I project members; P. Wassmann 1994 NE Atlanfic 186 - Omex I project members and
Wassmann (2004)

C. Grados 1995 Peruvian Coastal Zone 12 - Grados etal (2007)

R Schiebel 1995-1997  Arabian Sea 49 - Schuebel (2004a.b)

J. Aiken, T. Bale, P. Hollizan, A. Poulton 1995-2000 Atlantic 408 - BODC

and D. Robins

G. Taran 1996 North Atlantic 199 - BODC

P. Ajam. R. Lee and T. Pratchard 1997-1998  SE Australia 45 45 Ajam et al (2001)

H. Andrulest 1999 E Indian Ocean 45 - Andruleit (2007)

K. Pagou and G. Assimakopoulou 1999-2000 Aegean Sea 52 - Pagou and Assimakopoulou
(2008)

H. Andrulest 2000 Arabian Sea 2 - Andruleit (2005)

D. Karentz 2000 E Pacific ;i - Karentz (unpublhished data)

E. Kopezynska 2001 Southem Ocean 13 - Kopezynska et al (2007)

H. Andrulest 2001-2002 E Pacific 49 - Andruleit (unpublished data)

J. Aristegm 2003-2004 N Atlantic 152 - Aristezw (unpublished data)

P. Assmy 2004 Southemn Ocean 28 - Assmy (2007)

L. Beaufort 2004 Pacific 99 - Beaufort (unpublished data)

R Mohan 2004 Southemn Ocean 131 - Mohan et al. (2008)

M. Silver 2004 Hawan 13 - Silver (2009)

2.2 Biomass conversion

To convert the abundance data (cell counts penotuime) to biomass estimates
(expressed as the concentration of organic carbonrmt water volume), we first
needed to multiply the abundance data by the aedrexyolume for each species,
and then multiplied the resulting biovolume concatihn with the average organic
carbon content per biovolume. We determined ceNdlumes for each of the
taxonomic groups reported in the database basea entensive literature survey.
Coccolithophore taxonomy has been subject to nuase@visions over the time
span of the dataset, making it challenging to mhtstorical data to current species
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names and descriptions. For consistency, dateeesmiere matched to currently
accepted species names following the taxonomiaseled Jordan et al. (2004)
wherever possible. Where full taxonomic informatwas not provided, data were
matched to the lowest taxonomic group possibleta Ereat could not be assigned to
a particular taxonomic group were categorised ademtified coccolithophores. We
identified a total of 195 taxonomic groups for tbetaset (Table A3), ranging from
identifications at the sub-species to the familxeleMorphotype information is
reported for Emiliania huxleyi in only one datasetd we have therefore chosen to
use a single biomass conversion factor for all oetces of this species.
Additionally, 2258 samples consisted of combinednts of coccolithophores
without further size or taxonomic information, abl@B88 samples contained at least
some counts of unidentified or partially identifiedccolithophores. For our biomass
conversions, we began by converting only cell cetdiot which full species or sub-
species identifications were provided. Each spé&sikspecies was assigned an
idealised shape (e.g. sphere, prolate sphere) based on the work of Hillebrand et
al. (1999) and Sun (2003) as well as species igeisers in the literature. We then
estimated cell dimensions (e.g. diameter, lengitithyfor each taxonomic group in

order to calculate cell biovolumes (units: f)m

Cytoplasm dimensions have been published for v@mydoccolithophore species,
with species descriptions usually providing the eneasily observed coccosphere
dimensions only. Observations of 16 species of@dbophore from laboratory and
field studies show cytoplasm diameter varying fradnto 90 % of the total
coccosphere diameter, depending on the specielewaldf calcification (Table 2);
naked coccolithophores have also been observesbioe species, although they are
relatively rare in field samples (Frada et al. 120 While these 16 species represent
only a small fraction (10 %) of the species repné=e in the database, they include
some of the more dominant coccolithophores in tesfii®th abundance and
frequency of observation: these 16 species togeitwrunt for an average of

75 = 32 % of coccolithophore abundance per sammpéslian = 92 %), and we
therefore consider them to be reasonably representar the purposes of

estimating coccolithophore biomass.

Given the lack of data and the lack of consistearopng the few available

cytoplasm measurements, we chose to estimate dhogdlore biovolumes by
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assuming cytoplasm dimensions to be 60 % of thenrneacosphere dimensions for
all species - this value represents the midpoimtserved ratios of cytoplasm to
total coccosphere diameter. These calculationdbeaxpected to overestimate
organic biomass for species with a higher ratioaafcosphere to cytoplasm volume,
and underestimate biomass for species with a loatir. Biovolumes are calculated
based on the mid-point of coccosphere dimensionsetfainty ranges are provided
using biovolumes and biomasses calculated fromx @nimum coccosphere

dimensions and 0.6 x maximum coccosphere dimensions

The range of coccosphere dimensions (e.g. diametagth, width) for each species
or sub-species in the database was determined basetiterature survey

(Table A3). For some datapoints, coccosphere diroaa were provided alongside
abundance data. In these cases the provided measuswere used in preference to
our literature-based values. Biovolume estimate® ween further converted to
carbon biomass (units: pg CY).using the prymnesiophyte-specific conversion
factor developed by Menden-Deuer and Lessard (2@B)0yolume and biomass
values based on the mid-point are hereafter reféaras “mean” biovolume and
biomass. We assess the likely over- or under-esbmaf our mean biomass
estimates for different species of coccolithophitbreugh a comparison with direct
biomass measurements as well as biomass valuedatatt from measured

cytoplasm dimensions for 16 species (Table 2).

Table 2. Comparison of coccolithophore biomass estimates from coccosphere dimensions (assuming cytoplasm diameter = 0.6 x cocco-
sphere diameter) with biomass estimates from observed cytoplasm diameters for 16 species. Cytoplasm dimensions are from Stoll et al.
(2002) as well as previously unpublished measurements from the datasets presented in Franklin et al. (2009) and Poulton et al. (2010).

Species Coccosphere Cytoplasm
Diameter Estimated Biomass estimate Diameter Biomass estimate
cell diameter (comresponding coccosphere)
(um) (jum) (pgCeell!) (um) (pgCeell!)
Algirosphaera robusta 6.5-16 6.75 22 5.29(16.9) 114
Calcidiscus leptoporus 5-28 99 618 9.6-11.3 (16.25-30.75) 57.2-89.1
Calcidiscus quadriperforatus 10-15 75 292 10.2 (32.5) 66.4
Coccolithus pelagicus 8-22 90 478 14.1(16.3) 160.6
Discosphaera tubifera 45-14 6.0 16.0 47(15.0) 83
Emiliania nocleyi 3.5-15 56 13.0 34-35(54-11.0) 35-37
Florisphaera profinda 4-12 48 88 39(124) 49
Gephyrocapsa oceanica 5-15 6.0 16.0 5.0(16.1) 99
Oovlithotus antillarum 10-13 6.9 23.3 4.7(15.1) 83
Oolithotus fragilis 430 10.2 66.9 13.8(27.5) 1498
Rhabdosphaera clavigera 7.9-12 6.0 158 6.3 (20.0) 182
Syracosphaera tumularis 10-20 20 478 15.7 (50.3) 2152
Umbellosphaera irregularis 10-15 75 292 6.3 (20.0) 17.9
Umbellosphaera tenuis 92-16 76 208 5.7(183) 141
Umbilicosphaera sibogae 8543 15.5 205.1 7.1-30 (25-60) 25.3-12279
Umbilicosphaera foliosa 10-18 84 39.6 8.8-9.4(12.6-30) 443-535
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For 23 species only a single set of dimensionssingle biovolume value was
reported in the literature. In these cases, we hasamed the reported values to be
the mean estimates. Minimum and maximum biovoluaiaes were estimated for
these species based on the ratios of minimum amdmaa biovolume to mean
biovolume observed for all other species in thelase. These ratios were found to
be 0.5 (+ standard deviation of 0.2) for minimuravmlume/mean biovolume, and
2.1 (x0.8) for maximum biovolume/mean biovolumer Eell counts with
identifications only to the level of genus or faynibr for combined counts of
multiple species, we calculate minimum and maxintiomass values per cell based
on the absolute minimum and maximum of all spe@esrted for that taxonomic
group. Mean biomass values per cell were calculayedking the mean of all
reported biomass values for species within thertaroc group. Taking the mean of
the biomass values avoided weighting mean biomals®es towards a single

large species. For some genera, however, insuffisigecies-level data were
available to calculate biomass using this approbicthese cases we were able to
obtain a range of coccosphere dimensions fromitrature, and calculated
biovolumes and biomasses based on the mid-poiiest values as detailed above

for the species-specific cell counts.

For cell counts of unidentified coccolithophore® ave chosen to use a spherical
coccosphere with diameter of 10 um (cell diametér jom) to calculate our mean
biovolume and biomass estimates. This value wastsel based on the diameters of
species most commonly occurring in the database |8rige uncertainty associated
with this value is taken into account by providmgimum and maximum
biovolume and biomass estimates based on the @asoioimum and maximum
values across all species in the database. Folipthim biomass conversions, data
were compiled to total coccolithophore biomassgaenple for the purposes of
further analyses. Further taxonomic informatiorejgorted in

the attached dataset (doi:10.1594/PANGAEA.78508d)@ccolithophore
biodiversity patterns will be discussed in O’'Brietnal. (2013).

2.3 Quality control
Our quality control procedure flagged data based aomber of criteria, with flag
values (1-4) provided in the data table. Flag 1 agdied to 33 samples that

included observations of the specid®racosphaera heimii - this species was
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originally thought to be a coccolithophore, buttfier investigations have shown it to
be a calcified dinoflagellate cyst (Tangen etE82). Flag 2 was applied to 205
samples for which only biomass values were provigetthout corresponding cell
counts; and flag 3 is applied to 482 samples witbgrated water column values
rather than discrete depth measurements, or tolearfge which no depth
information was provided. Flag 4 was assigned thera identified by the statistical

analyses to be outlined below.

For the next stage of the quality control processyemoved samples with flags 2
and 3 and corrected samples with flag 1 to remouats ofT. heimii. For the
remaining 9194 non-zero samples, we used Chausgetrégrion to identify

statistical outliers in the log-normalized biomdss$a (Buitenhuis et al., 2013; Glover
et al., 2011). Based on this analysis, we idemwtifiee sample with a biomass value
with probability of deviation from the mean greatiean 1/2n, with n = 8997 being
the number of non-zero samples (two-sided z s¢pre= 4.03). This sample is

denoted by a flag value of 4.

An additional flag column denotes the quantificatinethod used for determining
coccolithophore abundance. Of the 9193 non-zer@kamincluded in the database,
4209 are known to have been analysed using ligbtascopy, 500 using SEM and
197 with flow cytometry. For the remaining 4287 thethod is unknown.
Coccolithophore counts from SEM are consistentijhbr than those obtained using
light microscopy due to the better identificatidrsmaller and more fragile species.
For example, Bollmannet al. (2002) found that spesuch as syracosphaerids,
small reticulofenestrids, small gephyrocapsids lasldcoccolithophores are likely to
be missed in light microscopy analyses. Cell dgrigs been shown to differ up to
23% between the two methods when analysing samiflesarge numbers of small

species such ds huxleyi, Gephyrocapsa ericsonii andG. protohuxleyi.

We have made a statistical comparison of abundamd¢diomass values to
determine whether a systematic bias can be asedaiath the enumeration method
for samples in our database (Table 3, Fig. 1).@umparison of coccolithophore
abundance and biomass shows greater differencesdreimethods than would be
expected from previous comparisons of enumeratiethads, but we suggest that
these differences are likely to be at least p&ytetplained by real differences in
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coccolithophore abundance and community composikonexample, we expect
that SEM is more likely to be used for samples wittnown portion of small
coccolithophores which are difficult to identify enumerate using light microscopy
alone. Although median biomass from SEM studidsgber by a factor of four than
the median for light microscopy studies, the higlvasues reported in the dataset are
from light microscopy studies. Since the quanttima method is unknown for

nearly 50% of samples, we have chosen to retain 8&iislin the gridded dataset
and all analyses, though users may access a sftibet data from the raw file. In
contrast, we have excluded 199 datapoints collacsedy flow cytometry from the
gridded dataset. These values are significantlgdrigqgain than those collected

using either SEM or light microscopy.

Table 3. Biomass estimates (ugCL!) for four analysis methods:
light microscopy (LM), scanning electron microscopy (SEM), flow
cytometry (FC) and unreported analysis method (unknown). All val-
ues are reported for non-zero biomass estimates only.

Method n Median Mean St Dev Max
LM 4200 0.10 0.72 438 1265
SEM 500 041 225 441 452
FC 197 504 1466 18290 1055

Unknown 4287 0024 039 206 1160
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Figure 1. Boxplots depicting distributions of non-zero biomass es-
timates for different quantification methods: light microscopy (LM).
scanning electron microscopy (SEM). unknown method and flow
cytometry (FC). Horizontal lines depict the median. boxes depict
the interquartile range (25th to 75th percentiles) and points marked
beyond the whiskers of the plot are outliers (points falling greater
than 1.5 times the interquartile range below the 25th percentile or
above the 75th percentile).

Based on our full quality control procedure we regtba total of 888 flagged
samples for the purposes of our analyses, andlefu82 samples were corrected to
remove the contribution @f. heimii to total coccolithophore biomass (note: one
sample contained data forheimii only). All data are included in the published raw
dataset in the event that a user has differentinagents for the quality control

procedure, while the gridded dataset contains tiflegged datapoints only.

An additional column in the raw dataset denotegdakenomic level to which
coccolithophores are identified, as this has a majuence on the level of
uncertainty associated with our biomass calculati@occolithophores identified to
species level are denoted by the flag value O gtidentified to genus or family level
as flag value 1, and unidentified coccolithophagdlag value 3. If coccosphere
dimensions are known, cells identified to genufaarily level receive flag value 2,
and unidentified coccolithophores receive flag eadu All samples of unidentified or
partially identified coccolithophores have beeruded in our analyses and in the
gridded file.
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Several datasets report biomass values in adddiabundance data. While we have
chosen to use our own conversion methods for ciemsig, it is likely that the

original biomass values are based on more accestiteates of cell size. All

original biomass values are included in the suladittatabase and can be substituted

for our estimates if desired.

3 Results

Excluding flagged data, the database contains ¢@itlogphore biomass observations
for 11 503 samples, collected from 6741 depth-kegbbtations (Fig. 2). Highest
coccolithophore abundance is 9.8 x 106 cellsL-0.726r 21.8% of samples, were
found to be zero values. These data were retam#eidataset, since confirmed zero
values hold valuable information for the study tariton distributions. There is,
however, inconsistency in the reporting of zerarealin plankton datasets: often
abundance data are reported only for a limitedeaidarget groups that are
expected to be present. There is also likely ta be&as due to sampling focusing on
areas where coccolithophores are expected to o¢aiues reported in the
subsequent sections are therefore calculated loaisedn-zero data only. Where
zerodatapoints are included, this value followpanentheses. Arithmetic mean
values are reported plus or minus one standaratiewi We also provide median
biomass values, as these are less influenced byhiges and provide a better
representation of the central tendency of the data.

SEm

FC

Unknown

»

-30

Figure 2. Global distribution of coccolithophore observations in-
cluded in the dataset. Marker colour denotes the quantification
method used: light microscopy (green). SEM (red). flow cytome-
try (cyan) and unknown (blue)
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3.1 Spatial and temporal coverage

The database includes non-zero coccolithophoreraditsens from the surface to a
depth of 500m (Fig. 3b, with 83.9% of observati(8¥.1% with zero values
included) from the upper 50m and 61.5% (63.3 %anfthe upper 10m of the water
column. Mean depth is 27.0 (x40.5)m and mediantdiegp10.0 m.

(@)

Coccolithcphore biamass (ug C I")

=)

o oo o
107

10° 10°
Coceolithophore biomass (g C I'')

Latitude

Figure 3. Distribution of coccolithophore biomass (ugCL ) (a) as a function of latitude and (b) as a function of depth.

Data are reported from all ocean basins, with 54o4%amples (58.9% with zero
values included) from the Northern Hemisphere and% (40.9 %) from the
Southern Hemisphere (Table 4). 31.6% of nonzera aia from the Atlantic Ocean,
40.2% from the Pacific Ocean and 10.4% from théaim@®cean.

Table 4. Seasonal distribution of abundance data for the Northern
and Southern Hemisphere. Number of data points for each month.
All: all data. non-zero: data with non-zero carbon biomass.

Month Globe Globe NH NH SH SH

all non-zero all non-zero all non-zero
Jan 737 367 489 177 247 189
Feb 1271 922 389 260 881 662
Mar 872 729 489 367 383 362
Apr 942 793 433 317 500 467
May 1095 935 634 534 461 401
Jun 944 607 694 394 246 213
Jul 1203 859 1056 734 146 125
Aug 1053 942 697 607 356 335
Sep 1111 1005 810 728 290 266
Oct 1304 975 699 441 605 534
Nov 752 671 245 196 507 475
Dec 219 191 59 50 160 141
Spring - - 1556 1218 1402 1275
Summer - - 2447 1735 1288 992
Autumn - - 1754 1365 1344 1230
Winter - - 937 487 748 73

Total 11503 8996 6694 4805 4782 4170
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Despite the high number of observations reportenh fthe Pacific compared to the
Atlantic, the spatial coverage of this ocean basnelatively poor, with many
observations limited to intensively studied region®eruvian and Japanese coastal
waters. 9.9% of non-zero observations are fronPlar Regions, with 5.1% from
the Southern Ocean and 4.8% from Arctic waterscGlitbophores are reported to

be present in only one sample below 60°S (Tabked 4).
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Figure 4. Frequency distribution of coccolithophore observations
as a function of latitude for the period 1929-2008.

Table 5. Latitudinal distribution of quality-controlled data in ten degree latitudinal bands (— 90 to 90°). All data: total number of data points;
non-zero data: number of non-zero biomass values; mean. standard deviation. median and maximum biomass values calculated from non-zero
data only.

Latitudinal band Alldata Non-zerodata Mean SD. Median Max

—-90--80° 0 0 - - - -
—-80—-70° 60 0 - - - -
—-70--60° 66 1 0002 - 0002 0.002
—-60—-50° 480 456 02 05 0.04 6.5
—-50—-40° 116 77 18 24 077 123
—-40--30° 231 207 1.1 37 019 351
-30--20° 256 247 20 40 016 291
-20--10° 1754 1467 07 22 009 452
-10-0° 1819 1715 02 07 0.05 184
0-10° 1055 860 0.1 02 0.03 23
10-20° 502 315 02 04 0.09 42
20-30° 759 420 01 02 0.02 25
30-40° 1340 773 0.1 0.1 0.01 23
40-50° 804 505 03 07 010 115
50-60° 1564 1319 27 78 032 993
60-70° 451 451 37 147 010 1272
70-80° 209 146 0.1 0.1 0.05 08
80-90° 37 37 002 0.05 0.007 03

In contrast, the database contains non-zero olsamgaf coccolithophores in
Arctic waters up to a maximum of 88.92°N. 46.3%lafta are from tropical waters
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between 20°S and 20°N. Data are reported fromehesy1 929 to 2008 (Fig. 5). A
total of 66 non-zero observations are reported 89— 1930, with no further
observations until 1954. 78.7% of observations wetkcted between 1980 and
2008, and 51.8% between 1990 and 2008. Data apeteeldrom all months of the
year in both hemispheres, although relatively featadvere collected during the
winter months (13.6% of all NH data, 15.6% of SHagddable 4). Northern
Hemisphere data are strongly biased towards surabs&rvations (38.4% of all

data).
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Figure 5. Frequency distribution of coccolithophore observations
by year. for the period 1929-2008.

3.2 Biomass distribution

3.2.1 Geographical distribution

Coccolithophore biomass values range from 2.0 516-127.2ugCL™%. The global
mean is 0.88,gCL-1 + 4.8ugCL ™" and median biomass is 0.07§CL™. Highest
median biomass values were recorded in the Soubhemmsphere between 40 and
50°S (0.77, Figs. 3, 6, Table 5), and in the Nariitdemisphere between 50 and
60°N. Maximum biomass values show peaks around @@itNbetween 40 and 20°S,
with declines towards both the equator and thesp@@®mass estimates between the
equator and 40°N are belowt§CL™. The highest biomass estimate of 127.2
ngCL ™ is for a sample off the Icelandic coast (62.8°0L02W). Strong differences

can be observed between the Atlantic and Pacifsa®cwith Atlantic biomass
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values reaching 127, ;CL"* (mean 1.7 + 7.5, median 0.18CL™) compared to
just 20.0ngCL ™ in the Pacific (mean 0.3 + 0.9, median O@CL ™). The relatively
poor spatio-temporal coverage of Pacific Ocean miasiens, however, may
contribute to this discrepancy. Indian Ocean biamadues reach a maximum of
45.2pgCL ™", with a mean of 1.1 + 3.4 and median of Q&L ™.

In the Southern Ocean, the maximum biomass vaperted is 6.5.gCL ™", mean
biomass is 0.19 + 0.58CL™ and median biomass is 0.04CL™. Higher values
are recorded in the Arctic Ocean, with a maximura&®ugCL™, mean of 0.78 +
5.7 ugCL™* and median of 0.0pgCL ™

L
0.0001 0.001 0.01 01
Coccolithophore biomass (ug C )

Figure 6. Mean coccolithophore carbon biomass (ug CL ) for six depth bands (a) 0—5 m (b) 5-25m (c) 25-50 m (d) 50-75m (e) 75-100m
and (f) > 100 m depth.

3.2.2 Depth distribution
Highest biomass values are reported in surfacersvated decline with depth
(Figs. 3b, 6), although biomass values of up tpg3L™ are still reported at 100m

depth. Mean biomass for the surface layer (0—18r)d + 5.21gCL™* and median
biomass is 0.08gCL™*. Biomass values below 200m reach a maximum of
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0.01ugCL™ . The deepest observations of coccolithophorest560m depth, with
biomasses reaching a maximum of just 0.0§&L™.

3.2.3 Seasonal distribution

The data show a clear seasonal cycle in the NertHemisphere, with biomass
values reaching just 1igCL ™" in December and over 1Q@CL ™ in the summer
months (June— July, Fig. 7). In the Southern Hehespthe seasonal cycle is less

evident, possibly due to the greater contributibdaia from low latitudes where
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Figure 7. Seasonal distribution of coccolithophore biomass data for (a) Northern Hemisphere and (b) Southern Hemisphere.

3.2.4 Uncertainty

The expected uncertainty associated with our canwes of cell abundance to
carbon biomass due to varying cell size is depictdelg. 8. Biomass estimates are
best constrained where detailed taxonomic inforomas available, and for samples
containing species for which a limited size range been reported. Very high
uncertainty (range of biomass values greater tl0@0% of the mean biomass) is
associated with counts of unidentified coccolitho@s. This is to be expected given
the large range of sizes reported for the apprabalp@00 known coccolithophore
species (see Appendix Table A3).

An additional source of uncertainty, however, is #stimation of cell biovolumes
from coccosphere dimensions, and is more diffitutjuantify. A comparison of our
biomass estimates based on coccosphere dimensithnsstimates from available
cytoplasm dimensions suggests that we may be ustdaeting coccolithophore
biomass values by a factor of up to 5 for someispddable 2). It is worth noting,
however, that the cytoplasm dimensions consideeeel &ire based on either culture

specimens (Stoll et al., 2002) or a small numbédietd samples from the Icelandic
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Basin (Poulton et al., 2010) and the Mauritanianvelpng (Franklin et al., 2009).
For one of the best-studied specteshuxieyi, our mean biomass estimate of

13 pgCcell* falls within the range of published carbon measaets of 7.8 to 27.9
pgCcell* (Fernandez et al., 1993; van Bleijswijk et al.949Verity et al., 1992),
while our estimates from the cytoplasm measuremenkable 2 show much lower

values of 3.5-3.7 pgCcéll

0.0001 0.001 0.01 0.1 1 10 100
Coccolithophore biomass (ug C L")

(b)
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Coccolithophore blomass uncertainty (range as % mean)
Figure 8. (a) Surface (0—-5m) mean coccolithophore biomass

(ugCL') and (b) range of uncertainty in cell biomass estimates
(% of the mean) due to uncertainty in cell size.
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4 Discussion

There are many sources of uncertainty associatiédonr calculations. We have
attempted to quantify the uncertainty associatet wariable cell dimensions by
providing minimum and maximum biomass values fahedatapoint, but this does

not represent the full range of uncertainty assediavith our biomass values.

The estimation of cell biovolumes from coccospldtneensions is likely to result in
additional errors which are at present difficulgteantify. A more accurate

estimation of coccolithophore biomass will onlygmessible with improved
understanding of coccolithophore cytoplasm dimeamsi@.g. Stoll et al., 2002), and
we highlight this as a key data requirement forrowpd estimates of

coccolithophore biomass from abundance data. VWi@outine measurement of
coccolithophore cell dimensions is a timeconsunpiragess, there also appears to be
potential to estimate cell size from coccolith lBn@Henderiks and Pagani, 2007;
Henderiks, 2008).

Few observations of coccosphere dimensions aretegbim the literature for most
species, and the number of cells that have beelrestto derive the given ranges is
rarely reported. Measurements are often from desiggographical location,
meaning that size variation between strains isanobunted for. There is additionally
inconsistency as to whether the range of coccosiees reported is the full range
of sizes that occurs or only those most commongeoled. A further source of
uncertainty is the generalisation of at times camgeometry to fit a particular

geometric form.

The uncertainty ranges provided around our bioreagmates are intended to reflect
the influence of cell size on coccolithophore bigs&ince these are based on
cytoplasm dimensions estimated from total coccosphiee, it is unclear whether
biomass values towards the high end of our uncgytaange are biologically
realistic. We may expect larger coccospheres tchibeacterised by a greater
proportion of inorganic carbon rather than reflegta constant ratio of cytoplasm :

coccosphere dimensions.

While our uncertainty ranges are very high, a camspa of our mean biomass
estimates to previously published coccolithophaoenass values shows strong

consistency: our highest mean biomass estima&estfiose associated with large

170



E. huxleyi blooms: maximum of 12#gCL™) are similar to past estimates from light
microscopy-based cell counts (e.g. Holligan etl#193: 13qugCL™), but slightly
lower than coccolithophore biomass estimates fratty ficid biomarkers in
mesocosm experiments (de Kluijver et al., 2010: dgOL™).

In addition to the errors introduced by the biomamsversion process, a
considerable degree of uncertainty is already @stsatwith the cell abundance data.
Coccolithophores can be quantified using seveddrtigues, including visual or
automated identification from scanning electronnzscopy, regular light
microscopy and light microscopy using cross-poétisght. Additionally, samples
can be prepared for light microscopy either bydtibn or by using the Utermohl
sedimentation method (Utermohl, 1958). Reid (198@) Bollmann et al. (2002)

both concluded that inverted light microscopy isaliable for determining cell
densities of small coccolithophores.

Despite these limitations, the Utermohl methodeafisientation and inverted light
microscopy remains widely used in studies invesiiggphytoplankton assemblages,
and any compilation of global coccolithophore digitions would be incomplete
without these data. Cell counts from SEM can add#ily be unreliable at high cell
densities, where shedded coccoliths can lead ficuifes in distinguishing

individual coccospheres (A. Poulton, personal olzgen).

The synthesis of datasets obtained from theseréiffenethods would be greatly
improved by further comparative studies similatttose carried out by Bollmann et
al. (2002), as it is currently unclear to what extemall and rare species are being

overlooked in different ocean regions as a redithh@se methodological differences.

Users of the gridded data file should also take aansideration the sparse nature of
the original data. Often monthly mean gridded valoave been derived from
relatively few individual datapoints that do nopresent the full range of values that
occur in a given location. We expect to see atmasrd higher biomass values,
given that studies are often conducted in locatanstimes of year when blooms

are expected to occur.

We have not included estimates of inorganic cadmrient in the database, as we do
not feel that useful estimates of coccolithophaieite can currently be provided
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from the abundance data. The ratio of inorgani@oigcarbon has been shown to
vary considerably with environmental and growthdaitons (Zondervan, 2007),
with ratios for the specids. huxleyi alone ranging from 0.26 to 2.3 (van Bleijswijk
et al., 1994; Paasche, 2002). While some estinmaes been made of the
relationship between inorganic and organic carleoff huxleyi-dominated
communities (e.g. Fernandez et al., 1993; Poultah ,e2010), the relationship of
calcite content to biomass for other coccolithophmymmunities remains less well
understood.

The biomass estimates presented here represest atfempt to assess global
coccolithophore biomass distributions. While weogguse that the uncertainties
associated with these biomass estimates are sigmifiwe nevertheless feel that they
provide a more informative dataset than would amtation of abundance data

alone given the large size variation among codomfihore species. The
coccolithophores present particular challengeshifiercompilation and synthesis of
diverse datasets due to the wide range of methgets for their quantification as

well as the limited understanding of cell dimensiofhe strong biases associated
with the different methods highlight the need foceolithophore abundance data to

be published alongside appropriate metadata tavalkers to assess data quality.

5 Conclusions

This database represents the largest effort totdatempile coccolithophore
abundance observations and provide standardisethsgestimates to the scientific
community. We report our biovolume and biomass eosion procedures in detalil
and discuss the associated uncertainties. We patcthat this dataset, together with
others from the MAREDAT special issue, will be duadble resource for studies of
plankton distributions and ecology and in partictita the evaluation and
development of marine ecosystem models. While aiaalearly lacking for certain
regions, the dataset nevertheless representsrgestavailable compilation of
global coccolithophore abundance and biomass. WWe tmimprove the spatial and
temporal coverage of the dataset as well as th&@cg of biomass conversions as

additional data become available in the future.
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Appendix A
Al Data table

A full data table containing all biomass data psicén be downloaded from the data
archive PANGAEA (doi:10.1594/PANGAEA.785092). Thatalfile contains
longitude, latitude, depth, sampling time, abun@artmunts and biomass

concentrations, as well as the full data references
A2 Gridded netcdf biomass product

Monthly mean biomass data have been gridded o8G®Da< 180 grid, with a
vertical resolution of 33 depth levels (equivalEWorld Ocean Atlas depths) and a
temporal resolution of 12 months (climatologicalntidy means). This dataset is
provided in netcdf format for easy use in modellea@on exercises. The netcdf file
can be downloaded from PANGAEA (doi:10.1594/PANGAE2Z6092). This file
contains total and non-zero abundance and bionadsss: For all fields, the means,
medians and standard deviations resulting fromiplelobservations in each of the
1 pixels are given. The ranges in biomass valuega uncertainties in cell size are
not included as variables in the netcdf product,doe given as ranges (minimum

cell biomass, maximum cell biomass) in the datéetab
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A3 Biomass conversion details

Table A3. Biomass conversion details for coccolithophore taxa reported in the database: biovolume category (best available taxonomic
description, species names corrected where possible); number of datapoints (n, flagged and unflagged data); coccosphere shape (S = sphere,
PS = prolate spheroid, C = cone, CY = cylinder, DC = double cone, V = various shapes, L = species dimensions unknown, cell biovolume
estimate from literature); minimum, maximum and mean coccosphere dimensions (um), cell biovolume (um3 ) and cell biomass (ngL‘l).

Biovolume Category n  Shape Diameter (jum) Length (um) Width (um) Biovolume (ym’) Biomass (pgCeell ') References
Min Max Mean Min Max Mean Mmm Max Mean Min Max Mean Mm Max Mean
Acanthoica sp. 199 PS 61 126 85 9 18 12
Acanthoica acanthifera 130 PS 6.0 70 65 50 50 50 17 20 18 3 3 3 4,16
Acanthoica janchenii 5 PS 70 65 17 70 33 3 10 5 16
Acanthoica ornata 4 PS 140 160 150 110 120 115 192 261 24 26 34 30 26
Acanthoica quattrospina 1446 PS 70 150 110 50 95 3 20 153 65 3 21 10 4,9,10,11,12,16
Algirosphaera cucullata 25 S 80 110 95 58 151 97 9 21 4 4.16
Algirosphaera robusta 448 S 65 160 113 31 463 161 5 57 2 4,9,10,11,12,16,25
Alisphaera sp. 60 S 75201 125 1n 28 18
Alisphaera extenta 45 S 65 100 83 31 113 64 5 16 10 17
Alisphaera gaudii 45 S 110 120 115 151 195 1m 21 26 3 17
Alisphaera ordinata 67 S 100 120 110 13 195 151 16 26 21 17
Alisphaera pinnigera 70 S 70 130 100 3% 248 13 6 32 16 417
Alisphaera spatula 25 s 11.0 75 316 151 1 40 21 5
Alisphaera unicornis 165 s 73 120 9.7 40195 102 7 26 15 4,9,10,22
Abveosphaera bimuwrata 67 DC 18.0 80 3 137 65 5 19 10 2
Anacanthoica acanthos 50 PS 80 125 103 70 70 70 4 69 57 7 10 9 4,11,16,26
Anacanthoica cidaris 25 S 13.0 124 522 248 17 63 32 16
Anthosphaera sp. 305 S 45 103 10 463 122 2 57 17 4.10.18
Anthosphaera fragaria 141 S 45 58 10 39 2 2 6 4 4.10.1
Braarudosphaera sp. 6 s 50 105 4 463 131 2 57 18
Braarudosphaera bigelowii 1034 s 50 105 14 463 131 2 57 18 8,10
Calcidiscus sp. 83 s 50 165 64 1432 364 10 157 46
Calcidiscus leptoporus 967 s 50 165 14 2483 508 2 257 62 4,9,10,11,15
Calcidiscus quadriperforatus 67 S 100 125 113 382 21 16 48 2 4.10,11
Calcioconus sp. 7 C 150 180 165 100 120 110 85 147 13 v 20 16
Calcioconus vitreus 17 C 150 180 165 100 120 110 85 147 113 12 20 16 26
Calciopappus sp. 12 C 18 4 29 3 7 5
Calciopappus caudatus 49 C 260 360 310 35 40 38 18 33 25 3 5 4 10
Calciopappus rigidus 181 C 90 120 105 60 9.0 75 18 55 33 3 8 5 4.10.12
Calciosolenia sp. 61 v 31 817 240 5 95 31
Calciosolenia brasiliensis 1394 DC 330 1000 665 40 80 60 30 362 135 s 46 19 1,4,9,10,12,19
Calciosolenia murvayi 131 CcY 30 100 65 210 750 480 32 127 34 5 41 43 1,4,9,10,11,12
Calicasphaera blokii 45 S 65 77 71 31 52 40 5 8 6 15
Calicasphaera concava 45 s 70 110 9.0 39 151 82 6 21 12 15
Calicasphaera diconsmicta 25 s 62 85 74 2 69 45 4 10 7 15
Calyprrolithina divergens 67 PS 55 80 68 55 60 58 19 33 25 3 5 4 10
Cabyprrolithina multipora 92 S 139 225 182 304 1288 682 39 143 80 10,15
Cabyprrolithina wensteinii 45 PS 125 158 142 107 130 119 162 302 25 2 39 30 11,15
Cabyprrolithophora gracillima 1 PS 95 180 138 90 160 125 87 521 243 13 63 32 4,10
Cabyprrolithophora papillifera 141 S 90 200 145 82 905 345 12 104 - 4.10,11
Cabyptrosphaera sp. 820 S 50 20 135 254 484 350 33 59 —
Cabyptrosphaera globosa - S 170 200 185 556 905 716 67 104 84 26
Cabyptrosphaera incisa 1 s 100 57 238 13 9 31 16 26
Cabyptrosphaera insignis 8 S 110 140 125 151 310 21 21 40 29 26
p. 15 S 45 180 113 10 660 161 2 78 2 4,9,10,11,22
Canistrolithus sp. 74 S 143 238 190 327 1515 776 42 165 90 4
Ceratolithus sp. 6 S 70 189 130 39 764 246 6 89 32
Ceratolithus cristatus 107 s 70 189 130 39 764 246 6 89 32 4,10,22
Coccolithus sp. 1191 S 80 20 150 58 1204 382 9 134 48
Coccolithus pelagicus 1108 S 80 220 150 58 1204 382 9 134 48 9,10,11
Coccolithus pelagicus holo 625 S 80 180 130 58 660 248 9 78 2 10
Corisphaera sp. 40 S 45 92 69 15 52 28 3 8 5
Corisphaera gracilis 93 s 65 16 65 31 3 10 5 10
Corisphaera strigilis 49 s 50 70 6.0 14 39 24 2 6 4 4
Coronosphaera sp. 626 S 120 530 325 22 509 345 2 62 “
Coronosphaera binodata 4 S 130 160 145 248 463 345 32 57 “ 4,26
Coronosphaera mediterranea 34 S 120 170 145 195 556 345 26 67 “ 4,9,10
Cribrosphaera sp. 15 S 83 32 136 65 5 19 10 23
Cribrosphaera ehrenbergii 5 S 83 32 136 65 5 19 10 3
Crystallolithus sp. 11 S 80 200 140 58 905 310 9 104 40 10
Cyrtosphaera aculeata 93 S 70 19 81 39 3 12 6 4,10,16
Cyrtosphaera lecaliae 45 S 9.0 41 173 82 6 23 12 16
Discosphaera sp. 152 S 45 140 100 10 310 13 2 40 16
i i 1312 S 45 140 100 10 310 113 2 40 16 1,4,9,10,11,12,16
Emiliania huxleyi 5651 S 35 150 93 5 382 90 1 48 13 1,4,9,10,11,12,14,22
Florisphaera profunda var. elongata 49 S 120 98 410 195 14 51 26 4,10,12,24,25
Florisphaera profunda var. profunda 536 S 40 120 80 7 195 58 1 26 9 25
Gaplorocepsa sp. 909 s 26 150 88 n 121 0 4 17 8
Geplyrocapsa ericsonii 254 s 30 50 40 3 4 7 1 2 1 4,9,10,25
Gaplorocepss musileras 19 s 70 80 15 3 58 48 6 9 7 4
Geplyrocapsa oceanica 933 S 50 150 100 4 382 13 2 48 16 4,6,9,10,11,12
Geplyrocapsa ornata 422 S 33 45 39 31 31 31 5 5 5 4.10
Geplyrocapsids 9 S 26 150 88 19 165 56 3 2 9
Gladiolithus flabellatus 245 S 80 120 100 58 195 13 9 26 16 4

174



Table A3. Continued.

Biovolume Category n  Shape Diameter (jum) Length (um) Width (um) Biovolume (um’)  Biomass (pgCecell ) References
Min Max Mean Mmm Max Mean Mm Max Mean Mmm Max Mean Min Max Mean
Halopappus sp. 582 v 65 273 132 10 35 18
Halopappus quadribrachiatus 6 S 50 80 6.5 14 58 31 2 9 5 26
Halopappus vahseli 8 c 210 140 116 489 233 16 60 31 26
Heimiella excentrica 18 S 180 240 210 660 1563 1047 78 170 18 26
Helicosphaera sp. 398 v 150 672 340 21 79 43
Helicosphaera carteri 553 PS 100 280 190 130 200 165 191 1267 585 26 140 70 1,4,9.10,11,12
Helicosphaera carteri (holo) 67 S 100 155 128 13 421 234 16 52 31 411
Helicosphaera hyalina 109 PS 120 220 170 110 180 145 164 806 404 22 94 50 4,10,12
Helicosphaera pavimentum 131 Ps 105 135 120 105 125 115 131 239 179 18 31 24 4,22
Helicosphaera wallichii 49 S 147 134 149 627 299 21 75 38 4.2
Helladosphaera =p. 60 PS 49 90 70 40 64 52 9 42 21 2 7 4
Helladosphaera conifera 158 PS 49 90 70 40 64 52 9 42 21 2 7 4 4,10,11
Holococcolithophora sphaeroidea 100 S 60 120 9.0 24 195 82 4 26 12 4,10
Homozygosphaera sp. 45 S 60 150 105 41 315 131 6 40 18
Homozygosphaera arethusae 45 S 60 150 105 24 38 131 4 48 18 4
Homozygosphaera mriarcha 92 S 80 130 105 58 248 131 9 32 18 4,10
Lohmannosphaera sp. 4 S 60 120 9.0 24 195 82 4 26 12 1,9,10,11,12,25,26
Lohmannosphaera adriatica 32 S 100 120 110 13 195 151 16 26 21 1,9,10,11,12,25,26
Lohmannosphaera paucoscyphos 18 S 8.0 29 12 58 5 17 9 26
Michaelzarsia sp. 18 v 77 513 247 1 69 32
Michaelsarsia adriaticus 270 PS 100 300 200 80 150 115 72 763 299 11 89 38 1,9,10,11,12,25,26
Michaelsarsia elegans 200 S %0 150 120 82 38 195 12 48 26 49,10
Michaelsarsia splendens 32 S 120 98 410 195 14 51 26 25,26
Navilithus altivelum 45 S 50 80 6.5 14 58 31 2 9 5 28
Oolithotus sp. 39 S 60 1651 364 9 178 46
Oolithotus antillarum 301 S 100 130 115 113 248 1712 16 32 23 4
Oolithotus fragilis 579 S 40 300 170 7 3054 556 1 310 67 4,9.10,22
Ophiaster sp. 101 S 35 105 7.0 5 131 39 1 18 6 1,4,10,11,12
Ophiaster hydroideus 1748 S 35 80 58 5 58 2 1 9 4 1,4,10,11,12
Palusphaera vandelii 145 S 40 87 64 7 74 29 1 1 5 4,10,22
Pappomonas sp. 294 v 21 894 1331 4 103 147
Pappomonas flabellifera 25 PS 45 15 60 30 50 40 5 21 1 1 4 2 20,29
Papposphaera sp. 192 S 40 160 100 9 48 23 2 7 4
Papposphaera borealis 67 S 7.0 7 58 24 1 9 4 21
Papposphaera lepida 165 S 45 160 103 10 39 2 2 6 4 4,10,29
Picarola margalefii 94 S 60 120 9.0 24195 82 4 26 12 4
Pleurochrysis carterae 32 S 120 170 145 195 556 345 26 67 42 310
Pleurochrysis roscoffensis 8 S 120 200 160 195 905 463 26 104 57 7
Polycrater galapagensis 141 S 98 158 128 106 446 237 15 55 31 4
Pontosphaera sp. 114 v 261 1056 551 34 119 66
Pontosphaera discopora 2 S 170 280 225 556 2483 1288 67 257 143 9.10
Pontosphaera echinofera 5 PS 16.0 120 195 821 391 26 95 49 26
Pontosphaera haeckelli 2 S 110 150 130 151 382 248 21 48 32 26
Pontosphaera inermis 1 s 70 90 8.0 39 82 58 6 12 9 26
Pontosphaera nigra 42 PS 200 240 220 140 160 150 443 695 560 55 82 67 26
Pontosphaera ovalis it S 50 60 55 14 24 19 2 4 3 26
Pontosphaera stagnicola ! S 140 200 170 310 905 556 40 104 67 26
Pontosphaera syracusana 555 S 150 300 225 382 3054 1288 48 310 143 110
Poricabptra sp. 45 v 43 200 103 7 27 15
Poricabptra aurisinae 67 s 70 120 9.5 39 195 97 6 26 14 4
Poricabptra magnaghii 92 PS 100 135 118 65 116 91 48 205 109 7 27 15 2
Poritectolithus sp. 70 S 68 140 104 35 310 126 6 40 18 4,5
Poritectolithus poritectus 70 S 9.0 41 173 82 6 23 12 4
Reticulofenestra parvula 159 S 30 38 34 3 6 4 1 1 1 410
Reticulofenestra sessilis 284 S 60 105 83 24 131 64 4 18 10 9,22,25
Rhabdosphaera sp. 295 S 40 120 8.0 202 252 223 27 33 29
Rhabdosphaera ampullacea 1 S 68 73 71 36 44 40 6 7 6 25
Rhabdosphaera clavigera 1641 S 79 120 100 56 195 11 8 26 16 1,4,9.10.11,12,16
Rhabdosphaera hispida 46 S 100 120 110 13 195 151 16 26 21 26
Rhabdosphaera tignifer 2 L 800 800 800 93 93 93 277
Rhabdosphaera xiphos i) S 40 60 5.0 s 24 14 1 4 2 4
Scyphosphaera apsteinii 414 S 180 250 215 660 1767 1124 78 189 126 1,4,9,10,11,25
Solisphaera sp. 45 S 50 94 72 17 76 39 3 1 6
Solisphaera blagnacensis 45 S 56 94 75 20 93 48 3 13 7 2
Solisphaera emidasius 45 S 50 80 6.5 14 58 31 2 9 5 2
Sphaerocalyptra sp. 45 S 50 220 135 14 1204 278 2 134 36 4,10,11
Sphaerocalyptra adenensis U\ S 55 85 7.0 19 69 39 3 10 6 4
Sphaerocalyptra quadridentata 68 S 50 90 7.0 14 82 39 2 12 6 4,10,11
Syracolithus sp. 47 S 100 190 145 13 776 345 16 90 44
Syracolithus dalmaticus 29 S 100 190 145 13 776 345 16 90 42 4.10
Syracosphaera sp. 1249 S 92 598 26 13 n 32
Syracosphaera ampliora 25 S 56 102 79 20 120 56 3 17 ) 422
Syracosphaera anthos 183 S 70 130 100 39 248 113 6 32 16 4.9.10
Syracosphaera anthos holo 2 S 15.0 191 802 382 26 93 48 26
Syracosphaera bannockii 12 s 50 70 6.0 14 39 24 2 6 4 4
Syracosphaera borealis 49 S 65 82 74 31 62 45 5 9 7 2
Syracosphaera brandtii 43 S 120 150 135 195 382 278 26 48 36 26
Syracosphaera corolla 141 S 98 116 107 641 641 641 76 76 76 2
Syracosphaera cupulifera 3 S 100 57 238 113 9 31 16 26
Syracosphaera delicata 45 S 65 75 7.0 31 48 39 5 7 6 4
Syracosphaera dentata 19 S 50 170 110 14 556 151 2 67 21 26
Syracosphaera dilatata 17 S 90 140 115 82 310 172 12 40 23 5
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Table A3. Continued.

Biovolume Category n  Shape Diameter (um) Length (um) Width (jum) Biovolume (jum®) Biomass (pgCcell ') References
Min Max Mean Min Max Mean Min Max Mean Min Max Mean Min Max Mean
Syracosphaera epigrosa 17 S 80 130 105 58 248 131 9 2 18 2
Syracosphaera exigua 94 s 75 117 96 4 181 100 7 24 14 2
Syracosphaera grundii 38 S 80 100 9.0 58 113 82 9 16 12 26
Syracosphaera halldalii 116 S 60 180 120 24 660 195 - 8 26 4,9,10,22
Syracosphaera histrica 273 PS 108 200 154 90 140 115 99 443 230 4 55 30 10,22
Syracosphaera lamina 165 PS 120 470 295 125 235 180 212 2936 1081 28 299 122 9,11,22
Syracosphaera marginaporata 165 S 30 60 45 3 24 10 1 - 2 5
Syracosphaera molischii 1083 S 45 13 79 10 163 56 2 2 8 4,910,112
Syracosphaera nana 106 S 55 82 69 19 62 36 3 9 6 422
Syracosphaera nodosa 248 S 65 200 133 31 905 263 5 104 34 410,22
Syracosphaera norvitica 70 S 90 110 100 82 151 13 12 21 16 2
Syracosphaera orbiculus 165 S 60 93 17 24 91 51 - 13 8 2
Syracosphaera ossa 141 S 60 83 72 24 65 41 - 10 6 4,22
Syracosphaera pirus 240 PS 60 180 120 60 100 8.0 24 24 87 - 27 13 9,10,12,22
Syracosphaera prolongata 511 C 100 700 400 70 80 75 55 507 254 8 62 3 4,10,11.22
Syracosphaera pulchra 1331 PS 50 700 375 100 230 165 57 4188 1155 9 41 129 1,4,9,10,11,12
Syracosphaera pulchra (holo) 257 S 80 280 180 58 2483 660 9 257 78 10,11
Syracosphaera ronila 116 S 50 72 6.1 14 4 26 2 7 B 4,10.22
Syracosphaera schilleri 1 S 150 191 802 38 2% 93 48 26
Syracosphaera spinosa 2 S 80 95 88 58 97 76 9 14 11 26
Syracosphaera subsalsa 5 PS 200 280 240 140 180 160 443 1026 695 5 116 82 26
Syracosphaera tumularis 94 S 100 200 150 113 905 382 16 104 48 -
Thoracosphaera heimii 33 S 120 126 123 195 226 210 26 30 28 25
Turrilithus latericioides 206 S 80 110 95 58 151 97 9 21 14 4
Umbellosphaera sp. 690 S 92 160 126 101 42 24 4 52 30
Umbellosphaera irvegularis 1079 S 100 150 125 13 382 21 16 48 29 9
Umbellosphaera tenuis 420 S 92 160 126 88 463 26 13 57 30 410,11
Umbilicosphaera sp. 1968 S 85 430 258 84 3825 929 12 379 106
Umbilicosphaera foliosa 46 S 100 180 140 113 660 310 16 78 40 4,10,13,22,25
Umbilicosphaera hulburtiana 289 PS 85 280 183 85 240 163 69 1824 545 10 195 66 4.10
Umbilicosphaera sibogae 1601 S 85 430 258 69 8992 1931 10 818 205 1,4.9,10,11,12,22
Zygosphaera sp. 1 S 60 150 105 32 163 80 5 2 12
Zygosphaera amoena 45 S 50 70 6.0 14 39 4 2 6 - -
Zygosphaera hellenica 120 S 80 150 115 58 382 1m 9 48 23 4,10,11,12,15,25
Zygosphaera marsilii 27 S 60 85 73 21 69 43 - 10 F 4.10

References: (1) Avancini et al. (2006). (2) Bollmann et al. (2006). (3) Bottino (1978). (4) Cros and Fortuiio (2002). (5) Cros i Miguel (2002), (6) Doan-Nhu and Larsen (2010).

(7) Gayral and Fresnel (1976), (8) Hagino et al. (2000). (9) Hallegraeff (1984), (10) Heimdal (1997). (11) Heimdal and Saug d (2002), (12) H dez-Becerril and Bravo-Sierra
(2001), (13) Inouye and Pienaar (1984), (14) Klaveness (1972), (15) Kleijne (1991), (16) Kleijne (1992). (17) Kleijne et al. (2002). (18) Lecal (1967). (19) Malinverno (2004).

(20) Manton and Qates (1975). (21) Manton et al. (1976). (22) Okada and McIntyre (1977). (23) Priewalder (1973). (24) Quinn et al. (2005). (25) Reid (1980). (26) Schiller (1930).
(27) Vilicic (1985). (28) Young and Andruleit (2006). (29) Young et al. (2003)
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