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The Dynamic Green Ocean Model PlankTOM5.3 is a gllaltean biogeochemical model
representing interactions between planktonic orgrasj ocean and atmosphere. The plankton
is divided into five Plankton Functional Types (R}, Teach playing a specific role in carbon
and nutrient cycling and in the trophic chain. Tdgrewth parameters for each PFT are now
being derived in order to represent their dependeamt environmental conditions, including
climate change. Here we present our work on diatomgphytoplankton group of major

importance.

We reviewed published data on the temperature dbgpee of diatom growth rate. By
applying a quantile regression we calculate theewgulge of the maximum growth rate.
Exponential and optimal curves both have a hightrcept (0.99 and 0.96'}ithan Eppley’s
(1972) curve (0.59°Y. However, the rates at high temperature are estimated by the
exponential function. Both average and maximatatracommunity growth rate up to 37°C

are better represented by an optimal function.

Photosynthesis experiments were carried out withOaggraph on four diatom species
acclimated to different irradiances. Pl curve paastmsacm, 0m, Pn and R, were calculated.
Compared to the literature,, values are low, resulting in higit" values. Values fos®" and
0, differs also between polar and temperate spe@gsimisation of the model (Buitenhuis

and Geider, 2010) give simildr, and lowera“" values than those we calculated.

Finally, we applied the optimal temperature-depemeefunction and our values of™
and 6, to the model PlankTOM5.3. The sensitivity of theogystem to each parameter is
studied by changing one parameter at a time, irhteidifferent simulations. Primary
production varies from 47.28 to 50.44 Pg C'.y€hanges of PFTs abundance are highest for
mixed-phytoplankton and coccolithophores. Meso-zaokion, mixed-phytoplankton and
diatom abundances are more sensitive to changedemmperature-dependence, while

coccolithophores respond more to photosynthesiarpaters.
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CHAPTER 1

INTRODUCTION

Since early civilisations developed, humans haYectdd their environment, as any
living being affects its ecosystem, in a shortarg term. Starting in early T&entury, the
industrial revolution led to major economical, deggraphical and societal changes. Among
the many transformations the world has gone throongr the last 200 years, one is to
impact our lives as we had never imagined, in descarrent scientists are still trying to

estimate. | mean of course the climate change wegreriencing.

Industrial, mechanical, economical and societagj@sses of the last century that led to
improvements of our standard of living would novédeen possible without an affordable
source of energy for transport, industry and honfessil fuels. First, coal became
commercially used in the mid T8century, followed by oil and later supplemented by
natural gas. In the late $%entury, the shortage of whale oil brought the US/Zextract
petroleum (Energy Information Administration, 201&)jnce then, the use of fossil fuel

burning has been in constant increase (Prestie¢, 2001).

The main effect of fossil fuel burning is the redeaf CQ and other green-house gases
into the atmosphere. Measurements of atmospherig c@@centration show a dramatic
increase since the Y&entury (Petiet al, 1999). Although fossil fuel burning is the main
con-tributor to the rise of atmospheric £@oncentration (Marlanét al, 2000), other
changes like deforestation add to the effect. Cqunseces on the Earth are such that the
period starting from the industrial revolution até 18' century and going on until now has

been suggested to be called the “anthropocene'tZ@mand Stoermer, 2000).

Other gases such as methane, nitrous oxide ando@iblwrocarbons (CFCs) are
released from human activities. Like carbon dioxitteey have the property to absorb
energy at long-wavelength, i.e. energy radiatechftbe earth to the atmosphere. Because
they contribute to the absorption of energy byatmosphere, those gases are called green-
house gases. Although methane, nitrous oxide ar@sCfave a higher energy-absorption

capacity per mol, the release of £i@as been so large that it accounts for 60% ofitben-
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house effect (Rasmawargt al, 2001). It is carbon that most importantly matterghe

present study.

1.1CARBON CYCLE

To understand the consequences of,G@lease in the atmosphere, one should
understand the repartitioning of carbon in the lcayistem. We distinguish three reservoirs:
atmospheric, terrestrial and oceanic (Fig. 1.1)e @Btmosphere is a thin layer in contact
with both ocean and land and contains a minor paithe total carbon. Although the
atmospheric storage is small, fluxes of carbon betwit and the oceanic or terrestrial
reservoirs are high. The green-house gases itiosmiiy an important role in the radiative
heating of the Earth. The two major reservoirstesdrial (including underground) and
oceanic, host most of the carbon (6000 and 38000, Pgspectively). They contain six and
36 times the amount present in the atmospheregctgply. Their carbon turn-over are
slow (hundreds to thousands of years). As a comswguof this disproportion, small
changes in the oceanic or land reservoir can leathrge changes in the atmospheric
carbon, as in the case of fossils fuels burning.tk@ncontrary, changes in atmospheric
carbon concentration will impact the oceans sloBlgcause the atmosphere is the smallest
reservoir and is more homogenous than the otherveiss, any changes in the carbon

cycle will first be noticed by variations of thexaispheric C@concentration.
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Fig. 1.1: Main components of the carbon cycle: reservoirs (Pg C) and fluxes (Pg C per year) as in the
1980s. From Prentice et al., 2001.
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1.2 ATMOSPHERICCO, ON THE GEOLOGICAL SCALE

Atmospheric CQ@ concentration has been subjected to large vargtmn geological
scale. It was up to 6000 ppm 200 million years afuwe general trend between 60 and
40 million years ago is a decrease, leading toreceatration during the past 20 million
years of 100-400 ppm (Pearson and Palmer, 2000).

Regular variations over the last 400 000 yearsaas®ciated with glacial/interglacial
cycles, during which COconcentrations ranged from 180 ppm to a maximur286f ppm
(Petitet al, 1999) (Fig.1.2.D). This was also the atmosph€f concentration before the
beginning of the industrial revolution in the™®8entury (Indermuhlet al, 1999, 2003;
Etheridgeet al, 1996). Since then the atmospheric,@Oncentration has been in constant
increase. While this level of GQconcentration is comparable with previous glattal
interglacial changes, the time-scale is not. Whetka glacial to interglacial transition took

about 15000 years, the anthropogenic carbon weaasetl over less than 200 years.
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Fig. 1.2: Variation of the atmospheric CO, concentration on different time-scales. a) based on
direct observations, b, ¢ and d) CO, concentration in Antarctic ice-core. c: Monnin et al. (2001), a,
b and d: Prentice et al. (2001).
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In the 10 000 years of the current interglacialgueand before the start of the industrial
revolution in the mid 18 century, the atmospheric G@vas relatively stable (Fig. 1.2.C),
and net fluxes between the atmosphere, land anahomee estimated to have been small
(about 20 ppm) (Smitkt al, 1999; Indermuhlet al, 1999). The use of fossil fuel and the
changes in land-use led to an increase of carhonffom the land to the atmosphere.
Because of its large surface area and a high afisorpapacity, the ocean is affected by
changes in atmospheric carbon. It is estimatedatiird of human-released ¢@as been
taken up by the ocean. Only the part of G@maining in the atmosphere contributes to
green-house warming. Therefore to be able to prédgtiare atmospheric concentration and
its effect on climate change and feedbacks with kertd and ocean, we need to understand

and quantify the oceanic absorption.

1.3THE CARBON CYCLE DURING THE ANTHROPOCENE

The carbon released during the anthropocene (1808}1s estimated between 340 and
420 Pg C (Sabinet al, 2004), coming from fossil fuel combustion, cemprdduction and
land-use change. Most of it remained in the atmesphleading to an increase of the
atmospheric carbon concentration of about 30%, f&88 ppm in 1800 to 360 ppm in
1994,

Emissions have increased over thd' 2@ntury, from 3.92 Pg C per year in 1950 to
9.28 Pg C in 2009 (Le Queéré, 2010) (Fig. 1.3). Bagrthose sixty years, absorption by
oceans decreased: during the sixties 39% remainethd atmosphere, while oceans
absorbed 33% and the land 28%; in 2000-2009, 46%hefemissions remained in the

atmosphere, while oceans absorbed only 27%.

Although oceans have had a major role of buffeabgorbing the atmospheric carbon,
this capacity is limited. Furthermore, the absanptof carbon by the oceans is modifying
seawater properties. Understanding the responskeobcean to the rise of atmospheric
CO, concentration is necessary to estimate the amafurdrbon the ocean will be able to
absorb. This includes understanding the biocheynisthind CQ dissolution as well as the

effect of CQ rise on organisms.

Introduction | 13
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Fig. 1.3: Global carbon emission from fossil fuel combustion and cement production from 1960 to
2009 (Le Quéré et al., 2010).

1.4CO, ABSORPTION BY THE OCEANS

Ocean absorption of GQs a physical, chemical and biological process.

The great capacity of the ocean to store carbost fiomes from the chemical
dissolution of CQ in seawater. Like every gas, ¢Qliffuses from high to low-
concentration compartments. Dissolution increageider water. Most of the GQeacts
with seawater to form bicarbonate and carbonate vamle about 1% remains in dissolved
CO,. The sum of bicarbonate, carbonate and, @Ocalled dissolved inorganic carbon

(DIC). The concentration of DIC is about 40 timasyker than of organic carbon.

The atmospheric COabsorbed by the ocean does not remain in thecgurthe DIC
concentration increases with depth. This is thalted physical processes which contribute
to the vertical repartitioning of the DIC by transfng cold and carbon-rich waters to the
deep ocean. Moreover, carbon is more soluble ircthe water of the deep ocean layer.
Biological processes are also responsible for gelgrart of the transport of DIC in the
ocean deep-layer.

1.4.1 Biological pump

Phytoplankton are the main actor of the biologisamp, responsible for the direct
export of carbon from the surface to the deep-ac&anse photosynthetic organisms use

dissolved inorganic carbon as a source of, @@ photosynthesis. The global oceanic
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primary production of organic carbon has been estithat 36 to 47 Pg C Y(Behrenfeld

& Falkowski, 1997; Behrenfeldt al, 2005; Antoineet al, 1996) Most of this organic matter

is consumed by zooplankton or remineralised bydsecin the surface layer. The organic
matter that is not recycled within the surface tegieks to deeper layers, contributing to the
increase of DIC in the water column. Around 10 Pgr€escapes the grazers and reaches
the deep-layer Schlitzer, 2004 where they are also consumed by deep organisms o
respired by bacteria into inorganic carbon andients. Only about 1% is transferred to the

sediments.

Many observations, in the field on vitro, show organisms can react differently to
changes in surrounding conditions. While the oaeanvironment is thought to have been
stable in the last 2000 years, we are now witngssiffiects of anthropogenic carbon
emissions on the ocean chemistry. The behavioghgfoplankton cells in future marine
ecosystems will influence the absorption of theesscatmospheric carbon by the ocean.
This is why understanding the key features of tifferént types of phytoplankton and the

main drivers of their growth is essential to prédienorrow’s climate.

1.4.2 Phytoplankton

Life exists around the entire ocean. Single cétidpwing the current, are spread over
all fresh and seawater. They are called “planktdrdm the greek plankto§ meaning
“wanderer” or “drifter”. Phytoplankton, includingyanobacteria and algae, are unicellular
organisms with a volume from less than 1%um0 a few mm. They are the
photoautotrophic part of the plankton and perfor8%9of the primary production of
organic carbon in the oceans (Falkowski and Rau®97). Like plants in terrestrial
ecosystems, phytoplankton are the base of the ¢bath in oceans: organisms in higher
trophic levels are directly dependent on their alaunte.

Light, temperature and nutrient concentration aeerhajor factors influencing primary
production. The light constrains phytoplankton gitowio the upper layer, called the
euphotic zone. The more productive waters arerabdn nutrients. They are situated near
the continental shelves, where tidal mixing, diremitact with remineralised nutrients from
the sediments and river input provides them wittrients, or in upwelling regions, where

nutrient-rich deep water is transported to theaxef

Some general features of the phytoplankton diginobuacross the ocean are well
known. For example, open ocean areas, poor inemis;i are dominated by small

Introduction | 15



organisms. They grow relatively fast and recycleieintly the nutrients within the surface
layer. By contrast, coastal ecosystems rich inientis are dominated by bigger organisms

that also export organic matter in the deep laggrf®rming aggregates.

Phytoplankton cells interact with their environmeaaking from it the elements required
for growth and, in exchange, releasing organicnorganic matter. Their growth depends
on and affects the chemical, physical and bioldgibaracteristics of the medium and of
the entire water-column. The interaction of phy&ogiton communities with their
environment has shaped the geochemical featurgeeafceans. Physical water circulation
tends to distribute homogeneously over the ocedrients like nitrate, phosphate and
silicate. It enhances the absorption of atmosph@ék by surface seawater and transports
carbon-rich cold water to the deep ocean. The poesef phytoplankton has a major
influence on nutrient distribution and on carboasdiution, working against the physical
homogenisation. As phytoplankton grows, mainlyha surface mixed layer, nutrients tend
to be depleted. A part of the nutrients containedells are recycled within the surface
layer. Another part forms aggregates that are e¢®goto deeper layers, increasing the
nutrient concentration in the deep ocean. Bactanth zooplankton are responsible for the
remineralisation of the organic matter. Theref@ieytoplankton has a major influence on

global elemental cycles.

The many different ecosystems found in the oceae Ipgrmitted the co-existence of
much diversity, in which each group of plankton daseloped a strategy to compete with
others. Thanks to their different adaptations, ktiam species have conquered the entire
surface ocean. Phytoplankton community is diverse @an be classified, for instance, by
phylogeny, size or by metabolic pathway, as weidettow.

Because of their different metabolism and chengoahposition, the numerous types of
plankton affect differently the nutrient and DIC ncentrations. In this study we are
particularly interested in the carbon export frdme surface to the deep ocean, at present
time and in the future. This factor will be detenmg in the regulation of oceanic, and

indirectly atmospheric, C£xoncentrations.

The carbon export varies among phytoplankton speadepending on grazing and
bacterial degradation rates and on sinking speedersl components such as calcite
(CaCQ) and opal (SiQ are patrticularly important in the determinationcarbon export
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(Klaas and Archer, 2002). According to Armstraetal. (2002), the flux of organic carbon
depends on the mineral ballast of the cell, catedlas the concentrations in silica, calcite
and dust. These authors conclude carbonate is tine efficient transporter of particulate
organic carbon to 2000m.

Some organisms affect the sinking rate throughigiaraggregation (Alldredge and
Gotschalk, 1989). Diatom cells are known for forghpost-bloom large aggregates of high
density. They tend to aggregate faster than cdboghores (lversen and Ploug, 2010),
though aggregates from coccolithophores are margaot and denser, so they have higher
sinking velocity. As a consequence, diatoms tentddaespired by bacteria deeper than

smaller phytoplankton cells.

Another factor influencing carbon export is theni@tion and sinking of fecal pellets by
zooplankton. Diatoms play again a role here, oéiesociated with meso-zooplankton, like
copepods, which leads to formation of pellets rnichsilica. Therefore diatoms tend to

dominate the export of carbon from the surfacerl&ay¢éhe sediment (Buesseler, 1998).

Among the large diversity of planktonic organisralcifiers (coccolithophores) and
silicifiers (diatoms) play an important role in @png carbon from the surface layer to the
sediment. In the following section we focus on alas, their characteristics and role in

marine ecosystem.

1.4.3 Diatoms

Diatoms are found all around the world, from seaic warm waters, in fresh and
seawater, in benthos or in the water column. Thabar of living marine diatom species
has been estimated between 1400 and 1800 spedamiget al, 1991). Diatoms are
unicellular, chain-forming yellow-brown algae wittumerous discoid plastids, containing
chlorophyll a, c1, c2 and the accessory pigmenoXanthin. They are characterised by
their siliceous frustules (or exoskeleton). There 2 large orders: centric diatoms (valves
usually cylindrical, making a frustule resemblingaditional pill box) and pennate diatoms
(valves elongate but the girdles are short, hatinegappearance of the halves of a date
box).

Diatoms are one of the major phyla of algae, ndy by their abundance but by their

importance in biogeochemical cycles. They accoontabout 40% of the total primary
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production in the ocean (Nelsat al, 1995). Diatoms are a key component of global
marine ecosystem models, playing an important molprimary production (Uitzet al,
2010) and in carbon export to the deeper layerthefocean (Egge and Jaconsen, 1997).
They are known to be highly competitive in nutrieich waters, where they form blooms.
They are dominant in nutrient-rich surface watdrkigh latitudes and the tropics, as well
as in coastal or upwelling waters (Nelsgral, 1995). They are also found in high-nutrient
low-chlorophyll (HNLC) regions, where iron conceatton limits phytoplankton growth.
Because of their requirement for silicic acid taldbuheir frustules, they have a strong
impact on the global silicate cycle (Trégustral, 1995). They require more iron and
phosphorus than most of the small phytoplanktorntii®a et al, 2005). However, their
ability to store nutrients in vacuoles enables thengrow well in turbulent water with
irregular daylight and nutrient supply, unlike colithophores, dinoflagellates and
diazotrophs. Diatoms respond quickly to iron fesation experiments (Boylet al, 2000).

1.5BIOGEOCHEMICAL MODELLING

The need to understand marine ecosystems and dactpeand quantify the impact of
climate change has led to the development of magoosystem models. Modeling tight
links between living organisms and their immediat@ironment impose a coupling of the

physical, chemical and biological dynamics of ticean.

Physical oceanographic models are well developeédimtiude for instance coastlines
and bottom topography, fluid dynamic, diffusionsaosity and mixed-layer depth. Their
mathematical representation follows known firstipiples. Atmospheric conditions such as
pressure, temperature, light and wind are oftemesgmted by an atmospheric model,
independently parameterised and coupled to thenaceaodel. To this already complex
figure is added a biological model compiling biaked variables. Numerous biological
models exist, more or less complex, depending aohwiuestions they aim to answer.

Modellers face several issues:

- How to represent the complexity of the marine estesy? What criteria should be
considered to represent the phytoplankton?

Modellers are constantly confronted by a tradelstween computational cost and

modelling complexity, good representation of knopnocesses and fit to observational
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data. However, none of the models aim to repregentvhole ecosystem complexity, for
(1) it is beyond our knowledge and (2) it has bassumed there is an optimum level of
complexity beyond which higher complexity would rgimore deviation or uncertainty
than it would improve the model accuracy (Anderand Totterdell, 2004).

- How to parameterise the model?

Unlike physical phenomena, that follow known figstinciples, biological growth
depends on many variables that are not alwaysieddoy mathematical functions. Even a
simple model such as cellular growth as a functibthe temperature cannot be described
with metabolic parameters. Cellular growth depemashe activity of several enzymes, on
the cell respiration and on the photosynthesis operdnce. Modeling each of those
processes would be far too complex. Instead we Igirinpd the mathematical function
fitting the best to the observations of growth dsraction of temperature (see Chapter 2).
The same principle can be applied to higher le¥elbmplexity, for instance the growth of
the whole marine phytoplankton as a function ofrth&ient concentration (as in a nutrient-
phytoplankton model). Instead of modelling all ffirecesses involved, such as considering
all the cellular processes involved as well asdifferent species and their specific needs, a
solution is to represent the growth as a functibthe nutrient uptake, the maximal growth
rate and a term for loss, summing respiration, atityt and grazing. Although those
parameters can eventually be estimated from fieddsurements, they can also be tuned for

the model output to show agreement with observatidata.

However, tuning is not the optimal solution. A “adi model performing well in
certain conditions of the ecosystem may not givalisic output in a changing
environment. In other words, the ideal model wosltbw accuracy under a range of

environmental conditions.

To summarise, the challenge is to find the simpiasttion and parameters that would
represent well the observations in different candg. Previous efforts were made to come
up with parameters defining plankton physiologyairtontext that can be used in global
biogeochemical model. Literature reviews of expenial studies on plankton physiology
(for diatoms: Sarthoet al, 2005) provide an estimation of physiological paeters that
can be applied in a model. Geider’'s work on phattdsssis and photo-acclimation (Geider,
1997) is an example of plankton parameterisatiora danction of physical parameters

(irradiance, day-length, temperature and nutriewmdilability) and using measurable
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physiological variables. Chapters 2 and 3 of tlesighexamined the temperature and light-

dependence, respectively, of diatom growth rate.
- The last task, but not the least important, isvélalation of the model.

Model outcomes are compared to observational d@¢garding plankton, those are
often Chlorophyll concentration, biomass or densliyained from the field, or observation
of sea surface colour by satellite (converted tdofeiphyll concentration). Validation
remains a key issue as modellers often lack fielih dor comparison. In some cases, the
same data are used for parameterisation and vahldafloreover, in order to use a model
as a tool to predict future changes in the ocdam,model should not only return results
close to current observations, but also model angnges in ecosystem caused by

variations of the environment.

1.5.1 NPZ models

A simplification of the lower food web is an NPZ dw, for nutrient- phytoplankton-
zooplankton. The three components of this type ofl@h are considered as boxes through
which is transferred a flux of matter, e.g. nitroge carbon. For example, nitrogen input to
phytoplankton is a function of the nitrogen concation, the light intensity and the
maximum growth rate. The output will depend on medjn, grazing and mortality. NPZ
models can be used to assess our knowledge oénutycling or to simulate chlorophyll,
primary production or the timing of phytoplanktoloeims (Olascoagat al, 2005). It does
not take into account the diversity of plankton buty provide a relatively good
representation of general nutrient dynamics, Clglyti concentration (Fasham, 1995) or
dimethyl sulphate (DMS) distribution (Aumoet al, 2002).

Representation of the various marine ecosystemifgjges requires more complex
models, including for instance the possibilitiesin limitation, grazing preference of
zooplankton or a specific requirement, e.g. siéctdr diatoms. More complex models
either use multiple boxes, like the dynamic greeeam models (Le Quekrt al. 2005), or
represent ecological shifts within each trophiceleVike the multiple size class model by
Armstrong (1994), differentiating the role of phytand zooplankton depending on their

size.
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Fundamental biologically mediated processes obttean have been identified, such as
denitrification and nitrogen fixation, dissolved gfixation by autotrophs, calcification and
silicification. Those processes are essential tdaire organisms and require specific
metabolic pathways that are not present in allusgas (Falkowski and Raven, 1997).

Moreover, we know from observation of nutrient cemications in the global ocean that
phytoplankton is one of the drivers of the globaitrient distribution. Furthermore,
biochemical processes are linked together. Foamtst diatoms influence dissolved silicate
distribution and also, as autotrophs, play a roledissolved carbon concentration and
carbon export. Therefore, the study and modellihgne biogeochemical cycle cannot be

done without taking the links to other biogeochahaycles into account.

1.5.2 Biogeochemical models

As we explained above, grouping organisms into kblaoxes for zooplankton or
phytoplankton does not allow representation of gjebiochemical functions. Global
biogeochemical models have been built in order haracterise the functioning of the
carbon cycle (Najjar 1992) and other nutrient cygldumont and Bopp, 2006). Recent
models are based on the differentiation of biogeoubal characteristics of the phyto- and
zooplankton, grouped into Plankton Functional tygB&Ts). PFTs are composed of
organisms with a common metabolic pathway or egoddgole. Those models allow
changes in biogeochemical cycles caused by a changeosystem variables. The first
were developed to represent the seasonal succeskiglankton species at the regional
scale (Van den Berg, 1996; Allest al, 2004; Lancelotet al, 2000). Only dominant
species were represented, like diatoms Rhdeocystisn the North Sea (Lancelet al,
2000) or diatoms, dinoflagellates, flagellates #mel coccolithophor&miliania Huxleyiin
the Bering Sea (Mericet al, 2004). Agreement with data was generally achiettsaligh

some PFTs, like diatoms, are easier to constraim tithers.

Then PFTs were implemented in global studies. Maral. (2002) included small
phytoplankton, diatoms and nitrogen fixers; Gregy al. (2003) used diatoms,
chlorophytes, coccolithophores and cyanobactenaa IDynamic Green Ocean Model
(DGOM), Le Quéreet al. (2005) define ten PFTs chosen regarding the fatigveriteria:
they have an explicit biogeochemical role as welhaspecific physiology or metabolism;
their behaviour affects other PFTs, e.g. by granqwutrient competition; they are of
guantitative importance, in at least some regiothefocean. Phytoplankton is divided in
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six PFTs: silicifiers, mixed-phytoplankton, caleifs, pico-autotrophs, Nixers and DMS-

producers.

It is worth mentioning an alternative approach he tcosystem complexity. While
biogeochemical models emphasis the diversity okiygical traits among various PFTSs,
dynamic energy budget (DEB) models tend to simplifg ecosystem biodiversity and
focus on the common traits of individual life’'s tgc(Kooijman, 2000). DEB models
specify the uptake of energy from the environmertt &s use by the organism, either for
maintenance, reserve or reproduction. First apphesingle species, the DEB theory has
been used to describe ecosystems, including plizptation and nutrient-limitation. They
have successfully described individual growth, sjgecies interactions as well as marine
ecosystem dynamic. As in Bruggeman and Kooijma®720every species are modelled
with the same equations; the interspecific diffeemreside in differences in values of key
parameters. This type of model could be used tatifyahe impact of climate change on

the marine ecosystem.

1.5.3 PlankTOM

The objective behind a DGOM is to predict the a@Beaf climate change on the marine
ecosystem and their feedbacks. Therefore it isgsacg to represent PFTs by mechanistic
parameters controlled by the environment rathem #rapirical values. Parameters should
give the average value for the group considereaicdn@ot focus on only one main species.
In fact, the most abundant species could disapp#arclimate change, while others would

thrive.

Although we understand well phytoplankton cells giblogy, largely studied in the
laboratory, we are still at the stage of identifysnd quantifying the links connecting PFTs
to each other and to their environment. Some PK&snat easy to constrain, like for
instance coccolithophores. Effectively, a valid mloshould not only represent accurately
plankton production in the conditions consideradt, d&so give accurate output in the case
of changes in the environmental conditions. Thiewshthe importance of well-chosen
mechanistic parameters that will describe PFTsWebaand subsequent effects on other

types. It has been shown that if PFT represent@oa based on observed physiology and
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ecological interactions, this results in a closataeh to observed PFT distributions and

biogeochemical cycles (Buitenhwsal. 2006, 2010).

The model PlankTOM (Le Quést al. 2005) is under constant development. Based on
PISCES (Aumontt al, 2003), it has been modified to include more PBif$o match
observational data. The latest version is PlankT@GM%used in the present study.
PlankTOMS5.3 includes five PFTs, within which thrphytoplankton groups (silicifiers,
mixed-phytoplankton, and calcifiers) and two zooglan groups (proto-zooplankton and
meso-zooplankton). PlankTOM10, where five PFTs added (pico-heterotrophs, pico-

autotrophs, DMS-producers, N2-fixers and macro-iadgon), is under development.

The Dynamic Green Ocean Project (Le Quéré et alp052 or
http://lgmacweb.env.uea.ac.uk/green_ocean/indewrlshbrings together biologists and
modellers to improve our understanding of marinesgstems and develop the PlankTOM
models. The present study is part of a seriesvef ffirojects, each one aiming to improve
the modelling of one PFT. It focuses on a particB&T of PlankTOMS5.3: the silicifiers,
represented by diatoms. Other projects focusinganaifiers (coccolithophores, Heinle,
subm.), non-calcified nanophytoplankton (Foch-GatRhD ongoing), picophytoplankton

(Stawiarski, PhD ongoing) and mesozooplankton (Ndt013), were initiated afterward.
Several reasons justify the choice of diatoms BE &

- they require silicate and by consequence influengaificantly the silicate cycle
(Tregueret al, 1995),

- they play a major role in carbon export (Buessdlg838),
- they are one of the most abundant marine planktoest(LeBlanet al. 2012),

- they require more iron and phosphate than smahgtoplankton (Sarthoet al,
2005).

1.5.4 The current state of diatom growth modelling

Diatoms are generally represented in models whidmtatn more than one
phytoplankton group. This is probably a consequesicseveral factors. The fact that

diatoms require silica makes them a particular Bk researchers have widely studied.
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Diatoms tend to dominate phytoplankton communitynirtrient-rich areas like coastal
waters. Hence they have been included in early mmaaferegional ecosystems (Van der
Berg et al, 1996; Lancelotet al, 2000, 2005). Because of their major contribution
primary production and organic matter export, baxemical modellers have often
included them as a specific functional group. Tifieascycle in the ocean is much simpler
than the cycle of other elements like nitrogen aod, and is relatively well understood
(Brzezinski, 1985; Nelsoet al, 2005; Tréguer and De La Rocha, 2013). The nunserou
studies of silica assimilation brought insightsed@mental composition and particularly the
flexible composition of diatoms, e.g. under nuttilmitation.

As for other phytoplankton groups, diatom growtlpeleds on temperature, light and

macronutrient and trace metal concentrations.

The response to temperature is often representednbgxponential function, as in
Eppley (1972). Several models suggest a relatipnsatween growth and light intensity.
Among the most used are the exponential functiowebbet al. (1974), Smith (1936) and
the tangent function of Jassby and Platt (1976 mbtrient uptake is often a Monod
function, defined by the half-saturation concemratand the maximum uptake rate
(Monod, 1949).

However, those relations do not take into accouatacclimation of the cell to the light
intensity. Changes in light intensity, e.g. throutjie mixed-layer or over light: dark
periods, affect the cell’'s ability to absorb ligirid lead to an acclimation of the cell to the

new irradiance.

A large part of the literature concerns the acdiama of phytoplankton cells to
nutrients, iron and/ or light limitation. Althougtliatoms are dominant in nutrient-rich
waters, they can also survive under Si-, Fe- oinNtdtion, reaching a large range of Si:N

or Fe:C ratios.

A significant progress has been made recently indetiog flexible elemental
composition where, instead of having a fixed biosna@mposition (e.g. constant C: N: Si:
P ratio), cells are allowed to incorporate C, Naf&i Fe independently, resulting in changes
in elemental composition depending of the locakieat conditions (Moorest al, 2002a,

b). This way, diatoms are able to maintain theghhgrowth rate under N, Si or Fe
limitation. This feature is essential to represtr@ adaptability of diatoms to Fe and Si
limitation. The PlankTOM 5.3 model includes a camstcellular O: C: N: P ratio whereas
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Fe: C and Si: C ratios are variable. Fe and Sikaptates depend on the external and

cellular concentrations.

If diatoms are relatively well represented in catrenodels (Moore et al., 2002, a b;
Aumont et al., 2003), the prediction of their beloav under future climate requires a better
understanding and modelling of their growth undertrient and light limitation. In
particular, progresses are yet to be done in madetlark uptake of silicate, silicate and
iron co-limitation and iron-light co-limitation. Arron-light co-limitation model for the
photosynthesis (Buitenhuis and Geider, 2010) wasrporated into the PlankTOM 5.3
model. Experimental data on diatom growth and photthesis under iron-light co-
limitation are needed to improve the parametensatf this model. This study aims to
answer a part of the question by providing datgmnwth rate as a function of temperature

and on light-limitation.

1.6 OBJECTIVES

This study aims:

- to implement the best relationship of diatom dgitovate as a function of temperature,

based on growth experiment data,

- to obtain physiological data on photosynthesis@feral diatom species under light

limitation and fit the results to a dynamic photaesis model,

- to evaluate the effects of variation in growthigmaeters on the model outputs, such as

primary production (PP), PFT distribution and carlexport,

- and to estimate the uncertainty of the model@ased with the measurement errors of

the parameters.

As we underline above, we aim to represent PFTiew)state variables that will enable

the representation of physiological responses tiattans in environmental conditions.

Up to now, growth rate as a function of temperatsigalculated from Eppley’s relation

calculated for all phytoplankton types (Eppley, 2pThe specificity of diatoms imposes a
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study of their growth rate in a temperature rangdggpéed to the model application (Chapter
2).

Diatom photosynthesis is calculated in an irontligh-limitation model (Buitenhuis
and Geider, 2010). Diatom photosynthesis parameiter$lankTOM5.3 come from
experimental data by Sunda and Huntsman (1995,)1@$i6 studied diatom growth under
iron-light co-limitation. Given the large diversityithin the group, including species
adapted to different temperatures (Suzekial, 1995) or different iron concentrations
(Sundaet al, 2005), we wish to base our model parameters onaggy species as possible.
As data from Sundat al. (2005) refer to only two specie$Halassiosira pseudonarend
Phaeodactylum tricornutuiwe will carry out photosynthesis experimentdaur species,

including two from polar waters and two from temgderwaters (Chapter 3).

We do not expect to find equal parameter valuesi@ry diatom species. One of the
challenges faced by experimenters is to provida dakraged to fit most of the species.
Furthermore, all data comes with a standard erassociated with the experimental
procedure and the biological diversity. Howevege #lankTOM5.3 sensitivity to diatom
growth parameters has not been investigated yetrefdre, one of the aims of the present
study is to estimate the sensitivity of PlankTOMBWBputs associated with diatom growth

parameters (Chapter 4).

The thesis will finish with a general discussiom @onclusions (Chapter 5).
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CHAPTER 2

REVISITING THE RELATIONSHIP BETWEEN DIATOM GROWTH
RATE AND TEMPERATURE

2.1INTRODUCTION

The temperature dependence of phytoplankton groatéhhas been widely studied in the
last 40 years, e.g. Eppley (1972), Thomas (1966xuld et al. (1995), Montagne®t al.
(2001). Temperature is recognised to be a majotorfafor growth rate variation. This
relationship is used in aquatic ecosystem modeadseldped with the aim of estimating
primary production amongst other parameters (eancklotet al, 2000; Mooreet al,
2002a).

In a pioneering attempt to generalise the relaligndetween temperature and growth
rate, Eppley (1972) compiled data for different up® of marine and freshwater

phytoplankton and drew an exponential curve thrahghhighest values.

It is well established that the growth rate of aspecies increases with increasing
temperature until a maximum is attained at an agtimmperature. However, an exponential
relationship has not been unanimously chosen toesept the temperature dependence of
species-specific growth rates. Indeed, some stuthesid more support for a linear
relationship. Montagnest al. (2003) reviewed several studies on dinoflagelladegoms and
coccolithophores grown in culture at different tergiures. In a majority of cases, linear
relationships represented the data better thannexpi@al ones. Although Thompsat al.
(1992) fitted the growth rate versus temperaturatexponential model, they suggest it could

be as well represented by a linear function.

The linear and exponential relationships take atoount the increase in growth rate up to
the optimal temperature for growth. To model therdase of growth rate above the optimal
temperature, Schoemaseh al. (2005) used another equation that we will refehe¢ce as the

“optimal function”.

The temperature dependence of a phytoplankton cantynmay differ from that of a

single species. In fact, the variation of one spEcgrowth rate is a matter of physiology,
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whereas the growth of a community relies on theplementarities between the species and
on their diversity. Here we attempt to define avgiorate versus temperature relationship

within a phytoplankton community.

The Eppley relationship is based on a relativelylsmumber of observations (n=162)
including all phytoplankton taxa. Data range froAC2one data-point) to 45°C. Although
this relation was not statistically demonstratée, proposed equation and thg, @alue have
since been widely used by modellers. In 2008, Bgesiet al. published a larger data-base
(Liverpool phytoplankton database, LPD, n=1501) pimg phytoplankton growth rates
from the many studies carried out since Eppley 2)9By applying a quantitative method
(quantile regression) to Eppley’s data, Bissingeral. (2008) obtained an exponential
relationship at the 99 quantile and found general agreement with Eppleydgsiation.
Although the slope of the $quantile of the LPD was not different from Eppkeyurve, it
had a significantly greater intercept, leading thigher curve over the whole temperature
range. The various groups of phytoplankton areirgjsishable by their size, morphology,
physiology and growth strategy. As a consequeraapeérature-dependent growth curves
vary among phytoplankton groups. A number of receatine ecosystem models are based
on the differentiation of Planktonic Functional Bg(PFTs) (Le Queret al, 2005 which
differ by their growth parameters. Thus, a unigekatronship is required for each PFT. For
example, as has been pointed out by Eppley (19r&ms Bacillariophyceag cannot attain
growth rates as high as those observed for someragilytes Chlorophyceap The
relationships suggested by Eppley (1972) and Byesiet al. (2008) might not be applicable
for a specific PFT.

In this chapter, we focus on one type of phytoplankthe marine diatoms. In order to
estimate the maximum growth rate attainable byodiat over a large range of temperature,
we compiled laboratory-based data from the litemtleppley (1972) made two implicit
assumptions based on a visual examination of ttee diae first one is that the growth rate of
individual species as a function of temperaturdofeé an optimum function (Fig. 2 in
Eppley, 1972). The second one is that the growtdn b a phytoplankton community (here,
all marine diatoms) can best be described by aonrexptial increase (Figs. 1 and 2 in Eppley,
1972). We statistically test these two assumptidmsrder to test the first assumption we
compare the fits of three different functions (emguotial, linear and optimal) to the species-
specific maximum growth rates as a function of terafure. We use two datasets to test the
second assumption: we compare the fits of the thiféerent functions to the optimal growth
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rates as a function of the optimal temperature, tanithe full database of maximum growth

rates measured on different diatom species.

2.2MATERIALS AND METHODS

2.2.1 Database

Growth rate data from laboratory experiments waken from the literature, where they
were presented in tables or in graphs. In therlatése, data were extracted using the

programme Grablt.

In order to compile only the maximum growth ratésliatoms, experimental conditions
were carefully checked and only results obtainedeuneplete conditions of nutrients and
light were selected. Data with a growth rate edqoiaero were not included (n=23). Although
the nutrient concentrations and light intensity eveptimal, other parameters can affect the
growth rate: the day-length or light: dark (LD) tgicthe medium composition, the salinity

and whether the cultures were axenic.

2.2.1.1 Nutrients

Cells were grown in most of the experiments in batglture, or otherwise in turbidostats
(Li and Morris, 1982). Cells were fully acclimated the culture’s conditions before

sampling. This was considered to result in nutrreptete conditions.

2.2.1.2 Light

Light intensities varied from 2 to 740nol photon rf s*. The lowest light levels were
used at low temperatures. At 0°C, the growth rdtsome polar algae were not affected by
the low irradiance (Karsteat al, 2006), justifying that 2 and jgmol photon rif s* were
considered, at this temperature and under contslight, as saturating. When several light
intensities were tested, only the optimal intenglight-saturated growth) was taken into
account. Irradiances lower than [L®ol photon rif s* were only used when the temperature
was under 10°C. Higher temperatures required highadiance: growth rates at 30°C were
not measured under §@nol photon rif s*.

The LD cycle affects the growth rate of a specsmseral papers presented diatom growth

at different LD cycles, ranging from 4:20 LD to ¢mwious light. The continuous light does
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not always provide the optimal illumination: it se® some species grow better under a LD
cycle. For instance, Brand and Guillard (1981) shiwa six diatoms species out of ten have a
higher growth rate under 14:10 LD cycle than unmtertinuous light. The optimal LD cycle
varies not only with the species, but also with tdraperature. At 10°Cl,. pseudonangrew
faster at 15:9 LD cycle, whereas at 15°C the ogdtohag-length was 9:15 LD (Durbin, 1974).
Moreover, several studies revealed that at low tratpre, generally between 0 and 5°C, the
growth rate is not affected by the day-length (Durld974; Verity, 1982; Yoder, 1979).
Therefore, selecting cultures grown at a particuday-length, for example only under
continuous light, would not represent the maximuowgh rate.

2.2.1.3 Medium composition

Most of the species have been studied by only omieoa and in the same experimental
conditions. Moreover, different strains of the saspecies can have significantly different
growth rates (Gallagher, 1982). This does not allewo determine the effect of experimental

conditions on the growth rate.

The composition of the medium differed among tHéetent studies. Many added the /2
enrichment (Guillard and Ryther, 1962: pB883uM; PO,= 36.3uM; SiOs=54 to 107uM;
Fe= ca. 11.1iM) to artificial sea water (Gallagher, 1982) orurat seawater (Brandt al,
1981; Rivkin & Putt, 1987) or used enriched ari#ficsea water (ESAW, Harrisoet al,
1980: NQ=549uM; PO,=21.8uM; Si0O;=105.6uM) (Thompsonet al, 1992; Curl &
McLeod, 1961; Fawley, 1984). Others used differaatlia (nutrient replete AQUIL medium,
El Sabaawi & Harrison, 2006; Goniaulax, Paasché818round water medium, McGinres
al., 1997; MP1, Nishikawa and Tamaguchi, 2006). Somdiancontained ammonium rather
than nitrate as the nitrogen source (Mugefi al, 1996, Yoder, 1979) or higher iron
concentration (Muggliet al, 1996). Gallagher (1982) mentions a differencegrmwth
between cultures grown in media based on natueslaer and cultures grown in artificial
seawater. Both media were enriched with the sartreentiand trace metal concentration (f/2)
and had the same salinity. Differences in growtk x@ried among the strains, preventing us
to draw any conclusion on medium effect on growtb.other paper in our database mentions
the effect of medium composition on growth rate.

Among the most commonly studied speci€balassiosira pseudonaria mentioned in
five papers and grown in four different media. Altigh differences in temperature, light

intensity, LD cycle and salinity do not allow ustést the effect of the medium on the growth
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rate, a general plot of the data show points oonrdimuous curve (n=25). Rates at the same

temperature are equal or close to each other.

Results from nine studies where the diat&keletonema costatumias grown in f/2
medium show a big range of growth rate for the stengerature. For instance, growth rates
at 15°C (n=12) range from 0.83 Suzuki et al, 1995; continuous light) to 2.06'd
(Burkhardtet al, 1999; 15:9 LD cycle). Cultures with growth raterh 0.83 to 0.89 were
grown in f/2 at 50 to 20Qmol photon it s*, with LD cycle varying from 12:12 to
continuous light. This observation indicates thiffecences in light conditions do not affect
the growth rate. Variations could come from difigce in strain or effect of the medium:
among the three cultures with a growth rate of ®.2.2 d', two are grown in constant
dissolved inorganic carbon concentration. The diatanot allow us to determine a single

factor of variation.

2.2.1.4 Other effects

Salinity varied from 24 (Paasche and Ostergren 0198 30 to 35. Growth rates of
Skeletonema costatuand Thalassiosira pseudonargrown in salinity of 24 are similar to
those obtained at higher salinity and at nearbyptratures of £ 2°C (Suzulet al, 1995;
Thompsoret al, 1992).

All cultures were unialgal, while 7.4% of the culta were axenic. Most of the papers do
not mention axenicity (82.4% of the data); Maldamaand Price (1996) and Thomas (1966)
mention cultures that are not axenic (2.9% of thga)y while Brandet al. (1981) affirms
cultures were not made axenic but bacteria wereapparent under the microscope (7.3% of
the data). It has not been quantified whether tlesgnce of bacteria has an effect on the

maximum growth rate of phytoplankton.

2.2.2 Analysis

2.2.2.1 Minimum least squares regression

We tested 3 different equations for the growth (ajeas a function of temperatur€)(an

exponential:

Mmax = Mmax, 0°C X QlO(Tllo) (1)

a linear:
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Hmax = Mmax, 0°cc + Slope XT (2)

and an optimal function (Schoemaginal, 2005):

HUmax = Hopt X exp['(r'Topt)zl dr 2] 3)

whereumax, o°cis the maximum specific growth rate at 096G is the optimal growth rate at

the optimal temperaturd{,) and d is the width of the optimum growth curve.

Parameters were determined using the software SYSBAminimizing the residual sum
of squares cost-function= (ops— timode) > Whereuopsis the observed growth rate amghaeris
the modelled one. SYSTAT also calculates the asytigpstandard error (A.S.E.) for each
parameter. The fitting of each function to the nuead growth rates was compared using the
Akaike’s Information Criterion (AIC, Burnham and Aerson, 1998):

AIC = ngpslog ((52) + zrbaram
in which nys is the number of growth ratespaiam is the number of parameters in each

function, and

02 = 1/(rbbs —nparar‘r) Z:(l-]-obs' l-lmodebz

The AIC takes into account the likelihood of thedabbased on the number of parameters
and the relative goodness of the fit. Since thénmgdtfunction contains three parameters and
the other two functions, two parameters, #iés not sufficient to compare the three models.
This explains that in cases where the three madelsery close to each other, the better fit is
given to the linear and/ or the exponential funcdiolf the difference in AIC is less than 2,
there is substantial evidence for both functionkjlevif the difference is greater there is
considerably more support for the function with tbevest AIC (Burnham and Anderson
1998).

This method was applied to individual cases (ondysbn one specific strain, figure 2.2),
to the relationship of the optimal growth ratgp{) as a function of the optimal temperature

(Topy (figure 2.3), as well as to the whole databaggifés 2.4 and 2.5).

Parameters were compared using their A.S.E. asfaleace interval.

2.2.2.2 Quantile regression

The quantile regression (Koenker and Bassett, 1878%ed to define the upper edge of
the data. The 99th quantile is the line below w88ko of the data-points are found. Unlike

ordinary least squares regression that uses the,ngeentile regression is based on the
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median. Quantiles were calculated using the packKaggntreg” in the software R

(http://www.r-project.org). Exponential curves wesbtained by applying a linear quantile
regression to the logarithmic-transformed data. Tihear quantile regression provides
estimates of standard errors and confidence intei(@). Intercepts and slopes of the log-
transformed exponential curves were compared-tegt. Optimal curves were obtained by

applying a non-linear quantile regression.

2.3RESULTS

2.3.1 Database

The database comprises published values for 70rdigapecies and a total of 95 diatom
strains. It consists of 689 growth rates measunezt temperatures ranging from -2°C to
37°C. Amongst the 65 papers reviewed, 22 publioatexamine the growth of one or more
species at a minimum of four different temperatuvesile the rest describe experiments at
three or fewer different temperatures. More tha%o 4 the data-points are at temperatures
between 10 and 25°C. Polar species have been @tindeently (Gilstad & Sakshaug, 1990;
Yoder, 1979; Rivkin & Putt, 1987; Sakshaeigal, 1991; Suzuket al, 1995; Karsteret al,
2006), giving data down to -2°C (Rivkin & Putt, I8&uzukiet al, 1995). On the contrary,
few data are reported at high temperature: 4% efddta-points were collected above 25°C
(Thomas, 1966; Hulburt & Guillard, 1968; Suzekial, 1995).

Growth rates range from 0.08 dChaetoceros pseudocurvesitas 0°C, Suzukiet al,
1995) to 4.35 d (Chaetoceros smt 30°C, Thomas, 1966) (Fig. 2.1). Up to 7°C, giorates
do not exceed 0.91dwhereas at 20°C the range extends from 0.364® ..

2.3.2 Analysis of species-specific growth-rate viemperature

First we investigate the species-specific relatmbetween growth rate and temperature.
If the experimental temperature range is wide ehptlgs relationship generally shows an
increase of the growth rate up to an optimal temjpee, followed by a decrease in the growth
rate. We fit three functions to growth rate datasdtdifferent species in order to identify the

best model for the species-specific growth rata asction of the temperature.
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Fig. 2.1: Diatom growth rates as a function of temperature
(n=689). Triangles are growth rates measured above the
species optimal temperature.

We selected studies where diatoms were grown uadéxast 4 different temperatures.
This gives a total number of 38 cases (38 straimsadoms), extracted from 22 papers, grown
under 4 to 7 different temperatures. The tempegatanges extend from 8 to 29°C. Unlike
previously published work, which compared the exgmdial and linear functions, we include
an optimal function, which takes into account thergual decrease in growth rate above the
optimal temperature. We fitted the 3 functions: axgntial, linear and optimal, to these
species-specific datasets, as presented in tableTBe different fits are compared by their
AIC value, the lowest value indicating the best fithe difference is significant if the
difference in AIC is greater than 2. In 18 out &f &ses, one function is significantly better
than the other two; in the 20 other cases, at least AIC values are not significantly
different. In 17 out of 18 strains for which oneaétion was significantly better than the other
two, the data better fitted to the optimal functidvie thus statistically confirm Eppley’s first

assumption.

Table 2.1: Parameters for the exponential, linear and optimal functions fitted to the species-specific
growth rates measured at different temperatures and to different selections of the database. n,
number of data-points; AIC, Akaike Information Criterion (if there is significantly more support for
the best AIC this value is in bold); numbers in brackets, asymptotic standard error (A.S.E.); When
A.S.E. is missing the standard error was not computable; * indicates dataset including growth rates
above the species optimum temperature.
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Table 2.1 exponential linear optimal AIC
Species Source |Jmax,10°C Quo Hmax,lo"c Sllope L Hont T a7 Exp Lin Opt
(d7) (d7) (0™ .°C7) d" °C) (°C)
Asterionella formosa ar 12 0.55 (0.07) 1.41 (0.08) 0.45 (0.09) 0.034 (0.005) 1.24 (0.06) 24.7 (4.0) 22 (5) -16.2 -17.0 -15.8
Chaetoceros affinis b* 4 0.80 (0.33) 1.14 (0.27) 0.75 (0.40) 0.015 (0.024) 1.25(0.02) 16.7 (0.2) 11 (0.4) -0.5 -0.5 -7.2
Chaetoceros calcitrans c 15 0.32 (0.07) 2.50 (0.23) -0.92 (0.28) 0.155 (0.015) 124 (759) 111 (135) 45 (33) -12.0 -104 -95
Chaetoceros gracilis c 16 0.59 (0,17) 1.48 (0.20) 0.22 (0.31) 0.055 (0.016) 1.62 (0.11) 21.1(0.9) 11 (2) -9.9 -10.7 -123
Chaetoceros muelleri d 5 0.37 (0.10) 1.89 (0.21) -0.85 (0.24) 0.112 (0.011) 2.43(0.07) 29.4(1.1) 13 (1) -2.4 -4.8 -5.3
Chaetoceros pseudocurvisetus ax* 10 1.13 (0.74) 0.99 (0.25) 1.14 (0.89) -0.002 (0.034) 1.73(0.07) 24.8(0.3) 7(0.4) -0.3 -0.3  -11.7
Chaetoceros simplex c 13 0.31 (0.09) 2.24 (0.28) -0.77 (0.28) 0.123 (0.014) 2.31(0.26) 26.8(3.9) 13 (4) -93 -10.7 -85
Chaetoceros sp. ax* 9 0.60 (0,08) 0.59 (0,14) 0.61 (0.07) -0.028 (0.009) 0.58 (0.03) 4.6 (0.6) 8 (1) -11.5 -124 -153
Chaetoceros sp. ex* 12 1.24 (0.61) 1.40 (0.09) -0.21 (0.88) 0.124 (0.030) 4.30 (0.14) 30.4(0.6) 13 (1) 3.0 1.9 -4.1
Dactyliosolen fragilissima b 6 0.38 (0.08) 1.74 (0.18) 0.08 (0.11) 0.054 (0.007) 1.26 (0.10) 24.6 (3.1) 17 (3) 77 95 81
Detonula confervacea a 19 0.54 (0,02) 1.69 (0.09) 0.52 (0.02) 0.039 (0.003) 0.88 (0.02) 9.4 (0.8) 13(1) -41.0 -437 -47.1
Detonula confervacea g* 4 1.23 (0.60) 0.70 (0.32) 1.22 (0.45) -0.035 (0.040) 1.04 (0.14) 9.8(0.7) 6 (2) 09 -09 -11
Ditylum brightwelli h * 4 0.86 (0.45) 1.23 (0.26) 0.66 (0.68) 0.032 (0.029) 1.72 (0.14)  24.0 (1.0) 12 (2) 0.5 04 -03
Eucampia zodiacus i 11 0.40 (0.06) 2.03 (0.15) -0.15 (0.10)  0.096 (0.008) 2.15(0.11) 25.0(2.0) 15(22) -11.6 -145 -14.5
Fragilaria barbaranum (ROS j 14 0.43 (0.05) 2.07 (0.20) 0.36 (0.05) 0.061 (0.006) 1.21 (0.05) 14.0 (1.2) 12(1) -184 -21.3 -225
D125)
Fragilaria striatula (ROS D99) j 12 0.38 (0.03) 1.95 (0.12) 0.34 (0.02) 0.045 (0.002) 0.98 (0.04) 16.4 (1.4) 16 (1)  -22.7 -28.7 -27.9
Leptocylindrus danicus k * 20 0.29 (0.08) 2.63 (0.28) -0.38 (0.14)  0.118 (0.001) 2.05(0.05) 17.4(0.2) 7(@1) -13.6 -18.8 -326



Table 2.1

exponential linear optimal AIC
Species Source “max’looc Quo umix' e SI|Ope L Hon Tort a7 Exp Lin Opt
(d7) (d7) (0™ .°C) d" °C) (°C)
Nitzschia seriata | * 7 0.37 (0.04) 1.22 (0.19) 0.37 (0.04) 0.009 (0.007) 0.48 (0.05) 7.5(1.8) 13 (5) -11.2  -11.2 -9.8
Phaeodactylum tricornutum c 13 0.47 (0.08) 1.66 (0.14) 0.06 (0.16) 0.064 (0.009) 1.64 (0.20) 27.9(5.3) 19 (5) -16.7 -17.9 -15.8
Phaeodactylum tricornutum m* 6 0.80 (0.18) 1.28 (0.14) 0.63 (0.28) 0.034 (0.014) 1.46 (0.03) 21.6(0.5) 12 (1) -6.4 -6.6 -9.2
Phaeodactylum tricornutum f 5 0.45 (0.12) 1.62 (0.22) 0.13 (0.18) 0.055 (0.010) 1.40 (0.04) 23.3(1.1) 15 (2) -34 -47 -63
Phaeodactylum tricornutum n* 7 0.32 (0.09 1.73(0.24) 0.05 (0.13) 0.048 (0.009) 1.19 (0.04) 21.2(0.6) 12 (1) 61 -7.8 -124
Pseudo-nitzschia granii o* 5 1.03 (0.26) 0.85 (0.15) 1.03 (0.22) -0.015 (0.015) 0.99 (0.04) 12.9(0.4) 10 (1) -42 -43  -6.6
Skeletonema costatum a* 20 0.47 (0.09) 1.35(0.11) 0.29 (0.13) 0.030 (0.007) 1.32(0.05) 22.2(0.40) 13(1) -169 -185 -324
Skeletonema costatum p 4 0.59 (0.12) 1.68 (0.21) 0.36 (0.16) 0.064 (0.011) 1.60 (0.24) 21.7 (7.5) 17 (8) 28 -36 -08
Skeletonema costatum b * 5 0.67 (0.29) 1.28 (0.30) 0.53 (0.41) 0.029 (0.024) 1.25(0.01) 17.2(0.1) 10(0.1) -15 -1.6 -136
Skeletonema costatum (Sk6éc) q* 6 0.55 (0.22) 1.29 (0.23) 0.38 (0.28) 0.029 (0.015) 1.25(0.08) 20.7 (0.9) 14 (1) 1.2 17 52
Skeletonema costatum (Sk6éc) r 11 0.70 (0.07) 1.77 (0.09) 0.10 (0.12) 0.107 (0.007) 3.11(0.48) 32.5(5.7) 22(4) -13.7 -16.6 -14.3
Skeletonema costatum (Sk6éc) s 18 0.47 (0,06) 2.22 (0.15) 0.25(0.05)  0.107 (0.004) 2.55(0.06) 22.5(0.8) 15(1) -17.2 -258 -32.2
Skeletonema tropicum (21-L) t 5 0.13 (0.13) 2.26 (0.79) -1.01 (0.74)  0.082 (0.030) (121.5860) 47.5(116.3) 23 (61) 07 -0.9 2.2
Skeletonema tropicum (S.trop) t 7 0.77 (0.22) 1.34 (0.14) 0.38 (0.42) 0.050 (0.016) 1.94 (0.18) 32.4(7.4) 21 (11) -4.1 -4.3 -2.1
Stephanodiscus hantzschii ax* 9 0.58 (0,16) 1.31 (0.16) 0.37 (0.25) 0.032 (0.012) 1.33(0.04) 23.0(0.4) 12 (1) -7.2 -7.7 -148
Thalassiosira nordenskioeldii a 14 0.52 (0,02) 1.51 (0.07) 0.50 (0.02)  0.031 (0.002) 0.92 (0.02) 15.3(1.6) 19(2) -28.8 -31.8 -33.3
Thalassiosira nordenskioldii u 19 0.56 (0.07) 1.69 (0.15) 0.50 (0.07)  0.048 (0.007) 1.15(0.02) 12.37(0.3) 13(1) -26.3 -29.4 -34.2



Table 2.1

exponential linear optimal AIC
Species Source n Hma)i,l0°c Qu umafiooc ilope_l HO_T Tom a7 Exp Lin Opt
(d7) (d™) (d™.°C™) (d7) (°C) (°C)
Thalassiosira pseudonana 4 039(0.09)  1.92(0.21) 0.07 (0.27) 0.069 (0.016) 180 (861) 174(152) 70(37) 32 -19 0.1
Thalassiosira pseudonana 14 044(012)  1.81(0.24) -0.18 (0.31) 0.084 (0.016) 1.87(0.24) 262(51) 15(6) -10.1 -10.8 -8.6
Thalassiosira rotula A8 15  0.35(0.05)  194(0.15)  0.05(0.04) 0069 (0.003)  1.69(0.03) 23.2(0.44) 14(1) -158 -263 -34.1
Thalassiosira rotula C8 18 074(0,16)  130(0.13)  053(0.22) 0038 (0.012)  172(0.11) 215(0.9) 14(2) -84 -93 -14.4
selection popt VS. Topt 29 034(016)  206(027)  -0.06(0.32)  0.081(0.024) 39.47()  138() 65() -156 -11.9 -12.6
all database (up to 37°C) 680  056(0.03)  1.59(0.04)  0.33(0.04) 0058 (0.002)  2.15(0.21) 358(6.4) 27(4) -392.9 -405.2 -407.9
all database (up to 33°C) 684  0.53(0.03)  1.64(0.04)  0.32(0.04) 0.058(0.002) 207 (0.12) 34.3(10.6) 26(4) -405.0 -413.4 -416.8
?j;figa,jleo"c";tm”t data above Topr 658  0.47(0.03)  1.80(0.04)  0.28(0.04) 0.063(0.002)  471(0.18) 60.9(10.8) 39(6) -447.9 -430.7 -446.1
database (up to 25°C) 649  0.46(0.04)  1.81(0.05) 030(0.18)  0.062(0.002)  3.35(0.18) 49.7(10.1) 34(11) -461.3 -453.9 -461.9

without data above Topt

a Suzuki & Takahashi, 1995
b Paasche & Ostergen, 1980
¢ Thompsoret al, 1992

d McGinniset al, 1997

e Thomas, 1966

f Montagnes & Franklin, 2001

g Guillard & Ryther, 1962

h Paasche, 1968

i Nishikawa & Yamagushi, 2006
j Karstenet al, 2006

k Verity, 1982

| Smithet al, 1994

m Fawley, 1984

n Li & Morris, 1982

o El Sabaawi & Harrison, 2006
p Jorgensen, 1968

g Falkowski, 1977

r Langdon, 1988

s Yoder, 1979

t Hulburt & Guillard, 1968
u Durbin, 1974

v Krawiec, 1982



Figure 2.2 presents the observed growth ratesasfeti8 diatom strains, as well as the
modelled growth rates with the best-fitting funasgi.e. the optimal function in 17 cases and

the linear function in 1 case.

a b
& P.tricornutum ~ ===---- (Fawley, 1984) m  Chaetoceros sp. (Suzuki et al., 1995)
A Stephanodiscus hantzschii (Suzuki et al., 1995) a  C. affinis — — —(Paasche et al., 1980)
O  Pseudo-nitzschia grani = - = - (El Sabaawi et al., 2006) ©  C.pseudocurvisetus — - — - (Suzuki et.al., 1995)
+ Detonula confervacea — — = (Suzuki et al., 1995) X S COStatum_(Sk_?C) T (Falkgwskl, 1977)
% T rotula(C8 Krawiec. 1982 +  T. nordenskioldii = = = (Durbin, 1974)
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Fig. 2.2. a and b) Measured (symbols) and modelled (lines) growth rates at different temperatures for
the 18 diatom strains for which one function was significantly better than the others. In (a) the scale
is increased for better clarity.

We can separate the data in two groups: 20 casere\wine published data do not exceed
the optimal temperature of the species, and 18schse reported a positive growth rate at 1
or 2 temperatures above the optimal temperatudic@ited by * in table 2.1). In the first
group, the optimal function was significantly thesbfit out of the three functions in 4 cases
(Fig.2.2 a:Detonula confervacedSuzuki et al, 1995), andSkeletonema costatui®k6c
(Yoder, 1979), Fig.2.2 bfhalassiosira rotulaA8 (Krawiec, 1982)T. nordenskioldi{Durbin,
1974)) while the linear function was significanthe best fit in 1 case (Fig.2.2 8keletonema

costatumSk6c (Langdon, 1988)). In 12 cases, the optimal anthe linear functions were
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better than the exponential function, whereas én8tother cases the exponential and/ or

the linear functions were better than the optinmed.o

In the second group, where the published dataidecmeasurements above the optimal
temperature, the linear and exponential fits doreptesent the decrease of the growth rate at
supra-optimal temperatures. As a consequence,piiral function is the best fit in most of

the cases (14) of this group. In the other 4 case§ynction fits better than another.

2.3.3 Analysis of diatom optimum growth rates vs.@imum temperature

Eppley (1972) assumed an exponential increase ef aptimum growth rate with
temperature. To illustrate this assumption wasarasle he plotted the growth rates of four
species in his figure 2 (Eppley, 1972). To testIEpp second assumption, we looked for the
maximum growth rate for each strain. Although weildoextract from an exponential or
linear curve the growth rate at the highest tentpesa this rate may not be the absolute
maximum growth rate, as the experiment may haveteththe optimal temperature. The
datasets presenting a growth rate above the optiemaperature allow us to extract the
maximum growth rate. The optimal function is adegaous for modelling the growth rate
through its absolute temperature optimum, and &mirfg as parameters the maximum growth
rate and the optimal temperature. Therefore, wectad the 29 strains where the AIC for the
optimal function is one of the lowest. The optirhaiction parameters give us directly a set of
optimal growth rate and optimal temperature valuasging from 0.48 to 4.30'dand from
4.6 to 30.4°C. These data represent one way totraimshe temperature dependence of

marine diatoms as a group.

To find the best equation to fit these data, wdiagmur method to the new set|af; as
a function ofTop (N1=29). The results are detailed in figure 2.3 tafdle 2.1. The exponential
function presents the lower AIC, so is the bedifithis dataset. The maximal growth rate as a

function of the temperature can be written as:

e = 0.34 x 2,067 @

This equation is applicable between 4.6 and 30.4°C.
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Fig.2.3: Optimal growth rate (1) as a function of optimal growth temperature (To) (n=29). Error
bars represent the A.S.E for each parameter; black line, exponential fit; dashed line, Eppley’s
curve.

2.3.4 Analysis of the diatom’s community average gwth rate

Another way to establish the temperature dependehggowth rate for diatoms as a
community is to use the whole database of growtbsraneasured at different temperatures.
These data do not represent the absolute maximaowmtlyrof each species, but rather give a
range of growth rates attainable at each temperalinre database contains the data for the 45
cases analysed previously, as well as growth raessured at only 1, 2 or 3 temperatures,
increasing significantly the range of growth ratesd the number of data. The advantage
compared to the previous set (optimum growth rateoptimum temperature) is that growth
rates measured at very low or very high temperatare included, even though they may not

be the optimal growth rates of the species consdler

The three functions are fitted to the whole datab&2 to 37°C, n=689), and the
parameters presented in table 2.1. The optimatifiumgives the best fit to the dataset, which

is justified by the decrease of growth rates alR8AEC:

pmax= 2.15 x exp [-(T-35.8) 279 (5)
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However, given the small number of data at highperatures and given the maximal
temperature of the ocean, we took only into accolatd from -2°C up to 33°C (n=684). The
three functions are fitted to these data and thhanpeters are presented in table 2.1. Once
again, the optimal function was the best fit to dia¢a.

The database contains 25 data-points corresporidiggowth rates measured above the
optimal temperature, distributed between 10 andC3(Fig. 2.1, triangle). The temperature
ranges of species play an important role in algahmpetition and phytoplankton community
composition (Goldman & Carpenter, 1974). Howevke, optimal temperature for a species
can differ substantially from the temperature atolwht dominates the community (Smayda,
1969; Durbin, 1974; Eppley, 1977). The temperawinere a species dominates depends not
only on thein situ temperature, but also on the temperature histodyan the temperature
range of other species. By comparing the temperatapendence of the growth rate of eight
diatom species with the annual temperature rangtheif habitat, Suzuki and Takahashi
(1995) show each species predominated the ecosydtentemperature below their optimal
temperature. More precisely, three temperate spgmiedominated at a temperature around
the centre of their growth temperature range (185tC), while one temperate and four polar
species predominated at the lowest part of th@wtr range (8 and -1.8°C). Although cold
water species can have an optimal temperature bat@é¢o 15°C (Durbin, 1974; Suzuki and
Takahashi, 1995), they predominate the communigubtzero temperatures where no other
species can grow. Among the eight species, only tdmperate specie€haetoceros
pseudocurvisetuappears to predominate at its optimal temperatQB€C (Suzuki and
Takahashi, 1995).

Therefore, as it is unlikely that a species woulddpminate at a temperature above its
optimum, we excluded the growth rates measuredealio specific optimum temperature.
The three functions are fitted to this datasetd-31°C, n=658), and the parameters presented
in table 2.1. The exponential and optimal functigimge the significantly best fits (AIC=-
447.4 and -447.5, respectively):

tmax= 0.47 x 1.80"0) (6)

tmax= 4.71 x exp [-(T-60.9) 3F] (7)
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Although the parameters of the optimal function sigmificantly different from those of
(5), the curves obtained are very close to eachrothqu.7 gives a higher growth rate from
22°C upward. However, if we take into account theameter’s errors (A.S.E.), the curves (5)
and (7) are not significantly different: they arentained between the upper and lower
deviation curves (Fig. 2.4). Compared to the optifmaction (7), the exponential function (6)
results in a higher intercept and higher growtbsdtom 26°C upward. However, considering

the A.S.E., there is no significant difference bedw the curves.

—Equ.5 /)

0 T T T 1
-2 8 18 28 38
Temperature (°C)

Fig. 2.4: Diatom growth rates as a function of temperature, as defined by Equ.5 (black), Equ.6
(blue) and Equ.7 (red) and respective lower and upper edges defined by the A.S.E. (dots and
dashes).

The importance of data at high temperature:

The vast majority of the data (97%) are below 25Rlthough data-points above 25°C are
rare, they may play an important role in the fitloé curves. Namely, as growth rates tend to
decrease at high temperature, we tested the iduehhigh temperature data by fitting the
three curves to a dataset containing data up t€ 282649). The best fits are the exponential
and the optimal functions (Table 2.1). Parametdérthe exponential function do not vary
from those of Equ.6. Although the optimal functipmesents different parameters, the

resulting curve is similar to the previous one (EQu
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99th quantile regression:

The exponential and optimal functions are fittedthe 99" quantile regression of the
whole database (n=689) and to that of the datasdwding growth rates up to 31°C and

excluding data measured abovg; (n=658). Parameters are presented in table 2.2.

Table 2.2: Parameters for the exponential and optimal 99th quantile regression functions fitted to
different dataset of growth rates vs. temperature. Standard errors of each parameter are in brackets.

exponential optimal
n l—lmax, 0°C QlO l—lopt Topt dT

(@) Cly) (°C) °C)
All database up to 37°C 689 0.99 (0.14) 1.71 (0.12) 5.66 (1.83) 46.9 (12.0) 33 (6)
Data up to 31°C,
without data above Ty 658 0.96 (0.12) 1.74 (0.12) 450 () 358(21) 27(2
Eppley’s curve 153 0.59 1.88
Bissinger et al., 2008 1501 0.81 1.88

The parameters of the exponential curve are cordp#oethose of Eppley's and
Bissinger’'s curves. The intercepts of our curve89&nd 0.96) are significantly higher than
those in Eppley (1972) and Bissingetr al. (2008) (0.59 and 0.81, respectively). The Q
value of the 99 quantiles (1.71 and 1.74) are significantly lowen those of Eppley (1972)
and Bissingeet al. (2008) (both equal to 1.88).

The exponential and optimal functions fitted to twbole database are included in
Fig. 2.5:

Hmax = 0.99 x 1.711-/10)

tmax= 5.66 x exp [-(T-46.8) 33

(8)
(9)
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Fig. 2.5: Diatom growth rates as a function of temperature. The average optimal function (Equ.7)
and 99th quantiles (exponential function (8), blue line; optimal function (9), green line) are fitted
to the database, from -2 to 37°C (n=689); dashed line, Eppley curve; red diamonds, growth rates
measured above the species’ optimal temperature.

2.4DISCUSSION

Eppley (1972) suggested (1) that the maximum grovetes of individual species
increases up to an optimal temperature and decedmee that temperature and (2) that the

maximum growth rate of a phytoplankton communityofes an exponential curve.

2.4.1 Species-specific growth rate

In 17 out of 38 strains the optimal function gake best fit, and in an additional 13 strains
there is substantial support for the optimal fumttiThe optimal function represents better
than the exponential and linear ones the gradwakdse of growth rate both below and above

the optimal temperature.

It should be emphasised that the output of ouryaigblepends on the number and range
of the data-points. If the growth rate was measugetb the optimal temperature, thus always

increasing, the exponential and/ or the linear fioncmay fit as well as (12 out of 20 cases),
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or better than (4 out of 20 cases) the optimal tionc On the contrary, in all the 18 cases
where the growth rate was also measured aboveptitaal temperature, the optimal function
fitted better (13 out of 18 cases), or as well a®\it of 18 cases) the exponential and/ or

linear function.

Some authors recommended the use of the lineart@goas and Franklin, 2001) or the
exponential function (Goldman and Carpenter, 19@der, 1979) to model the increase of
the growth rate of one species up to its optimalpterature. This study shows that in only 5
cases out of 20 the exponential function is bettan the optimal function. In the other cases,
the sub-optimal growth rate is better modelled gy optimal and/ or the linear function.
Montagneset al. (2003) fitted the response of algae to temperatur linear function. For
this they considered data-points below the optim@perature, excluding the optimal growth
rate (Fig. 1 in Montagnest al, 2003). In 24 out of 30 diatom studies the linkarction
appeared to represent better the growth rate iseredth temperature. Our results support
Montagnes'et al. (2003) findings: if we considered only the growdites measured below the
optimal temperature, in 10 out of 20 cases, thealirfunction fitted significantly better than
the exponential one, while in the remaining 10 sad® growth rate can be represented

equally with a linear or an exponential function.

The linear function can be used to represent tbease of the growth rate of one species
up to its optimal temperature. The approach ofgitmavth rate to the optimal temperature is
better illustrated by the optimal function, thougk latter requires three parameters instead of
two for the linear function. While Eppley (1972)samed this to be the case, it has not been
statistically verified until now. The exponentialniction is not recommended to model the

species-specific relationship between growth ratetamperature.

2.4.2 Optimal growth ratevs. optimal temperature

As Eppley (1972) pointed out, and as we have detraied here, the temperature
dependency of the growth rate of one species catisbiaguished from the growth rate of the
whole diatom population. The temperature dependehey individual’'s growth rate depends
on the physiology of that species; the temperalependency of a diatom community growth
rate relies on the variety of species and on themotypic differences (e.g., some are adapted

to cold water, other to temperate waters).
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Eppley’s second statement was also verified witheaxrange of data available. We found
that a fit to the optimum growth rate as a functdihe optimum growth temperature of these
34 strains does indeed follow an exponential irsEearanging from 4.6 to 30.3°C.
Nevertheless our equation gives much lower ratas those Eppley (1972) found (Fig.2.3).
The difference is explained by the methodology:fitted the curve at the average optimum
growth rate by minimising the residual sum of sg@gamwhereas Eppley (1972) estimated
graphically the maximum growth rate. Our curve doestake into account some higher rates

present in the whole database, and is applicalivecles 4.6°C to 30°C.

2.4.3 Diatom community growth rate

Our database is built on the same criteria as ubat by Eppley (1972): we compiled

maximum growth rates obtained in saturated conustif light and nutrients.

The 99" quantile regression is a statistical approachppl&y’s graphical fit. Bissingest
al. (2008) reviewed Eppley's curve by calculating 88 quantile of Eppley’s growth rates
dataset (99 n=153). This statistical method gave a similaweuo Eppley’s, although the
dataset is not large enough to statistically testdifference.

Compiling a larger database of phytoplankton groveties from the research undertaken
since 1972, Bisssingat al. (2008) applied the $9quantile regression to their new dataset
(99ss; -2 to 38°C, n=1501). This resulted in equal slape Qo (1.88) but a significantly
higher intercept than that of the curvez9(0.81 and 0.59 Y respectively), making the
whole curve higher.

The same method is applied in the present studg.98A quantile calculated between -2
and 31°C (n=658) is also higher than Eppley’s cuile slope is not significantly different
(t-test, df=658, p=0.0238), whereas the intercemignificantly higher. The Q value of our
99" quantile is lower than that of the Eppley curve7fland 1.88, respectively). The log-
transformed parameters of our curve are not sianfiy different from those of Bissinget
al. (2008).

About 9 % of our data-points were cited by Eppl&972). Most of the datapoints above
Eppley’s curve were published after 1972. Thereasloubt that growth rate data published
since 1972 have affected the fit of the curve. &udy confirms results from Bissingetr al.

(2008), which showed the maximal growth rate oftpplankton in cold water was under-
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estimated by Eppley (1972). At 9°C and beyond Bpgleurve falls under the 95% CI of our
99" quantile.

Since diatoms are known for their high growth rafearnas, 1990), their proportions
within the database of Bissinget al. (2008) could eventually affect the fit of the carfhe
maximum growth rate curve would be affected noydn the number and range of data, but
also by the taxa or phytoplankton types. Bissiregeal. (2008) tested this hypothesis by using
a dataset containing only 43% of diatoms, the sproportion than that in Eppley’s (1972).
The slope and intercept of the"™@uantiles fitted to both Bissinger's dataset wane
significantly different, showing that a differenge diatom proportion does not necessarily
create a difference in the curve fitting. Moreovidre parameters of our curve (100% of
diatoms) and those of Bissingert al. (68% of diatoms) are not significantly differei®y
consequence, the dissimilarities between Eppleyisvec and ours cannot be totally
attributable to a difference in PFT proportions.

The exponential function is valid to represent th@&om maximum growth rate up to
31°C. Above that the observed maximum diatom growaths decrease, therefore we do not
recommend the use of an exponential function dt tegiperature. Exponential functions can
over-estimate growth rates at high temperature. ifbee was raised by Bissinget al.
(2008), who recommended not using th& g8antile above 29°C. Applying the ®guantile
regression to different datasets containing diagoowth rates up to 25°C, 31°C or 37°C give
similar curves. Although growth rate data above&fe not numerous enough to affect the
fit of the exponential 99 quantile, they clearly indicate that the diatorovgth rate reaches its
maximum around 30°C. Therefore the exponential tjieamvould over-estimate diatom
growth rate from 30°C upwards. In consequencealieenative is to use an optimal function,
which models the growth rate decrease above thmalptemperature.

The optimal 99 quantile regression applied to our whole datalfapeto 37°C, n=689)
and to the dataset up to 31°C (n=658) give sinularves (data not shown). As we want to
include growth rates at high temperatures, the éorone will be considered. At 30°C the
modelled growth rate is 4.37*dwhich is much more realistic than the rate o65® given
by the exponential quantile, or of 6. . At 37°C thgimal quantile gives a growth rate of
5.18 d*, which is still higher than the observed rates.|dw temperatures, the optimal
function gives lower rates than does the exponleatia, for instance, 25% lower at -2°C,
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down to 11% lower at 4°C. The maximum observed uatéo 0.5°C is 0.69H The optimal
model gives a growth rate of 0.77 dt 0°C, which is more realistic than the growtte raf

0.97 d' given by the exponential model.

The optimal curve is a good alternative to the ewgmbial function. Therefore, if the 89
guantile is to be chosen to model the diatom’s gnorate, the use of the optimal function

instead of Eppley’s (1972) or other exponentiaveus recommended.

It should be noted that it is possible to forceapagters for the calculation of the optimal
qguantile, for instance to choose the optimal teroee or the optimal growth rate. By
imposing T,,=33°C the curve obtained gives realistic ratesigh ftemperature. However,
rates between 8 and 23°C are increased by about B9%mposingpop= 4.5 d* different

curves are obtained, whose parameters are nofisagly different from each other.

2.4.4 Application to PlankTOM5

The purpose of this study was to statistically metihe temperature-dependency of diatom
assemblages for modelling purposes. Up to now, mawgellers relied on Eppley’s function,

statistically verified by Bissingegt al. (2008), based on growth rates of any phytoplankton
type.

When seeking to incorporate a growth rate vs. teatpee relationship into a model, two
criteria should be taken into account. First eittier maximum growth rate, represented by
the 99" quantile, or the average growth rate of the conitgshould be chosen. Then the
range of temperatures involved in the simulatioh eétermine if an exponential function is

suitable or if the optimal one should be considered

One may incorporate into a model the maximum grovetle, represented by the ™9
guantile, and apply the limitations of the enviramtal conditions, such as light and nutrients
that would therefore decrease the growth rate. &k to the above discussion for the choice
of the function. One should note that our expomr@nd optimal curves fitted to the upper
edge of the data are approximately 40% higher Eypley’s curve. This may have an impact

on modelling global primary production.

Although this method seems theoretically correagre is a risk of over-estimating the

diatom growth rate. In fact, the maximum growthvafious diatom species will vary, for the
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same temperature, depending on their size, thelangalls dividing faster (Sarthoet al,
2005). Hence, the upper edge of the diatom’s grawath, or 98 quantile, represents the
maximum rate of the fastest species, which mighth®the one present in the ecosystem.
Moreover, given that several diatom species aehlito live in the same ecosystem, either at
the same time or successively, an average growghwauld be more appropriate. Thus, we

will incorporate in our model the average growtteraf the diatom community.

Let us first consider the dataset up to 31°C (n¥6A8cording to the AIC, the exponential
function fits as well as the optimal one (table)2The number of parameters involved
influences the AIC. As a consequence, an optimalecthat fits the dataset as well as the
exponential one would have a higher AIC, i.e. asedit, than the exponential function. It is
interesting to look at the correlation coefficierfitour functions: for our dataset (n=658), the
correlation coefficient is 0.9713 for the exponahturve and 0.9864 for the optimal curve.
Therefore, the optimal curve fits better to ouradhtit has the disadvantage of requiring a
third parameter. The exponential and optimal cus@svery close to each other (Fig. 2.4,
lines red and blue). Differences are mostly locatetbw and high temperatures. From -2 to
2°C, the optimal function gives a growth rate 208610% lower, respectively, than the
exponential one. At high temperature, the growte far the optimal function is lower as
well, for instance by 10% at 31°C. The exponermction should not be extrapolated at
higher temperatures, as it would over-estimategtiosvth rate, up to 4.07dat 37°C. The
optimal function extrapolated at 37°C would givgrawth rate of 3.21°Y which is coherent

with our observations.

Although seawater temperatures barely reach maaa 88°C, our model requires a
correct estimation of the growth rate at high terapees. Let us consider the dataset up to
37°C (n=689). The optimal function fits the besbto database. The growth rate is 0.36d
0°C and 2.14 d at 34-37°C.

For the modelling of growth in temperate and warates, the use of an optimal function

is recommended, applicable up to 37°C (Equ. 5).
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2.5.CONCLUSION

This study shows:

- the optimal function fits best to the growth satd individual species in 17 cases out of
18,

- the exponential function fits best to the optimgmowth rates as a function of the

optimum temperatures,

- the optimal function fits best to the completéadat of diatom growth rates, from -2 to
37°C,

- the exponential 99 quantile of our diatom growth rate database diffieom Eppley’s

curve: the intercept at 0°C is higher.

The optimal function is an alternative to the exgatnal function to represent the
maximum or average diatom growth rate at high teatpees. The parameters of the optimal
function can be adjusted to represent better thesttyrrate decrease at high temperature. It is
possible to force a parameter for the calculatibthe optimal quantile, for instance to choose
the optimal temperature or the optimal growth raBg. imposing T,=33°C the curve
obtained gives realistic rates at high temperatti@wvever, rates between 8 and 23°C are
increased by about 10%, which could over-estiméibal primary production. By imposing
Hop= 4-5 d*, different curves are obtained whose parametersnat significantly different
from each other. They model a similar growth ratanf -2 to 25°C but differ above that,
showing an maximal growth rate from 4 dt 34°C to 4.9d at 37°C. A deeper comparison
of those quantiles may able us to find a functitting the observed growth rates in cold

water as well as in warm water.

For modelling purposes, we will use the optimaldtion applicable up to 37°C (Equ. 5).
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CHAPTER 3

PHOTOSYNTHESIS OF 4 DIATOM SPECIES ACCLIMATED TO DIFFERENT
LIGHT INTENSITIES

3.1INTRODUCTION

Photosynthesis has been a major field of researae she beginning of phytoplankton
study. As autotrophs, phytoplankton growth is deteed by photosynthesis, depending on light
intensity, temperature, nutrient concentrations ahdnges occurring in those parameters.
Amongst these, light intensity is particularly \adoie by latitude, season, time of the day, cloud
cover and water properties, such as turbidity. tafn be limited in some areas, such as at high
latitudes, in turbid waters or beneath the euphotice; it can also attain a lethal level, when

cells cannot process the energy input.

Studies of the light-dependence of diatom growtte iavolve studies of photosynthesis
processes, described by many parameters suchoassiteénce, pigment content, and maximum
absorbance capacity. Photosynthesis metabolisrarisoomplex, as it involves assimilation of
nitrate and carbon, biosynthesis of chlorophyll &mel photosynthetic conversion of photons

into chemical energy and reducing power.

Phytoplankton responds to variations in irradianiog physiological processes of
acclimation, expressed in changes in pigment cordelemental composition. Collectively,
these processes are called photoacclimation. Tdreréwo types of response of phytoplankton
to light variations: a long-term and a short-termeoThe long-term response (time-scale of
hours to days) involves changes of synthesis obrophyll or pigments and changes of
elemental composition and growth rate (Geider, 199Be photosynthesis vs. irradiance (PI)
curve reflects the ability of the algae to respémahort-term light fluctuations (time-scale of
seconds to minutes). Characteristics of Pl curvesdapendent on the photoacclimation status

of the algae, i.e. on the light exposition history.

Modelling the algal productivity as a function diketirradiance is necessary to estimate the
primary production. Marine photosynthesis has bmedeled as a function of irradiance using
Pl curves (Ryther 1956, Jasby and Platt 1976, ladkpl981). Some described light-dependent
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growth rate (Bannister and Laws 1980; Kiefer andchill 1983; Geideet al. 1986; Sakshaug
1989), while Sakshaugt al. (1989) described a steady-state nutrient-deficggotvth of the
diatom Skeletonema costatumt different irradiances and day-lengths, using parameter
chlorophyll :carbon €). A later version of this model was built from teaudy of nutrient-
saturated growth of the diatomBhalassiosira nordenskioeldiand Chaetocros furcellatus
(Sakhauget al, 1991). Parameters measured are usually cellidaremtal composition (carbon,
nitrogen, chlorophyll), growth rate, dark respioatiand light absorption. Nevertheless, those

models are valid for a stable environment, wittshort-term variations.

A dynamic photosynthesis model (Buitenhuis and &egi@010) takes into account the
variability (time-scale of hours to days) of theveanmental conditions, where the
phytoplankton is in non-steady-state growth. Itoatakes into account the iron-light co-
limitation. The model describes the cellular ratlessC and Chl:C6&) and growth rate as a
function of light intensity and free iron seawat@ncentration. Values of nine parameters are
required to run the model (Table 3.1). The maxinuarbon-specific photosynthetic ratg,[Hs
also one of the parameters in some equations.dalailated from the maximum growth rate
(um) and Fe:C minimum and optimum ratios. The chlogdpspecific light-limited
photosynthetic ratexf™) is calculated as a function of its maximum vaftuand the dependence

Chl

factor ofa~" on®.

There are two ways of calibrating the model paranseBuitenhuis and Geider (2010) fitted
the parameters to the experimental results of SamdaHuntsman (1995, 1997), which were,
according to the authors, the only dataset availabht provided those parameters. They
optimized the model parameters using experimenddh @n growth rate§ and Fe:C ratio
obtained for iron-limited cultures grown at diffatdight intensities. The nine model parameter

values were optimised by minimising a cost function

In Buitenhuis and Geider (2010), the model resafiisr a parameter optimisation fitted well
with experimental data. However, for some specaampeter values were not physiologically
realistic. One of the reasons may be the smallt lighensity range tested (175 and
500 pmol photon i s?) for those species. As a consequence, the ligahsity was not low
enough to generate the maximum chlorophyll: cartadio. Moreover, no other experimental
data were available for validation.

52 | Photosynthesis



We aim to improve the model by producing more expental data. We suggest optimising
the model parameters by calculating directly thetpsynthetic parameters,Rnda“". Instead
of calibrating the parameters from experimentabdat cellular ratios Fe:C and Chl:C and
growth rate, as in Buitenhuis and Geider (2010)jmend to measure directly,Rnda" from
PI curve experiments. Effectively, a§" and R, are easily measurable from the PI curve, it
would be relevant to get those parameter valuas Erperiments, rather than to estimate them
from Yy andf. This method requires knowing not only the phottsgtic parameter values, but

also cellular contents (Chl:C ratio) and growtterat

In the present study we focused on light-limitedtoims grown in iron-replete conditions.

Therefore the five iron-related parameters of tloeleh were not changed (Table 3.1).

Pl curves were performed on diatoms grown at thwefve irradiances, ranging from low
light intensity to light-saturation. We obtainedt@a@no“", Py, pm, 6m, and cellular content in
carbon, nitrogen and chlorophyll.

Table 3.1: list of parameters of the photosynthesis model, Buitenhuis and Geider (2010). p: parameter;
m: model predicted; i: independent variable.

Function Symbol Description Units Original paper

iron-limited: iron-saturated 29

b P maximum uptake rate ratio

p K dependence o ono - -

p Ki2  half-saturation constant nmol'L 5.2

p Qmin  Minimum Fe:C ratio pumol mot 2.5

P Qma maximum FeC ratio pmol mot 47

p Qort  Optimum Fe:C ratio pumol mot 3.2

0 oS rcnuz?aemum initial slope of PI g C g Chit n? mol photort 29

P Om maximum Chl:C ratio g9 0.049

p M maximum growth rate s 1.68

m Pn maximum photosynthetic rate ™*d

m 6 Chl:C ratio gChtgcC

m growth rate d

i I light intensity mol photott m? s*

i Fe’  dissolved iron pmol £

Given the inter-specific variability of photosyntite parameters as well as their intra-
specific variability under different treatments, w®nsidered several species, including

Thalassiosira pseudonanased in Buitenhuis and Geider (2010) to calibtagemodel. Among
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the four species, two are from polar waters wheteasothers are from temperate waters, in

order to take into account an eventual effect efitlater temperature.

3.2MATERIALS AND METHODS

3.2.1 Cultures

Unialgal, non-axenic diatom cultures from temperatagters Thalassiosira pseudonana
CCMP 1335, Coscinodiscophyceae anBhaeodactylum tricornutum CCMP 632,
Bacillariophyceae) and from polar wateSh@etoceros brevigand Thalassiosira antarctica
Coscinodiscophyceae) were grown at 17 and 4°Ceotisply, as previously determined in a

temperature experiment (see annexe I).

Culture medium was made from natural seawater atellein the North Atlantic (salinity
34.5) filtered through a 0.22 um filter and autweld (30 min at 120°C). Nutrients were added
according to the /2 recipe (Guillard and Ryth&62), ensuring replete conditions of nutrients.

Choice of the day-length

The day-length can affect phytoplankton physiologyevious studies show different
responses of phytoplankton to variation of day-tengSome species grow faster under
continuous light while others, on the contrary,ferdight: dark cyclesP. tricornutumdo not
show changes of growth rate when grown at contiadigint, under a 12:12 LD cycle or under
alternation of 2 hrs light:2 hrs dark (Mortain-Bartd, 1987). However, the C:N ratio is smaller
under continuous lightT. pseudonanagrows faster at continuous light (Brand and Gdilar
1981). Nevertheless, according to this author ipginmal irradiance is 0.1 ly/min under
continuous light, instead of 0.25 ly/min when growmder 14:10 LD cycle. Experimental data
on C. breviswere not found. For. antarctica the growth rate increases with the light period
(Gilstad, 1990).

We did not aim to use the optimal cycle for eadhist In order to model phytoplankton
growth in sity, it is more relevant to use light: dark cycles, pdankton rarely experience
continuous light in the field. Thus we would temdchoose a cycle closed to 12:12 LD. As we
are interested in photosynthetic processes, ihssee to work with a longer light period, which
allows us more time for day sampling. For this o@awe used, as a convenient compromise, a
14:10 LD cycle.
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Light was provided by white fluorescent tubes, atiéd laterally in the 17°C incubator and
vertically in the 4°C room. A different number afykers of neutral-density light filters were
wrapped around the culture flasks in order to ezptbe cells to different light intensities.
Irradiance was measured with a light-meter (mod8L-Q101, Biospherical Instr. Inc., US)
inside flasks filled with water to the same levelthe cultures. Light intensity ranged from 30 to
700 pmol photon s in the 17°C incubator, whereas it reached only |14l photon 17 s*
in the 4°C room. For technical reasons relatedhéoeiectrical wiring, we were not able to add
extra fluorescent tubes in the cold room. The Isglmtensity was reached by positioning the
flasks higher on the bench, closer to the lighetub

Diatoms were grown in 2-L flasks and acclimatedh® experimental light intensity during
at least five generations prior to experimentati©alls were maintained in exponential growth
by dilution every two to sixlays in fresh medium. Daily swirling assured a fagremix of the
nutrients. Growth rates were measured by daily ttognwith a Coulter counter Multisizer.
Each count is an average of three measurementggrandh rates were determined from three

to six daily counts. The average error on cell ¢mgnwas 1.7%.

Cells were sampled for experimentation in the nadufl the exponential growth phase, at a
concentration of approximately 1,000,000 cells'rfdr P. tricornutum 800,000 cells il for
T. pseudonanand 400,000 cells mifor C. brevisandT. antarctica All culture manipulations

were done under aseptic conditions.

3.2.2 Chlorophyll

Sampling and preservation:

The culture was sampled for chlorophyll analysissléhan one hour before each PI curve
experiment, which took place one to three timesdagr Cells were also harvested for counting

with the Coulter counter.

Duplicate or triplicate samplings of 6 to 10 mloofiture were filtrated through 25-mm GF/F
glass fibre filters. The filter was wrapped in alamam foil and immediately deep-frozen in
liquid nitrogen, before being stored at -80°C.

Photosynthesis | 55



Calibration:

Purified extract of chlorophyld from Anacystis nidulangSigma) was dissolved in 90%
acetone in magnesium carbonate-saturated solulibr. concentration was checked on a
spectrophotometer (Vernon, 1960). Dilutions of #tendard solution were used to calibrate the
fluorometer. Glassware was soaked in distilled wite24 hours before use, in order to remove

any trace of acid.

Sample preparation and analysis:

After extraction in 90% acetone in magnesium caab@saturated solution for 24 hours,
fluorescence was read on a fluorometer (Turner,en@@-AU, kit 10-037R) at 685 nm, with
excitation at 340-500 nm. The magnesium carbonidterd was used to decrease the risk of
destruction of the sample by acidificatiohhe optical density was read before and after
acidification of the sample with 0.15 ml of 0.1 Ndnochloric acid, in order to subtract any
signal due to the presence of chlorophyll degradagiroducts (Pheophytin). The chlorophyll

concentration of the samples was calculated wethetijuations of Lorenzen (1966).

The average error on chlorophyll measurements Was Hesults are given per cellular

volume, which was determined by a Multisizer counte

3.2.3 Carbon and nitrogen

Sampling and preservation:

A culture was first sampled for carbon and nitrogerlysis at the end of the dark period
preceding the day of experiment. Like for chlordplayalysis, the culture was sampled on the

day of experiment less than one hour before eachie.

Duplicate or triplicate samples of 6 to 10 ml oftate were filtrated through pre-combusted
(450°C, 4 hrs) 13-mm GF/F glass fibre filters. &t were dried at 30°C during at least 24 hours

and stored in a dried incubator until analysis.

Carbon and nitrogen contents were measured withH&l @nalyser (Exeter Elemental
analyser CE440).

Calibration:
The instrument is calibrated with acetanilide (AciOrganic), which contains 71.09% of
carbon and 10.36% of nitrogen. The acetanilidadsed in a desiccator and weighed into pre-

combusted nickel capsules. The calibration starsdar@ analysed in the same run as the
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samples, as detailed below. After the run, a twioHpzalibration curve is obtained by regression
between the standard, corrected for the blank yalu@ the origin. The calibration curve is used

to correct the carbon and nitrogen contents ot#maples.

Sample preparation and analysis:

The whole 13-mm filters were transferred into poeabusted nickel capsules. All nickel
capsules are sealed, placed into pre-cleaned pisutes and then transferred to the auto-sampler
tray of the analyser. Each run started with twopdmss” runs, consisting of a non-specific
amount of acetanilide weighed into a nickel capspdgformed to verify the combustion and to
determine the retention times of the combustiorpets. The three blanks following consist of
empty nickel capsules and provide a mean for cbngcstandard runs for background
contributions of carbon and nitrogen. Then, twabration standards, of nominal weight of
approximately 2 mg of acetanilide, are performedhe Tnext three runs are blank-filters,
consisting of pre-burnt GF/F filters. The meangsdito correct samples for carbon and nitrogen
contributions of the filter. A known amount of ameilide is analysed every ten samples to

check the instrument consistency.

The average error on carbon and nitrogen conteass3s6 and 9.0%, respectively. Cellular

content results are expressed per cellular volume.

3.2.4 Measurement of photosynthesis

The evolution of oxygen concentration within a cemitated suspension of diatoms was
measured with an Oxygraph (Hansatech, UK). A cyload chamber filled with culture was
mounted on an oxygen electrode. The platinum cativeals covered with a plastic membrane
selectively permeable to oxygen. The culture wast le¢ the growth temperature by a water

jacket connected to a cooler bath.

Sampling:

The same culture was sampled one to three timemgidiine day of experimentation,
approximately three, five and seven hours after litjet period started. Each sample was
divided and measured simultaneously in two Oxygrepambers, resulting in two to six Pl

curves.

Calibration:
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A two-point calibration was done at the beginnirfigeach day of experimentation. The
100% oxygen concentration was measured in f/2 megireviously bubbled with air over night
and at 4°C to favour gas dissolution; the 0% oxygamcentration was measured in f/2 medium
previously bubbled with N over night. The Oxygraph chamber was closed dutimg

calibration to prevent any gas exchange with theoaphere.

Sample preparation and analysis:

Prior to each PI curve, cells were concentratectdmytrifugation (5000 rpm, 15 min) and
resuspended in 10 ml of f/2 medium partially de@oated by bubbling with N Measuring
chambers of the Oxygraph were filled with 3 ml of & 20-fold concentrated suspension and
immediately closed. First, oxygen concentration wesasured after 10 to 15 min in the dark
(until a stable rate was achieved). Then cells veq@osed to increasing light intensities, in
seven to ten steps ranging from 12 to 1800 pmotgshmi’ s. Each step lasted 6 to 10 min
while the total experiment was no longer than 96.mi

An estimate of the oxygen evolution in medium cariteated by bacteria is obtained from
experiments by Beate Stawiarski (personal commu)tuges of Prochlorococcus were filtered
through 1 um to remove phytoplankton cells whikevlag any bacteria. The oxygen evolution
was measured in the medium obtained. This backgrotivat we call “blank-medium”, is

subtracted from our measurements.

Before Pl curve measurements were performed, frells the growing culture flask were
harvested for analysis of cellular chlorophyll, lw@m and nitrogen as well as for cell counting.
Cell density of the concentrated suspension wasrakasured with the Multisizer counter. pH

was checked.

3.2.5 Pl curve

Cellular chlorophyll and carbon contents measureat po each Pl curve are used to convert
oxygen production per ml into oxygen production plelorophyll or per carbon, which is then
plotted against the light intensity.

aChI

Oxygen evolution relative to chlorophyll contentused to calculate, at very low light
intensity, the initial slope of the PI curve“{"). The extent of the linear phase is determined

graphically.
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The maximal photosynthetic rate is determined fri@ average photosynthetic rate at
saturating light. Since our cultures were grownerma 14:10 L:D cycle, the net photosynthetic
rate (R, is calculated from the maximal photosyntheticerger 14 hours from which we

subtract the respiration rategper 24 hours.

Ry

The PI curve intercept on the ordinate axes, esprey carbon content, gives us the
respiration rate in darknessgRin mol G mol C* 24 h*, or d™.

Because nitrate was the main source of nitrogeaummedium, the oxygen evolution is
converted into carbon production using a photostnthquotient (PQ) of 1.4 moles,O
produced per mole Gassimilated (Laws, 1991). This leadsit8' expressed in g C g Chin?
mol photoft and R, expressed in mol C mol td?, or d'. The oxygen consumption in
darkness is converted into carbon production ugingspiratory quotient RQ = 1/PQ = 0.7 mole

CO, produced per mole {zonsumed. Rd is finally expressed in mol C moldz, or d™*.

Errors coming from the different parameters invdlveuch as cell count, carbon content
analysis and linear regression of the oxygen pridaiucate, were calculated and combined to

calculate the total error on the oxygen productwinich was 1.6% on average.

3.2.6 Statistical analyses

We compared cellular contents and photosynthessnpgters of the different cultures to
detect any effect of growth irradiance, temperattiree of day or growth rate. Homogeneity of
the variances of the different groups was checkethb test of Hartley (1950). Difference is

considered significant at 0.05.

For homogenous samples, a significant effect afeatinent on one of the variables was
detected by ANOVA (R).

Because several cultures show heterogeneous vesiawe compared their median instead
of their mean. This method prevents influence dkioker values. The functiotitest (R) was

used to compare two treatments. In fact, this fonctloes not use the T-test, but the Welch’s
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test, particularly recommended when variances atequal. The Welch’s test is equivalent to
the t-test but compares the median, while thettaespares the mean. To allow same treatment
for homogenous and heterogeneous samplings, thehWWelest was used for any treatment
comparison. Unless stated, results show statisbos Welch tests.

3.2.7 Optimisation

The model parametet§™, 6., andp, were optimised as in Buitenhuis and Geider (2010).
The method and results are described in Annexe |I.

3.3RESULTS

3.3.1 Cell composition

Carbon and nitrogen content

Average contents are 223+57 fg C firand 49+17 fg N um (Table 3.2). Carbon and
nitrogen contents ofT.antarctica (165fg C pnt and 42 fgN prd, respectively) are
significantly lower than those of the three othpedes (237 fg C pthand 47 fg N pmi,
respectively) (carbon: n=103, p=8.18 x*¢nitrogen: n=95, p=0.034).

There is no trend of variation with the light ins#ly common to the four species. In
temperate species, cellular content increasesdbttest light intensity. Some cultures show a
low standard deviation between samplings, wherdar® have a large deviation. Contents are
compared by Welch test.

In P.tricornutum both carbon and nitrogen contents do not diffgniBcantly among cells
grown at 335 and 700 umol photori’ns®. However, despite large variations within some
treatments, contents are significantly larger iiscgrown at 30 pmol photon s* than in
those grown at 120, 335 and 700 pmol photéhsh (for carbon: n=17, p=4.95 x T0n=15,
p=1.68 x 1¢ and n=13, p=3.94 x 10 respectively; for nitrogen: n=13, p=0.0318, n=i%1.35
x 10°% n=9, p=2.20 x 10, respectively). Low-light acclimated cells contaibout 67% more

carbon and 44% more nitrogen than high-light acated cells.

The trend is similar for the carbon contentTofpseudonanalow-light acclimated cells

contain 32% more carbon than cells grown at thédsgirradiance (n=21, p=1.82 x%00n
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the contrary, nitrogen content does not differ lestw cells grown at 30 and 700 pumol photon
m? st (n=19, p=0.572). Nevertheless, cells grown at [1&®I| photon rif s* contain less
nitrogen than cells grown at 700 pmol photof st (43 and 49 fg N pif, respectively; n=14,
p=0.0023).

In polar species, cellular content of carbon artdogen, are not correlated with the light
acclimation. However, the carbon contentGn brevis grown at 64 umol photon s’ is
significantly higher than that at other light insgres (n=14-18, p<0.0006). Nitrogen content is
significantly higher in cells grown at 25 pmol pbotri? s* (n=31, p=6.00 x 16).

There is no variation of cellular contentn antarctica(ANOVA, carbon: n=20, p=0.111;
nitrogen: n=20, p=0.111).

Table 3.2: Average values of chemical content for Phaeodactylum tricornutum, Thalassiosira
pseudonana, Chaetoceros brevis and Thalassiosira antarctica acclimated to different light intensities.
Numbers in brackets are the standard deviations.

C Chl:.C C:N

(fg C. uni) (mg. g") (9.9
P. tricornutun 700 193 (4) 5.4 (0.3) 4.7 (0.3)
335 184 (6) 7.7 (0.7) 5.2 (0.5)
120 221 (14) 11.3(1.1) 4.4 (0.8)
30 314 (48) 13.8(1.7) 5.5 (2.1)
T. pseudonar 700 197 (11) 6.3 (0.2) 4.0 (0.5)
120 227 (14) 16.1(2.1) 5.3 (1.0)
30 258 (28) 15.9(1.5) 6.2 (1.9)
C. brevis 147 212 (11) 6.2 (0.6) 6.4 (1.2)
64 299 (33) 12.7 (1.1) 6.7 (2.6)
25 166 (30) 18.3(2.1) 2.2 (0.5)
32 252 (11) 21.4(2.1) 4.7 (1.8)
6 197 (21) 19.3(1.7) 6.7 (2.2)
T. antarctica 147 156 (14) 9.5(0.7) 3.9 (0.8)
50 171 (20) 12.1(1.0) 4.1 (1.3)
6 175 (30) 28.1(3.0) 4.0 (1.7)
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Carbon: nitrogen ratio

The average C:N ratio of the four diatoms is 5.01C g N! (n=94). It does not show any

correlation with the light intensity.

In P. tricornutum the C:N ratio is significantly lower at 120 punpfioton n¥ s* (4.4gC
g N?') than at 30 or 335 pmol photon®ns® (5.5 and 5.2g C gN respectively; n=13,
p=0.0264 and n=10, p=0.0026, respectively). Howetee C:N ratioin T. pseudonanas
significantly lower at 700 pmol photonfs* (4.0 g C g N) than at 50 or 120 pmol photori’m
s (5.3 and 5.1 g C g respectively; n=18, p=0.0028 and n=14, p=0.08&&ectively).

C:N ratio inC. brevisgrown at 25 umol photon. frs* is significantly lower than those in
cells grown at other light intensities (2.2 g C §,M=13-17, p<0.0042). The C:N ratio in
T. antarcticadoes not vary with the growth irradiance. Howevés significantly lower than in
the three other species (n=94, p<0.0048).

There is no effect of the water temperature on @thd (ANOVA, p=0.830).

Chlorophyll content

Chlorophyll content decreases significantly witltcreasing growth irradiance (ANOVA:
p=2.64 x 107). It drops by 26 and 34% from 30 to 120 pmol phote® s* in the temperate
speciesP. tricornutum and T. pseudonanarespectively. At 700 pmol photons?, it has
dropped on average for those species by 63%. khwater species, the chlorophyll content
decreases by 60% in between 6 and 147 umol photosi'm

Chlorophyll: Carbon ratio

Although carbon content shows only small variatianth the growth irradiance, there is a
significant effect on the Chl:C ratio (ANOVA, n=30+0.0014) (Fig.3.1, Table 3.2). In the four
species, the Chl:C ratio decreases in cells actdnéo increasing light. There is a twofold
decrease in the Chl:C ratio Bf tricornutum from 13.8+1.7 mg Chl g €at 30 umol photon
m? s* to 5.4+0.3 mg Chl g €at 700 pmol photon s™. T. pseudonanahows a similar trend
and slightly higher values, with a Chl:C ratio d=sing by 70% from 16.1+2.1 mg Chl ¢ @t
120 pmol photon ts® to 6.3+0.2 mg Chl g €at 700 umol photon s’

The decrease of the Chl:C ratio is about threefolthe cold-water specigs. brevis from
19.3+1.7 mg Chl g € at 6 pumol photon s to 6.2+0.6 mg Chl g €at 147 pmol photon ¥
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s. T.antarctica grown under 6 pmol photon M s’ presents the highest value of

28.1+3.0 mg Chl g &, decreasing twofold to 9.5+0.7 mg Chl ¢ & 147 umol photon fs™.

Maximal Chl:C ratio ¢,,) varies from 13.8 to 28.1 mg Chl g"®, was significantly lower
in temperate-water species than in polar speciis, 18.8+1.7 mg Chl g € for P. tricornutum
and 16.1+2.1 mg Chl. g€ for T. pseudonana21.4+2.1 mg Chl g€ for C. brevis and
28.1+3.0 mg Chl g &for T. Antarctica(Welsh test, n=5, p=0.1072).

30 ) 1.4 -
AP.tricornutum
& T.pseudonana 1.2 - A A
OC.brevis
o ) 1.0 -
O 20 - X T.antarctica %
= i o84 A
O S .%
o % 0.6 -
® 10 -
A 0.4 - g
% 0.2 -
0 T T T 1 0.0 ? T T T 1
0 200 400 600 800 0 200 400 600 800
light acclimation (umol photon-1m-=2 s1) light acclimation (umol photon-1m-=2 s1)

Fig.3.1. Chlorophyll: carbon ratio in four diatoms Fig.3.2. Growth rates as a function of the
species, as a function of the acclimation light acclimation light intensity.

intensity. Error bars represent the standard

deviation between replicates (n=2 or 3).

Growth rate

Diatom growth rates increase with the light integnéiable 3.3 and Fig.3.2[R. tricornutum
reaches a maximum of 1.26 ét 335 pmol photon ths?, above which the growth rate is
saturated, whilél. pseudonandas a maximum growth rate of 0.92 drhe lack of data for
T. pseudonanaetween 120 and 700 pmol photoif &1 does not allow us to identify the light-

saturating irradiance.

The cold-water species show a similar increaserdmth rate with a maximum of 0.71'd
for C. brevisand 0.65 @ for T. antarcticaat 147 umol photon ts*. Growth rate data above

147 pmol photon s would be necessary to determine their optimum trdmadiance.
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3.3.2 Light-limited photosynthesis

Average values are 285 g C g Chh?* mol photort for P. tricornutum 27+7 g C g Cht
m? mol photoit for T.pseudonanal6+6 g C g Cht m? mol photori for C. brevis and
21+2 g C g Cht m* mol photoft for T. antarctica(Table 3.3). There is a significant difference
between polar and temperate species (n=55, p=1121%. Morevoer, the average" for

C. brevisis significantly lower than those for the threbetspecies (=55, p=1.49 x 90

Table 3.3: Average values of growth rate and photosynthetic parameters for Phaeodactylum
tricornutum, Thalassiosira pseudonana, Chaetoceros brevis and Thalassiosira antarctica acclimated to
different light intensities | (umol photon m™ s™): p (d), P,y and Ry (d™), o (g C g ChI'* m* mol photon™);
in brackets, standard deviations between Pl curves.

Chi

I U Net R, Ry a
P. tricornutum 700 1.21(0.02) 4.17(0.33) 0.60(0.05) 34 (6)
335 1.26(0.02) 3.14(0.23) 0.66(0.06) 22 (1)
120 0.81(0.02) 2.29(0.22) 0.62(0.07) 26 (3)
30 0.42(0.01) 1.54(0.16) 0.51(0.03) 29 (4)
T. pseudonana 700 0.92(0.08) 2.28(0.17) 0.43(0.04) 32(3)
120 0.66(0.02) 1.95(0.14) 0.13(0.01) 18 (3)
30 0.32(0.03) 1.84(0.16) 0.05(0.01) 36 (4)
C. brevis 147 0.71(0.04) 0.67(0.07) 0.16(0.02) 16 (4)
64 0.33(0.09) 1.29(0.12) 0.24(0.01) 24 (3)
32 0.24(0.12) 1.98(0.05) 0.85(0.07) 11(2)
25 0.29 (0.04) 0.52(0.05) 0.16(0.02) 20(2)
6 0.10 (0.05) 0.24(0.06) 0.65(0.04) 20(2)
T. antarctica 147 0.60(0.05) 1.36(0.08) 0.50(0.04) 21(2)
50 0.41(0.03) 0.93(0.04) 0.30(0.02) 20 (1)
6 0.08 (0.01) 1.04(0.03) 0.52(0.02) 25 (2)
average 0.41 (0.27) 23 (6)

The chlorophyll-specific light-limited photosyntietrate shows small variation with the
acclimation light intensity in the temperate spsdEig.3.3). InP. tricornutum a Welch test
reveals a significant difference af" between cultures grown at 700 and 335 pumol photén
s' (n=8, p=0.0306). IT. pseudonana“" is significantly lower at 120 pmol photori’ns® that
at 30 and 700 pmol photorins™® (n=7, p=0.0014 and p=0.0013, respectively).
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3.3.3 Light-saturated photosynthesis

The net light-saturated photosynthesis rate vaa#sr removal of the blank medium (see
results below), from 1.09 to 4.76"éh temperate species and from 0.41 to 2 4&dcold-water
species (Fig. 3.4 and Table 3.3), B significantly higher in temperate than in ceoldter
species (2.41+0.90 and 1.02+0.4Y despectively; ANOVA, n=58, p=2.30 x TP
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Fig. 3.3. Average values of the initial slope of the
Pl curve as a function of the acclimation light
intensity. Error bars represent the standard
deviation between Pl curves.
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Fig. 3.4. Average of the gross maximal
photosynthetic rate as a function of the growth
rate. Error bars represent the standard
deviation between Pl curves.

There is a significant correlation betwegpahd the acclimation light iR. tricornutumand
T. pseudonanaCorrelation coefficients are 0.9090 (ANOVA, n=28;2.92 x 1) and 0.7316
(ANOVA, n=11, p=0.0105), respectively,hcreases also significantly with the growth nate
P. tricornutum (ANOVA, r=0.8517, n=20, p=2.26 x T and in T. pseudonang ANOVA,
r=7054, n=11, p=0.0248). f. Antarctica P,, at 147 pmol photon ths? is significantly higher
than R, at 50 pmol photon ths* (n=5, p=0.0085).

There is no significant difference in,Ror C. breviswith the light intensity (ANOVA, n=21,

p=0.111) or the growth rate (p=0.199).

Photosynthesis | 65



3.3.4 Respiration

A series of 14 Pl curve experiments on Prochlorogecshows an average oxygen
consumption in darkness of 0.20 + 0.10 nmelml™* min®. This result is used as the blank-
medium. Assuming the same concentration of contamiim concentrated samples of diatom

cultures, we subtracted the blank-medium from oeasarements.

The blank medium respiration is equal to 16 to 149%ur measured rates in darkness, with
an average of 49%. In five PI curves, the oxygesidion rate in darkness is lower than the rate
of the blank medium, leading to negative respiratates, i.e. oxygen production.

The final oxygen evolution rate in darkness rangespur experiments, from -0.06 to
1.32 d*. Rd is negative when the measured oxygen productite is lower than the estimated

blank-medium value. The averaggfBr the four species is 0.41 + 0.27 (Fig. 3.5).
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X T.antarctica
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Fig. 3.5. Respiration rates per 24 hours for the four species
as a function of the acclimation light intensity. Error bars
represent the standard deviation between duplicates.

The experiments do not show any variation Qfd@rrelated with the temperature or the
sampling time. However there is a significant difece between species (ANOVA, n=51,
p=0.0003). In some speciesg; Wried significantly among the cultures, as waidéelow.

In P. tricornutum Ry do not differ among the four cultures (p=0.2941QF821). In
T. pseudonanaR; in cells grown at the highest light irradiancesignificantly higher than Rin

the two other cultures (n=7, p=0.0264 and n=8, @3@A). In this last species, we also observe a
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significant linear correlation betweeny Bnd the light intensity or the growth rate (ANOVA,
n=11; r=0.9184, p=6.58 x Foand r=0.8687, p=0.0022, respectively):ifcreases with the light
intensity or the growth rate.

There is no relation betweeng Rnd the light intensity or growth rate @. brevisand
T. antarctica Ry varies from -0.005+0.000'dto 1.32+0.06 @ in C. brevis(n=18), while it is
more stable ifT. antarcticasince it varies among cultures from 0.30+0.01td 0.53+0.02 &
(n=6). Nevertheless, some cultures differ to edbleroinC. brevis Ry is significantly higher at
6 pmol photon M s* than at 32 and 147 umol photorn’ra* (n=8, p=1.36 x 18 and n=8,
p=1.37 x 1¢, respectively). InT. Antarctica there is a significantly difference of;Retween
cells grown at 147 and those grown at 50 pmol phaid s* (n=5, p=0.0062).

3.4DISCUSSION

3.4.1 Carbon, nitrogen and chlorophyll content

Carbon and nitrogen content

The carbon and nitrogen cellular contents, exprepse cellular volume, do not present any
trend of variation common to the four species. Ffegease of carbon in the temperate species
grown at low light intensity (3@mol photon rif s) is similar to observations by Langdon
(1988) onSkeletonema costaturalthough carbon and nitrogen contents did noy wetween
110 and 450 pmol photon™frs?, the cellular content increased by 50% at 5 prhoktgn n¥
s'. Bucciarelli et al. (2010) showed as well 25% @aze of carbon content per volume in the
diatom Thalassiosira oceanicgrown at low light intensity (7.5 umol photori’rs®), compared
to cells grown at high light intensity (75 pmol pbiw m? s'). The increase of carbon content
per cell at low light intensity is also visible Dytilum brightwelli There is not a common trend
for the nitrogen content. Nitrogen content per @l per volume iDytilum brightwelli is
twice higher at low-light intensity than at higigtit intensity. On the contrary, nitrogen content

in Thalassiosira oceanicdoes not differ with light intensity (Bucciaredit al, 2010).

Carbon: nitrogen ratio

Although three species showed a different C:N ratione irradiance, there is no evidence of
a correlation between C:N ratio and the light istgn(Verity, 1981). C:N ratio values are
similar to previously published data, where 85%hef C:N ratios vary from 4.3 t0 8.3 g C g N
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(Sarthouet al, 2005). In our experiments d@. brevis the C:N ratio ranges from 2.48 to
8.14gCgN.

Chlorophyll content and chlorophyll: carbon ratio

The observed decrease of chlorophyll content wiih light intensity has been widely
reported (Beardall and Morris, 1976; Falkowski, 39Bangdon, 1988), as well as the decrease
of the Chl:C ratio.0 varies from 5.41 to 23.66 mg Chl g Cwhich falls in the range of
published data, though for temperate species are slightly lower in oupesknents, with
13.75+1.65 mg Chl g & for P. tricornutumand 16.14+2.10 mg Chl g'Cfor T. pseudonana
Literature data foP. tricornutumgrown at continuous light range from 19.4 mg Ci€at
250 pmol photon s (Greeneet al, 1991) to 21.4 mg Chl g€at 90 pmol photon ths*
(Kudo et al, 2000) to 78.0 mg Chl g€ (Geider, 1985). ForT. pseudonanagrown in
continuous light at 14 to 515 umol photoff re*, Geider (1984) reported 59 mg Chl g,C

which is about three times the present values.

Cold-water species present the highest whose values are close to previous results
(T .antarctica(grown in continuous light at 110-160 umol photof s*): 21.41 mg Chl g €
(Hegseth, 1989)C. calcitrans(grown under 12:12 LD at 150 pmol photoif s): from 15 to
50 mg Chl g C at 6 to 25°C, respectively (Annirgg al, 2001)). Ratios up to 36.0 mg Chl ¢ C
(Chaetoceros spgrown under 180 umol photon:as™: Lomas, 1998) or 31.25 mg Chl ¢'C
(C. debilisgrown under 250 pmol photoris®, Harrisonet al, 1977) have been observed.

Despite differences df values with literature data, diatom cells shovinailar decrease of
with the light intensity: in temperate species, tago still equals about 70% of its maximum in
diatoms exposed to 50% of its saturation lightgmowth. The cold species reach about 40% of
Om when grown at 30-50% of the saturation light feowgth. Cellular contents for carbon,
nitrogen and chlorophyll are variable among speeied may vary under different growing
conditions. However, the Chl:C ratio, by normalgsithe pigment content over the carbon
content, represents the current photosynthetie stathe cell. The Chl:C ratio is clearly related
to the acclimation light intensity of the culturegiich makes it one of the key parameters of the
phytoplankton cell light-acclimation.
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3.4.2 Light-limited photosynthesis rate

All species and acclimation conditions considetid, average light-limited photosynthesis
rate is 22.46 g C g Chim? mol photor, which is much higher than that found in previous
studies. We develop below possible causes of ifferehce, as well as sources of variation of

o“" within a species and within a sample.

In our experiments, the average initial slope o# Al curve forP. tricornutum and
T. pseudonanare 27.66+5.11 and 27.30+6.65 g C g €hi* mol photort, respectively. Data
reported in the literature are much lower,o&8 values forP. tricornutumvaries from 3.61
(Terry et al, 1983) and 5.37 g C g Chim? mol photori (Greeneet al, 1991) to 7.9 (Geidest
al., 1985) and 9.17 g C g Chim? mol photori (McKay et al, 1997). Published data for
T. pseudonanare in the same range (6.39 g C g&f mol photor in Geider, 1984). Our
experiments on cold-water species show larger biitia of o™
16.1145.52 g C g CH m? mol photot for C.brevis and 21.44+2.08 g C g Chl m?
mol photor® for T. antarctica.As a comparison, rates f@. calcitransrange from 3.61 to

5.56 g C g Cht m? mol photofi- when grown at 6 to 25°C (Annirg al, 2001).

within species, with

As cellular content analysis shows, phytoplankteltsacclimate to different light intensities
by modifying their chlorophyll content. Expressirthe light-limited photosynthesis per
chlorophyll instead of, for instance, per cell er parbon, allows us to comparealues in cells

grown at different irradiances. Therefore we woekgpecto“"

not to vary with the acclimation
intensity. The independence &f" from the growth irradiance was shown in early eipents
(Myers, 1970). Although there is no correlationvegn growth irradiance and™" in our
experiments, significant differences between sommeigs exist. This variability could come

from the way the initial slope is graphically cdbted from the curve, as is discussed below.

Variations in the light-limited photosynthesis ratean have several origins, such as the
apparatus calibration, the chlorophyll content gsial the light intensity measurement, the
photosynthetic quotient used or the method usecdatculate the initial slope, as we discuss
later. While each of these parameters may havetatfeour results, it seems a major part of the
difference with other data comes from the celldhalorophyll content. When looking at the
light-limited photosynthesis rate relative to thell c(o“®"
(4.27 pg C celt m* mol photort) are similar to that of Greene (1991) (1.88 pgell'cm?

mol photon). But chlorophyll contents widely differ: while weeasured 45 to 123 fg Chl

), our results forP. tricornutum
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cell*, Greene (1991) reported 250 fg Chl Ceilh Fe-replete medium (and 57 in Fe-deficient
medium). As a consequence, the initial slope esaeby cellular chlorophyll is much higher in
our experiments: 28.6 g C céln? mol photort* (in diatoms grown under 335 umol photoif m
s%), whereas Greene found 5.28 g C ‘teff’ mol photori’. The same observation is made for
T. antarctica in which we measured up to 160 fg Chl ¢elwhile Hegseth (1989) reported
20,000 fg Chl celt in the same species. Light-limited photosyntheats forC. brevisin our
experiments was 16.14 g C g Chin® mol photofi* while Anning (2001) reported 3.61 g C
g Chi* m? mol photort in C. calcitrans This difference by four-threshold is likely torme
from our chlorophyll content analysis, since weedetd 71.6 fg Chl céllin C. breviswhen

Anning reported 180.0 fg Chl célin C. calcitrans

Comparison ofi“" values from different publications is not straifrward, as the estimate
of the initial slope of a PI curve is subject taigdons depending on the method used. When
determined with a model, the choice of the modétct$ the value of“™ (Henley, 1993;
Frenetteet al, 1993). The convexity of the curve influencesldreggth of the linear part, and this
can vary depending on the model used (Jassby atiti P376). Models from Webbs (1981) and
from Jassby and Platt (1976) are commonly usedinwitiie literature. Although they both
describe the photosynthetic rate as an exponduatiation of the light, the one from Jassby and
Platt (1976) is more complex, requiring one moregalde. As a consequence, the minimal cost
function is smaller, the regression coefficientwetn model and observations is bigger and
parameters such ag, Bnda“" differ.

When using a graphic method, as we did in this exmnt, consistency within a group is
not obvious and determination @f" can be easily subject to deviation. The initiat jodi the Pl
curve is calculated from the lowest light intensiterefore, the accuracy of the respiration rate
and the number of points at light-limitation playbay role in the deviation 06" within
samples. The more points there are, the more dectima slope will be. It is important to have
not only data in the linear part but also closéh saturation point, when the slope approaches
zero. For this reason, intervals between the ligfieinsities chosen for the PI curve depended on
the light acclimation of the cells: since high-ligicclimated cells achieved saturation later than
low light acclimated cells, the interval betweertetight intensity was larger for the latter than
for the former ones. For example, we expoBetticornutumhigh-light acclimated cells to five
different irradiances from 0 to 626 pmol photoif &1, whereas for low-light acclimated cells,
the five first irradiances ranged from 0 to 72 pmlobton n¥ s*, in order to be able to draw a
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line before light-saturation. WithC. brevis five irradiances were used, from 0 to
224 pumol photon s, for high-light acclimated cells, whereas fiverfr® to 45 pmol photon
m? s* were used for the low-light acclimated cells. ililitslopes were easily identified for
P. tricornutum whereas PI curves f&. brevisdid not show a clear initial slope, because of a
too small number of points, a very low dark regprarates or a deviation between samples.
With cells grown at 6 pmol photon ns?, the photosynthesis rate is saturated at the third
measurement (31 umol photori’ra?), meaning that only three points are used to tatieihe
slope: the dark respiration rate and the two firgitosynthetic rates (22 and 31 umol photéh m
sh.

Determination o&“" is subject to the difficulty of determining grapaily the extent of the
linear part of the curve, as no rule applies. is #tudy, we used two to five measurements (as
in example above) to calculat&™. The slope would be up to 50% higher if the lingart was
considered shorter. As an exampleCinbrevisgrown at 6 pmol photon s?, «“" measured
in duplicate between 0 and 18 pmol photoff 8T equals 28.4 and 32.5 gC gChh’
mol photor. These rates fall to 19.3 and 20.0 gC g mol photort!, respectively, if the
initial slope is prolonged until 36 pmol photorf " (Fig. 3.6).

*

Photosynthesis rate (mg C g Chl't min-1)

_15 T T T T T T 1
0 50 100 150 200 250 300 350

light acclimation (umol photon-1 m2 s1)

Fig.3.6. Pl curves for C. brevis grown at 6 pmol photon m™ s (duplicates). Inset: initial slopes for
each duplicate: solid lines, slopes from 0 to 18 umol photon m™s™; dashed lines: slopes from 0 to
36 umol photon m?s™.
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Fig.3.7. Pl curves for C. brevis grown at 32 umol photon m™ s™ (duplicates). Inset: initial slopes for
each duplicate: solid lines, slopes from 0 to 40 pmol photon m™ s*; dashed lines: slopes from 0 to
56 umol photon m™?s™.

3.4.3 Maximum photosynthetic rate

The maximum photosynthetic rate P expressed by carbon content, represents the cell
growth. As the growth rate increases with the ligiensity, we would expect an increase gf P
with the growth irradiance. This is the case Rortricornutum(r=0.9090) andl. pseudonana
(r=0.7316). However, there is no correlation betwBg and the light intensity i€. brevisand
T. antarctica though R, in high-light acclimated cultures @t antarcticais significantly higher

than in the two other groups (p=0.0077).

Since cells adapt their physiology as a functiorthef environmental conditions, exposing
cells to increasing light intensities can in theaifect their physiology. Henley (1993)
recommends Pl curve experiments should not laserti@n one hour and that light exposure
should not last more than five minutes, to avoidlia@mtion of the cells to the new light
intensity (Steemann Nielsen, 1949). We used tliemenendation during our experiments on

P. tricornutum and C. brevis It was not always respected in our earlier expents on
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T. pseudonanaHowever, we did not find any correlations betwegperiment duration and any

sign of photo-inhibition.

The maximum oxygen production per cellRntricornutumranges from 0.80 to 2.40 pg C
cell* hr', which is similar to the production reported bye€me (1991) (1.45 pg C célhr?
under 250 pmol photon fns?). This shows our results of oxygen production et are close
to the literature. A difference in oxygen produatiper chlorophyll content would be due to a

low content in chlorophyll in our cultures.

Our lowest results fof. pseudonananaximum oxygen production per chlorophyll content
show good agreement with the literature. It is egl@int to 8.0 to 20.7 g C g Chhr?, while
previous results for the same species gave 8.69ahd C g Cht hr! (Dunstan, 1973 and
Kolberet al, 1988, respectively).

Our findings forC. brevisare closer to the literature data. The maximunmgeRryproduction
per cell, converted in carbon production, rangesnfi0.29 to 0.84 pg C c@llhr?, except for
cells grown under 64 umol photoni“ns* where rates range from 1.06 to 1.15 pg C'ckti’.
Anning (2001) reported 0.39 pg C ¢elr?, for C. calcitransgrown under 150 umol photonm

st

3.4.4 Respiration rate in darkness

One of the issues of our experiments is the vditiglm Ry. The standard deviation of;For

the four species is equal to 67% of the averageevigdelf.

A part of this variation comes from experimentalqgadures. The average standard deviation
between replicates experiments (carried out atsdmae time of the day and the from same
sample on two different Oxygraph) is 0.10, 0.0890and 0.005 mol C mol€24 hi* for
P. tricornutum T. pseudonanaC. brevisand T. antarctica respectively. This difference takes
into account the variability between the two Oxydrand the variation in oxygen concentration
due to different calibration or mixing of the meaiuvith a left-over of rinsing water in the
chamber. The standard deviation qof Mthin each species is 0.12, 0.19, 0.33 and 0.bLGn

mol C* 24 h*, for P. tricornutum T. pseudonanaC. brevisandT. antarctica respectively.
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Respiration rates found in the literature vary witland among species. Values from
P. tricornutumrange from <0.1 to 0.23'dGeideret al, 1985; Laws and Bannister, 1980). Our

results for this species are higher (average: 691

According to a review by Geider and Osborne (1989)5 publications, diatoms see their
ratio of dark respiration to net maximal photoswtih rate (R: Py) ranging from 0.05 to 0.50.
This ratio ranges, in our experiments, from 0.0D#4, with an average of 0.24. The lowest
ratio, below 0.06 in seven cases, were caused lywaRy (between -0.005 and 0.1')d
Although our respiration rates were sometimes Jew, we obtain in a majority of cases a
similar ratio R: P, than reported in the literature.

3.4.5 Variations of R, and Ry within a same sample or a same culture

As in any experiment, the measurement pfaRd R are subject to error, causing a variation

of the parameters among several measurementsriinean have several origins.

As explained in Materials and Methods, a cultures wampled several times during the day of
experiment. Each sample was used for two Pl curperenents, carried out with different

Oxygraphs, resulting in duplicates. Oxygen measargsmfor both duplicates were processed
using identical data on cell counting and carbomlysis. Therefore, the error between
duplicates, i.e. the variations of parameter valbesveen the two Oxygraphs, was due to

variability in the oxygen measurement itself.

Although the same culture was sampled through #ye tthe parameter values obtained for
the different samples can vary. If this variatismbt due to biological effects, such as the time
of day, it is considered to be due to measuremeat.€elhe error within the same culture is the
combination of errors in sampling, cell countingrlion and chlorophyll analysis as well as the

oxygen evolution rates.

The relative error of Rbetween duplicates ranges from 0.8% Tomantarcticagrown at
147 pmol photon s and sampled during the morning, to 923% fopseudonangrown at
30 umol photon f s* and sampled during the morning. The average éomall species is
75%.
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Deviations of R values within the same culture range from 0.59¢d fantarcticagrown at
50 pmol photon M s* (n=2) to 150% forP. tricornutumgrown at 30 umol photon s*
(n=4).

The relative error of R between duplicates ranges from 0.1% €r brevis grown at
32 pmol photon M s* and sampled during the afternoon, to 27% @brbrevis grown at
32 pmol photon M s* and sampled during the evening. In 89% of the enyants, the relative

deviation of R, between duplicates is lower than 20%.

Deviations of R values within the same culture range from 1.2%Qorrevisgrown at
6 pmol photon M s (n=2) to 35% foiP. tricornutumgrown at 30 pmol photon frs* (n=6).

Variations of B, measurements may result from an error in cell togn(0.08%), in carbon
content analysis (0.1%) and in oxygen reading @J)l6vhich, combined, create an error of
6.9% (in average for the four species). Therefare,can expect a difference of at least 6.9%
between duplicates. Some variations gf Between duplicates are larger than 6.9%, meaning
either our estimation of errors in,Aneasurements was underestimated, or there istar,fac
during the experiment, we did not take into accotihts factor could be the measurement gf R
itself. Effectively, relative errors of fare greater than errors for,Fshowing the sensitivity of

R4 measurements. Moreover, the large errors,abé&ween replicates coincide with large errors

in Ry, enhancing the consequence of an errorqghBasurement on the,Ralue.

On the eventual presence of bacteria in our culure

Although precautions were taken during experimeaotshandle the cultures in axenic
conditions, medium and glassware, we cannot agb@recultures were axenic. The Coulter
counter, used during our experiment for cell caugptidetects particles down to 2 um. Bacteria
would therefore not be detected, as their sizeasrigpm around 0.1 to 1 um. Bacteria can be
autotroph, as cyanobacteria, or heterotroph, frgarosm or attached to microalgae or
particulate matter. Presence of bacteria in a wiltcan causes bias for photosynthesis
measurements: heterotrophic organisms can consussehad nutrients and oxygen, while
autotrophic organisms’ oxygen production may irefwith the plankton photosynthesis to

study.

Numerous studies report estimates of respiratiomabural phytoplankton communities. An

average respiration rate of bacteria and microbetgsh up to 3um ranges from 1.25 to
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2.81 mmol @ mI* d* (Hoppeet al, 2008). A natural population filtered at 0.8 pnegents a
respiration rate of 1.4 mmol,@ell* d* (Reinthaler and Herndl, 2005).

However, it is obviously very difficult to estimatiee eventual bacterial concentration in our
culture. As an example, Soto et al (2005) studiedculture of. tricornutumin the presence of
bacteria. When the diatoms reach their maximundyéel1G cells mi*, the bacteria population

yields 10 cells mI*.

As batch cultures are inoculated in sterile medawery few days, it is unlikely that bacterial
population would build up to high levels. Moreovtre centrifugation may have concentrated
bacteria with the diatoms, or on the contrary mayehseparated them from bigger cells. The
average oxygen evolution rate in darkness in oltus was 820 nmol OmlI™* d*, which is
three-fold the rate in natural population repoiftgdHoppeet al. (2008). One could suppose that
effect of bacterial respiration on our measuremenild be negligible.

Although blank oxygen measurements were not caroatl during our experiments,
measurements in other culture media can give use dosight on the influence of bacteria.

Values for blank were taken from experiments omalkstrain of Prochlorococcus.

The oxygen evolution in the culture medium, filgtrdarough 0.22 um, can be used as the
blank value for an axenic medium. The oxygen comngion rate in darkness varies from 0.051
to 0.201 nmol @mI*min®, with an average of 0.099 + 0.054 nmel@® min’ (Beate
Stawiarski, personal communication). This indicaéess of oxygen, probably through the
electrode. The same culture filtered through 1 pwuld contain contaminating bacteria.
Oxygen consumption rate in darkness in this samgiges from 0.052 to 0.361 nmo} &l™

min, with an average of 0.202 + 0.102 nmel@™ min™.

Considering the filtration through 0.22 um elimestbacteria, the difference in oxygen
evolution between the two treatments gives an atdio of the potential effect of bacteria

respiration on oxygen level. This would reach ierage 0.103 nmol Ol min™.

The standard error of oxygen evolution measurenmenour duplicates approximates 0.156
to 0.649 nmol @ml* min®. Therefore, the influence of bacteria respiratiamd oxygen
depletion due to the medium does not affect owligs
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3.5CONCLUSION

Despite the many studies on photosynthesis inate7l0 years, very few of them report sets
of photosynthesis parameters for different growthdiances, coupled with cellular content. Our
experiments on two temperate and two polar diafoeties were an attempt to acquifé and
Pndata as well as growth rate and cellular contemtséveral diatom strain cultures acclimated

to different irradiances.

In general, our experiments confirm trends of pRptthesis parameters reported in previous
studies, as for instance the independence 8fwith the growth irradiance, as well as the
increase of R or growth rates with light, as fd?. tricornutum However, variability arising
within our samples and between our samples antit¢énature deserves deeper examinatids
previously described (Geidet al, 1997), the Chl:C ratio decreases with the ligtiensity.
However, values for this study are lower than thpesviously reported, mainly because of
lower chlorophyll content values. This affect adlwé™: the chlorophyll-dependent initial slope
ends up very much higher than that in the litegatur

Moreover, the measurement itself of the initi@pg can be improved. For instance, initial
slope of Pl curve measured over only two or thiglet intensities, as fof. antarcticagrown at
6 umol photon M s proved to be not reliable. Theng Rffects the initial slope. In our
experiments, Ris often low, therefore increasing the slope efithitial part of the PI curve. For
T. antarcticagrown at 147 and 50 pmol photori’rs®, o“™ would decreases from 21.3 and
19.9g C g Cht* m? mol photort, respectively, to 16.3 and 160C g Cht* m? mol photor,
respectively, if the slope was calculated with@king into account the dark respiration rate.

In order to decrease error #T" and to identify the origins of variation, varidtyil coming
from light measurement, chlorophyll and carbon eonhtanalysis or oxygen measurements
should be minimized throughout all the experimdiitis involves a closer monitoring of the
algal growth, more replicate sampling and a monesisbent determination of the respiration
rate in darkness. Although the technique of oxygeasurements with the Oxygraph is reliable,
supplementary experiments would help identifying dnigin of the variations. Experiments at
different stages of the exponential growth phasalavoeveal any variation af“™ and R, over
the day or the growing phase. Tests on the Oxygvaphblank medium and filtered medium
(free from algae but containing any eventual b&tevould give useful insight on the impact of

bacteria on oxygen production. Light intensity meaments can simply be improved by using

Photosynthesis | 77



a sensor fitting inside the Oxygraph chamber. Expants on species growing in warm water
would give us information on the dependence ofutalicontent and photosynthesis parameters

on temperature.

Data on growth rates and cellular content of ther fgpecies can be used to optimise the
photosynthesis model. Observational data of groaté, Chl:C ratio and growth irradiance are
used to calibrate the photosynthesis model (Buiienland Geider, 2010), as explained in
Appendix Il. The optimisation af“", 6., and 1, (Annexe I1) gived, values similar to those we
measured on our cultures. Howevef" and R, are lower in the optimisation. The PI curve
parameters were calculated directly from oxygendpction measurements, cell count and
chlorophyll content. On the contrary, the optimisatprogram uses the growth rate, and Chl:C
ratioto constrain the parameters. The optimisedeslfor6,, figure at the lower edge of the
dataset of compiled data (Fig. B.2 in annexe lIdifierence between measured and optimised
parameters would mean either an error in our aisatyscalculation, e.g. chlorophyll analysis,
growth or respiration rate, or poorly constrainedameters in the model. Points from measured
parameters“" and6,, are situated along a line (r=0.8699), suggestezhatant ratia“": 0, in
our experiments. However, this should not be canredlto be always the case.
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CHAPTER4

DiATOMS IN THE GLOBAL OCEAN BIOGEOCHEMICAL MODEL
PLANK TOM5S

4.1 INTRODUCTION

Ocean modelling is of great interest, and so isnkitan modelling: understanding
ecosystem processes and quantifying them couldgrelicting the response of the oceans to

future climate.

Building a model involves three stages: establgtime complexity and structure of the
ecosystem, finding the best representative equatod finally their parameters. Choosing the
right parameter value for the model is of key intance to modelling. In the PlankTOM5.3
model, plankton species realizing the same spduifichemical reactions are grouped into five
Plankton Functional Types (PFTs). This study fosusm one of them, the diatoms,

characterised by their silicate envelope and thigin growth rate in nutrient replete conditions.

Diatom growth is calculated as a function of terapare, irradiance, nutrient concentration
and mortality. Data presented in chapter 2 and @veld the wide range of physiological
parameter values such as temperature dependenghatasdynthetic rates. Apart from finding
good representation of the average, modellers dhaldo be able to estimate the error
associated with each parameter and the conseqgeeiatidn of the model output. Effectively,
until now, no sensitivity study has been done @ankion growth parameters of PlankTOMS5.3.

Parameter values are estimated from experimentdd @rdield data.

This chapter examines the representation of digowth as a function of the temperature
and of their photosynthesis. The objective of #higly is twofold. First we aim to improve the
representation of diatoms, i.e. to implement gropdinameters that fit better to observations
than the current ones. Secondly, our data analtisvs us to estimate the parameter
variability within diatoms. Diatoms are diverse size and by consequence in growth rate.
Photosynthetic parameters can vary as well depgndimthe species. Therefore it is very
difficult to provide modellers with average paraeretalues still representing the whole PFT.
However, the deviation of those parameter valuessgan indication of the diatom diversity.
By running the model using extreme values we céimate the extreme impact of the PFT on

ocean ecosystems.
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While temperature dependence is modelled in theentiimmodel PlankTOMS5.3 by the
Eppley curve (1972), we suggest another equatisedan experimental data (Chapter 2) and
present the associated changes in biological cut@utnulations using an average function and
a maximal function give us an estimate of the matisliation. Photosynthesis is represented
by a light-iron co-limitation model (Buitenhuis ai&eider, 2010). According to the results of
photosynthesis-irradiance experiments (Pl curvieapter 3) we modified the photosynthesis
parameters of PlankTOM5.3 and investigated theceffen biological production and carbon
export. The range of parameter values among outtsesnd between our results and literature
data is considered as the plausible natural dewi@mong diatoms.

4.2 MATERIALS AND METHODS

4.2.1 PlankTOMS5.3 model

The PlankTOM models are global dynamic green oce@dels, composed of a
biogeochemical model coupled to a physical modeé PlankTOM series of models are based
on the ocean biogeochemistry model PISCES-T (Aunetrdl, 2003), in which ecosystem
dynamics are represented by Plankton Functionaé3yPFTs). PlankTOMS describes the full
cycles of N, Si, C, and £ a simplified cycle of Fe and biogeochemical psses such as
nitrogen fixation and particle ballasting. The plogé characteristics of the ocean are described
in the general circulation model NEMO (Madec, 200B)e sea-ice dynamic is also included
through the thermo-dynamic sea-ice model LIM (Tirnmanset al, 2005). PlankTOM5 has a
horizontal resolution of 2° longitude and on averdgl® latitude, and a vertical resolution of
10 m in the upper 100 m, increasing to 500 m an&dkpth.

PlankTOMS5 includes three phytoplankton PFTs (pPFdiatoms, coccolithophores and
mixed-phytoplankton) and two zooplankton PFTs (z&Rroto- and meso-zooplankton). The
lastest version, PlankTOM5.3 (Buitenhuis and Le @®uéubmitted) was developed from
PlankTOMS5.2 (Buitenhuigt al, 2010) and includes the dynamical light-iron guoitation
photosynthesis model (Buitenhuis and Geider, 20tt@®,biophysical feedback through heat
absorption by chlorophyll for each pPFT (Maniztaal, 2006) and a new parameterisation of

the ballasting effect.
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4.2.2 Photosynthesis model
Phytoplankton growth is described in the six ecuedtj as follows. The variation of

phytoplankton concentration is calculated as:

3R -
= (1-d) i R®-wei REP®-2) g7 Z P° (1)

ot

where F¥ is the concentration of element e in phytoplankt¢iatoms, coccolithophores and
mixed phytoplankton), in which the elements e ayd=€ or Chl, d is the fraction of primary
production that is exuded as DOG;’jis the growth rate of phytoplankton (Eqgs. 2, 4 v is
the generic loss rate (EqQ. 6), ar‘ggpig's the grazing rate of zooplanktopah phytoplankton P
(Buitenhuiset al, 2006; 2010). The loss rates are the same fa@athents. The ratio O: C: N:
P in phytoplankton is fixed to 172: 122: 16: 1. @ in O, N and P vary as a function of the

carbon content, which is calculated as in (2). F€KI:C and Si:C ratios are variable.

The growth rates are different for each elemergefdan the iron-light colimitation model
of Buitenhuis and Geider (2010), as follows. Thevgh rate for carbon is:

l-lPiC =P, x (1-exp( Mo | )) (2)

m

where P, is the maximum photosynthesis rate (Eq.o8)! is the constant initial slope of the

Pl curve 9 is the variable Chl:C ratio, and | is the lighteinsity.

The maximum photosynthesis rate is:

. Q - Ghin NOs SiO;
Pon = Hmax, 0-% Qug "% x miin ( Qopt - Qmin’ Kz, no3+ NOs 7 Ky, sioz+ SiOs 1) (3)

where hax, o IS the maximum growth rate at 0°Cy¢Qs the temperature dependence of
growth, T is temperature in degrees Celsius, Qasiiternal phytoplankton Fe:C quota, NO
and SiQ are the seawater nutrient concentrations, apdre the half saturation concentrations

for growth.

The growth rate for iron is:

Fe_ . Q- Qu Fe'
P = (e 9" max pmad X ( Q0 G, V) X Q™ (e ) @
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wherep"max is the maximum iron uptake rate at iron limitati@mdp®max (= HmaxQmax) is the
steady state iron uptake rate at saturating ironceatrations, Fe' is the dissolved iron
concentration and K reis the half saturation concentration for iron Wetalhe maximum rate
of uptake is down-regulated with the accumulatibeeadlular iron (Qay, While it is enhanced

at low cellular iron content (&@,). PFTs are allowed for excess iron uptake, orthyuptake”.

The growth rate for chlorophyll is:

_ __chl Om
o= (P x (1-exmy 00 2% 5)

whereby, is the maximum Chl:C ratio.
The loss term, which is increased in diatoms duniaigient limitation, is

Fe' . NOs , SIO;
Ky, re  Ki, No3 Ky, sio3

Wpi= (L + Lgia X (1 - min(

1)) (6)

where L is the loss rate andilis the additional loss term for diatom aggregatidere, the

loss term is represented only by the respiratig. (R

4.2.3 Parameterisation

As can be seen from the above equations, the ghgsi@nd ecosystem turnover rates of
diatoms (and other phytoplankton) are controlled1byparameters. The nutrient limitation
parameterSpC imaJplomax, Ky, Fe Qmin, Qopty Qmax K12,n03 Kir2,siod and phytoplankton turnover
rates (L, lsis) were as in Buitenhuis and Geider (2010) (tabl¥).4The grazing rates of
zooplankton (gpi) are as in Buitenhuist al. (2006, 2010). The diatom maximum growth rate
parameters ynax, 05 Qio) for the original simulation are as in Eppley (297The new

parameter values result from our temperature-degperastudy described in chapter 2.

The values of the light-limitation parameter§™, 6, in the original simulation are the
average values for three PFTs from Geideal. (1997). The new parameters are from our
light-acclimation experiments described in cha@eihe loss rate in the original simulation
was from Aumontt al. (2003). We used in the experimental simulatioresréspiration rate
(Rg) from chapter 3.
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4.2.4 Simulations

The PlankTOM5.3 model was run eight times. Thdahitun (EPP, as for Eppley curve)
includes parameters as they were before any matdits related to this study were done
(Buitenhuis and Le Quersybmitted. Most of the parameters were taken from theditee.
By comparing two simulations where only one parametas different, we are able to study

the effect of each parameter on the plankton Oistion.

Table 4.1: Phytoplankton parameters in PlankTOM5.3

description parameter value n reference

fraction of PP as DOC d 0.05 46 Nagata 2000

increase in Fe-limited

hi lo ) ' ‘
29 1 Buitenhuis and Geider 2010
upta ke rate p max/p max

half saturation Fe uptake

. K, 5.2 1 Buitenhuis and Geider 2010
(diatoms) % Fe
ml_nlmum Fe:C ratio Qmin 2.5 1 Buitenhuis and Geider 2010
(diatoms)
optimum Fe:C ratio diatoms Qopt 3.2 1 Buitenhuis and Geider 2010
maximum Fe:C ratio . . .

. Qpnax 47 1 Buitenhuis and Geider 2010
(diatoms)
half saturation growth N

. Ky, 6.6 Buitenhuis et al. 2010
(diatoms) %, NO3
half saturation growth Si

. Ky si 4 Aumont et al. 2003
(diatoms) %, 5103
additional nutrient limited L 01 Aumont et al. 2003

loss rate (diatoms)

In the first series of experiments, we tested tleleh sensitivity to the maximum growth
rate parameters (Fig.4.1). In the original modeanRTOMS5.3 (simulation EPP), the
relationship between diatom growth rate and tentpegais represented by the exponential
function from Eppley (1972)

Hmax = 0.59 * 1.066 (7)
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i According to results from chapter 2, the
5 | function fitting the best to the average diatom

growth rate is an optimal function. While some

s

modellers may use the function fitted to the

%)
L

upper-edge of the plot (Equ. 9), we have chosen,

Growth rate {d)

[

as explained in chapter 2, to use the average

1 function. Therefore, the simulation OPT uses the

average growth rate defined by Equ. (5).

il

1] 5 lb 1I5 Z‘D 25 3IEI 3‘5
Temperature ("C)

Fig.4.1: Temperature dependence of the

diatom growth rate, as defined by

Eppley curve (red, simulation EPP),

Equ.(5) (black, simulation OPT) and
Equ.(9) (green, simulation OPTm).

Table 4.2: Parameter values used for the different simulations of PlankTOM5.3: A) change in
temperature-dependence function, B) change in photosynthetic parameters, C) change in loss rate
(respiration rate); grey shading indicates same value than in the original model (EPP); simulations in
bold are used as control for each experiment.

A run Mmax  Temperature function il Om loss rate (R
EPP 0.59 1.066" 9.48 0.056 0.10
OPT 2.15 exp[-(T-35.8277] 9.48 0.056 0.10
OPTm 5.66 exp[-(T-46.8)*/33%] 9.48 0.056 0.10
B run Umax  Temperature function " Om loss rate (B
OPT 2.15 exp[-(T-35.8Y27 9.48 0.056 0.10
Alp 2.15 exp[-(T-35.8)%/277] 18.36 0.056 0.10
Tht 2.15 exp[-(T-35.8)%/277] 9.48 0.030 0.10
AT1 2.15 exp[-(T-35.8)*/27%] 18.36 0.030 0.10
AT2 2.15 exp[-(T-35.8)*/27%] 27.48 0.015 0.10
C run Hmax Temperature function oM Om loss rate (R)
AT1 2.15 exp[-(T-35.8)*/27°] 18.36 0.030 0.10
RD 2.15 exp[-(T-35.8)277 18.36 0.030 0.18
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Moreover, we want to estimate the sensitivity @& thodel to the diatom growth rate, i.e. to
test the extreme values. In order to estimate tAeimum diatom production, we apply in the
simulation OPTm the optimal function fitted to tiwpper edge of the database (Equ. 9).
Testing the model with OPTm will provide us with estimate of the sensitivity of the model

to high diatom growth rates.

Outputs of simulation OPT and OPTm are compardddse of the simulation EPP.

In the second series of experiments, we incorpgriatdosynthetic parameters described in
chapter 3 and in Annexe |. The temperature-deperedemction used as in OPT.

First we experiment an increasecSf' (simulation Alp), then a decreasefaf (simulation
Tht) and, in the simulation AT1 we change both peeters. Finally, in the simulation AT2,

o“" and6,,, are both changed again, increasing the differevittethe original parameter.

All simulations are compared to the run OPT.

For the third experiment, the temperature-deperglefunction is as in OPT and
photosynthetic parameters are as in AT1. The diatespiration rate in darkness gjRvas
increased in simulation RD. Outputs are compardtdse of the simulation AT1.

PlankTOMS5.3 was run for six years, from 1990 to@,98inimum time necessary to obtain

balanced outputs. Results presented are the digtpilne last year simulation.

The simulation OPT was also run during six morergetom 1997 to 2002, in order to
calculate the inter-annual variability of each paeter (Table 4.3). This period was chosen

because it covers a period of El Nino event, kntavoause changes in plankton production.

4.2.5 Interpretation

The effects of changes in parameters were stutiredigh phytoplankton and zooplankton
abundance and distribution. Global primary productand carbon export at 100m were
compared, as well as grazing rates and PFT bion@ebal distribution, concentration over
latitude and over time are presented for each BIehcentrations are integrated vertically, i.e.

summed over the first 200m, resulting in a conegitm in ug C rif. Zonal average
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concentrations per depth, presented as a functiolatitude, are expressed in pg C-.L
Hoffmuller plots are used to present verticallyemyiated PFT concentration per latitude and
per month, expressed in ug C?’m\utrients and iron concentrations over the yaaeraged
over the first 200m, are expressed in unidlbok pmol L.

Our analysis focuses on two specific areas presgitinigh diatom production: the North
Atlantic (NAt) and the South East Pacific (SEP). Wil describe the outputs of our
simulations as increasing (decreasing) or higlmvdl) when the output is higher (lower) than

that in the simulation of reference.

The simulations were evaluated comparing PFT biemasd abundance field data
compiled in the Marine Ecosystem Biomass Data (MPRE) database. Observations were

gridded into the model grid. For each PFT we caltad the average residual sum of squares:
RSS =% (model - observatiof)

We calculated 95% confidence intervals of phytokian biomass from the ratio of two

RSS values, using the formuladramowitz and Stegut972]:

RSS n_. 2(2n-2)
RSSnin = 1.645x n-2 \/( n(n-4) n-2 (8)

where RSGi, is the value for the simulation that best fit thieservations, RSS are the values
for the model simulations that are inside or jusismle the confidence interval, 1.645 is the F
distribution value for p = 0.05, and n is the degoé freedom. We approximated n with the

number of observations.

4.3RESULTS ANDANALYSES

4.3.1 Global primary production

Primary production ranges from 47.99 to 50.22 Pyr€ (simulations EPP and AT1,
respectively). Global production of diatoms randgesn 0.202 to 0.250 Pg C Vr that of
mixed-phytoplankton from 0.799 to 1.044 Pg C'ythat of coccolithophores from 0.282 to
0.414 Pg C yt, that of meso-zooplankton from 0.068 to 0.079 Pgr€ and that of proto-
zooplankton from 0.157 to 0.246 Pg C'iTable 4.3).
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We observe a large variation in PFTs abundancer dbfan diatoms. Small changes in

diatom biomass lead to large variations in othef PFoduction (e.g. after change in growth

parameters), and reciprocally (e.g. after change®dj. Increase of diatom biomass causes

increases or decreases of other PFTs biomass. igjgesb variation of primary production

occurs with the simulation AT1 (change &f" and#6,,), where it increases by 3.7%, from
48.64 Pg C yt in OPT to 50.44 Pg C yrin AT1.

Table 4.3. Primary production, export at 100m (Pg C yr?), and PFTs biomass (PgC) for each
simulation. Inter-annual var.: inter-annual variability calculated over a run of 6 years; Mean and
standard deviation (St.Dev.) and error do not take into account simulations Alp and Tht. PP: primary
production, DIA: diatoms, COC: coccolithophores, MIX: mixed-phytoplankton, PRO: protozooplankton,
MES: mesozooplankton; DIA %: proportion of diatoms among total phytoplankton.

PP Export DIA cocC MIX PRO MES DIA %

EPP 48.0 9.42 0.219 0.335 1.012 0.211 0.077 14.0
OPT 47.3 10.05 0.235 0.297 1.044 0.193 0.079 15.7
OPT,, 48.6 9.05 0.213 0.336 0.809 0.190 0.068 14.9
Alp 49.2 9.13 0.250 0.282 0.847 0.157 0.078 18.1
Tht 50.0 8.38 0.122 0.467 0.750 0.211 0.065 9.1
AT1 50.4 8.50 0.202 0.414 0.962 0.246 0.074 12.8
AT2 49.2 8.93 0.205 0.343 0.810 0.203 0.067 15.0
RD 49.0 9.00 0.210 0.414 0.962 0.192 0.068 15.4
Inter-annual

variation (0.2) (0.14) (0.006) (0.011) (0.007) (0.002) (0.001) (0.3)
MEAN 48.8 9.16 0.214 0.348 0.906 0.206 0.072 14.6
St. Dev. 1.08 0.53 0.012 0.039 0.113 0.021 0.005 11
St. error (%) 2.2 5.7 5.6 12.4 11.2 10.3 7.2 7.3

4.3.2 Plankton distribution in the original simulation (EPP)

In the following sections we describe the distrbag of each functional type for the

simulation EPP. Global distributions are displayeéig. 4.2.

4.3.2.1 Diatoms

The largest abundance of diatoms is situated inEipgatorial Pacific and the Southern

Ocean (Fig. 4.2 A and B). They are also well repmésd in the North-East Pacific, North

Atlantic and equatorial Atlantic. They are abseotf tropical gyres of the Pacific. The highest
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concentration reaches 2.1 pg C?rim the Equatorial Pacific and 1.8 pg C?rin Southern
Ocean waters. Production in the North Atlantic jestches 1.3 pg C'tn

A

Fig. 4.2: Global PFTs distribution for simulation EPP: vertically integrated concentrations. A) diatom
chlorophyll [ug Chl m™], B to F [ug C m™] B) diatoms, C) coccolithophores, D) mixed-phytoplankton, E)
proto-zooplankton, F) meso-zooplankton.

Primary production at low latitudes and in polagas differs by two main criteria:

* The production in polar areas is subjected to hsglasonality, whereas the

equatorial production is quasi-constant over treg YEig. 4.3 A).
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e The polar biomass is concentrated in the surfager|&-100m), whereas the
maximum at low latitudes is situated at 50-100ng.(Bi3 B).

Moreover, in the Southern Ocean, the bloom starSeptember at 50°S and extends both
northward and southward up to 40-80°S, with a peakovember and December of 2.5 ug C
m? (Fig. 4.3 B). In the North Atlantic, maximal comtetions occur in April-May at 60°N,
with a peak of up to 2.2 pg C'm

This distribution pattern is close to observationkjch have shown the predominance of
diatoms in nutrient-rich waters of up-welling, de tEquatorial Pacific, and in polar waters
(Uitz et al, 2006, based on satellite data).

In the Southern Ocean, concentrations are maximtdeasurface, from 0 to 50 m, up to
9.2 ug C 1 (Fig. 4.3 A). The annual and zonal average comagoh is up to 2.5 ug C fat
55°S (Fig. 4.3 B). The diatom distribution in theuthern Ocean reflects the physical dynamic
and chemical properties of this area. The upweltihdeep waters south of the Antarctic Polar
Front at 45-50°S brings nutrient-rich water to tweface and enables the bloom. Moreover,
diatoms could not grow without the required ironecBnt observations have shown the
presence of available dissolved iron in surfaceevgabf the Southern Ocean (Sarthedial,
2011; Klundert al, 2011).

The distribution of the diatom chlorophyll biomasiffers slightly from that of the carbon.
The depth-integrated annual average chlorophyltentration reaches its maximum not in the
Southern Ocean, but in the Pacific equatorial gypeto 0.088 pg Chl i) (Fig. 4.2 A). The
annual average concentration in the Southern Osagmto 0.060 pg Chl 1 The distribution
over depth differs as well: the maximum concentraiin Chlorophyll are slightly deeper,
likely because the Chl:C ratio increases with arelese in light intensity. The peak in the
equatorial zone is situated at 80/100 m, with aazamerage of 0.3gg Chl I* (Fig. 4.3 C). At
60°S, the maximum chlorophyll concentration extemasil 80 m (0.24ug Chl ). In the
northern hemisphere, the chlorophyll concentraisomaximal at 100 m (0.14g Chl ). The
distribution over time shows higher chlorophyll centration at the beginning of the blooms,

when the carbon biomass is still at low level (Big.D).
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Fig. 4.3: Results of simulation EPP. A, C, E, G) zonal average per depth [pg C I or ug Chl I''], and B, D, F, H)
Hoffmdiller plots [ug C m™? or pg Chl m?. A, B) diatoms; C, D) diatom chlorophyll; E-H: E and F)
coccolithophores, G and H) mixed-phytoplankton.

20N JANG O FEB MAR  APR MAY  JUN JuL AU SEP agT WOV DEC
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4.3.2.2 Other PFTs

Coccolithophores are present in the Arctic Oceanrdto the Labrador Sea and at sub-
tropical latitudes. They appear in coastal upwegll West Africa and east of South-America,
as well as along the Antarctic coast. The highetsgrated concentration (averaged over the
year) is 6 pg C fin the North Atlantic (Fig. 4.2 C).

Mixed-phytoplankton is largely spread over midiladies and in coastal upwellings. It is
absent from polar waters (Fig. 4.2 D). They grovetighout the year, with a peak at 50°N in
March and 50-55°S in October (Fig. 4.3H), whereytreach 100 m and 120 m, respectively
(Fig. 4.3 G).

The protozooplankton grows essentially in polarergt although low concentrations are
predicted in tropical latitudes (Fig. 4.2.E). Howewt does not grow in oligotrophic gyres of
the Pacific. The proto-zooplankton grows in the {grsurface layer in the Southern Ocean: the
maximum concentration layer extends from the serfac60 m with 13ig C I (Fig. 4.4 A).

At low latitudes, the biomass is concentrated antthp 50 m.

The mesozooplankton grows in well-delimited latinad bands, from around 65°S to the
southern tropics and between 70°N to the Northeopids (Fig. 4.2 F). The biomass is the
most concentrated between 0-50 m, though it reatP@sn (Fig. 4.4 C).

4.3.3 Effect of the temperature dependence function

When the average optimal function replaces Epplaye (1972) (simulation OPT), the
global diatom biomass is lower than in simulatioRFEby 3%, which is not significantly
different. This does not mean changes at locaksaia not significant, which we are going to
examine below. Changes are located in sub-poldaudas, between 30-50°S and 30-60°N,
with decreases up to 50% in high productive ar@sshal production of mixed-phytoplankton,
proto- and meso-zooplankton in OPT are signifigalaer than in EPP (Table 4.3). Changes
in pPFT concentrations lead to an increase of tkeomh proportion over the total

phytoplankton.

On the contrary, the use of the maximal optimaktfiom (OPTm) causes a 7% increase of
the global diatom biomass, stronger in the Nortimidphere (Fig. 4.5.A). Diatom production
around the Antarctic increases by about 5%. We atde changes in other PFTs biomass, in

particular the decrease of coccolithophores pradndiy 11% (Table 4.3).
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Fig. 4.4!: Results )of simulation EPP' for zooplankton. A, C) zonal average [pg C I''], and B, D,) Hoffmiiller
plots [ug C m™]. A, B) protozooplankton; C, D) mesozooplankton.

A change of diatom production can affect other PErsugh nutrient availability, light
intensity and/ or changes in grazing. A lower bismkaves more nutrients available for other
phytoplankton. It might also affect the zooplankgrazing. A closer look at PFTs distribution
over depth and time in the South-East Pacific (S&®R) in the North Atlantic (NAt) will
enable us to better understand their relationships.

4.3.3.1. Use of the average optimal function indiefaEppley curve (EPP to OPT)

In South East Pacific (SEP):

A small (less than 10%) but significant decreasdiafom biomass during the spring leads
to larger changes for other PFTs. (Fig. 4.6.A) Mipdhytoplankton and meso-zooplankton
concentrations are lowered in the simulation OPToubhout the year, whereas

coccolithophore bloom biomass increases massivaty 4.6).
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Decreases of diatoms and mixed-phytoplankton bisnmaspring allow coccolithophores
to take advantage: their peak biomass increasdbrbg-fold, at the surface and northward,

precisely where diatom and mixed-phytoplankton l@esdecrease.

At the same time, the zooplankton is affected by kbwer mixed-phytoplankton and
diatom concentrations: proto- and meso-zooplankimmass decrease in OPT, relative to
EPP, by 20 and 30%, respectively (Fig. 4.6 D andThg feedback effect is a decrease in
zooplankton grazing on diatoms during the monthisvieng the bloom, which would explain

the slightly higher diatom concentration, in OP/Dni December to February.

The mixed-phytoplankton produces a bloom in spfidgrch to May) when the nutrient
concentration starts increasing (Fig.4.8). It isely to be the main food for the meso-
zooplankton at this time of the year. Indeed, bigom is 50% lower in OPT than in EPP and

the consequence is a decrease of both proto- asd-me®plankton biomasses.

In North Atlantic (NAt):

The geographical distribution of PFTs in the Nostlantic shows distinct area of growth:
proto-zooplankton and coccolithophores are foundthe North, in Labrador Sea and
Greenland Sea whereas mixed-phytoplankton and m@sglankton are close to European
coasts and from the South of New-Foundland towhedSouth of Iceland. Diatoms grow in

open waters.

Diatom concentration decreases when the optimaltiiom (OPT) is applied. More exactly,
the density is reduced, relative to EPP, during gheng bloom (Fig. 4.7.A) and over all
latitudes (Fig. 4.5.A). This decrease in diatonmglodoes affect other PFTs to a larger extent
than the change in diatom biomass itself. Whileadiphytoplankton and meso-zooplankton
biomass are about 7% lower, coccolithophore antbprooplankton see their biomass peak
reduced by about 25% (Fig 4.7.C and D).

Unlike observations in SEP, the decline of diatodwes not lead to other pPFTs

development, but to a decrease of biomass for pRRd@sheir grazers.
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Fig. 4.5. Change in temperature dependence parameters: integrated annual concentrations as a
function of latitude; red= EPP, black=OPT, green=0PT,, ; A) Diatoms, B) mixed-phytoplankton, C)
coccolithophores, D) proto-zooplankton, E) meso-zooplankton
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The drop in phytoplankton biomass is likely to eplwhy the meso-zooplankton feeds
more on proto-zooplankton than it did in EPP, wiglazing on phytoplankton decreases
(Table 4.4). Output data indicates as well thatgmwoplankton feeds more on particulate
organic matter (POC) and less on phytoplankton. THwel of nutrient is lower in OPT

(Fig.4.8), which would explain why all phytoplanktbiomasses are lower as well.

Plankton growth in the Southern Ocean is subjetddcthportant physical constraint, such
as iron concentration, polar front, surface mixamd nutrients upwelling. In the simulation

OPT we observed slight changes of PFTs distribuglong latitude and over depth.

Table 4.4. Total grazing, grazing by meso-zooplankton and by proto-zooplankton (Pg C yr™) for each
simulation. Inter-annual var.: inter-annual variability calculated over a run of 6 years; Mean and
standard deviation (St.Dev.) and error do not take into account simulations Alp and Tht. MESO:
mesozooplankton; PROTO: protozooplankton; POC: particulate organic carbon.

Total Grazing by On phyto On PROTO | Grazingby Onphyto OnPOC

grazing MESO only only PROTO only only
EPP 48.2 18.01 11.86 6.15 30.23 29.03 1.20
OPT 44,09 16.52 10.42 6.10 27.57 26.25 1.32
OPT,, 46.44 18.08 12.42 5.94 28.36 27.18 1.18
Alp 43.99 17.50 11.31 6.19 26.49 25.21 1.28
Tht 46.80 16.49 10.08 6.41 30.31 29.05 1.26
AT1 51.7 17.61 11.32 6.29 34.06 32.79 1.27
AT2 44.8 16.37 10.23 6.14 28.38 27.02 1.36
RD 44.3 16.49 10.36 6.13 27.81 26.47 1.34
Inter-annual
variation (0.23) (0.18) (0.12) (0.10) (0.27) (0.24) (0.05)
MEAN 46.6 17.2 11.06 6.13 29.40 28.12 1.28
St. Dev. 2.95 2.9 0.83 0.11 2.47 2.49 1.64
St. error (%) 6.3 0.18 7.50 1.80 8.40 8.8 5.9
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Fig. 4.6. Change in temperature dependence Fig. 4.7. Change in temperature dependence
parameters: integrated concentrations over the parameters: integrated concentrations over the
year in SEP; Colours as in 4.4 ; A) Diatoms, B) year in NAt; Colours as in 4.4 ; A) Diatoms, B)
mixed-phytoplankton, C) coccolithophores mixed-phytoplankton, C) coccolithophores,
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Fig. 4.6. D) proto-zooplankton, E) meso- Fig. 4.7. D) proto-zooplankton, E) meso-
zooplankton zooplankton

It seems nutrients levels respond differently toytpplankton concentration: in NAt,
nutrients are lower when the phytoplankton biomasswer (as in OPT). In SEP, nutrients are
higher when diatoms and mixed-phytoplankton biomsasse lower, whereas coccolithophore
biomass is higher.
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Fig. 4.8: (A) Phosphate, (B) silicate and (C) iron concentration in SEP, averaged over the first 200m.
Colours asin4.4.
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Fig. 4.9: (A) Phosphate, (B) silicate and (C) iron concentration in NAt, averaged over the first 200m
layer. Colours as in 4.4.

4.3.3.2. Use of the maximum optimal function insted Eppley curve (EPP to
OPTm)

The optimal maximum function gives higher growthesmthan does the Eppley curve.
Diatom biomass increases in the simulation OPTrative to EPP, over all latitudes but
mostly in the North hemisphere (+10 to 20%). In 8wthern Ocean, the biomass peak shifts
slightly southward (Fig. 4.5.A).

A map of the relative increase over the globe shawsncrease of 10 to 20% in the
Southern Ocean and an increase of 40-50% at middas, with some areas showing a
decrease of 10 to 20%. This picture correspondg wetl to the changes in the growth curve:
while the new function gives growth rates higher8op 21% at 0 to 4°C, increase in biomass
in polar areas are in the range of 10 to 20%. Thekery slight or no increase at Equatorial

latitudes.

The increase of diatom biomass in temperate wanelisates temperature is a limiting
factor of growth. However, other factors limit pagtankton growth. After the change in
maximum growth rate parameters, the bloom in thett8yn Ocean increases but does not
occur earlier. Although the change of parametdosval a higher concentration, the light plays

a bigger role in the bloom seasonality than theptenature.

We will first focus on the South East Pacific.

In SEP:

We observe the direct consequence of the changeroperature-dependence in the

increase of diatom biomass during the bloom (Sepé&enio November) in the simulation
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OPTm, relative to EPP (Fig. 4.6.A). However, thelde is sharper and results in a lower
post-bloom concentration. Changes of other PFTsnass are of smaller amplitude than

changes for OPT.

Coccolithophore production is lower than in EPPvadl as, as a consequence, the proto-
zooplankton production (Fig. 4.6). The meso-zooktam production is similar to that in EPP
but the spring bloom occurs a month later, probatile to the late bloom of mixed-

phytoplankton.

Nutrients, iron and silicate concentration are Iothan in EPP (Fig.4.8).

Let us examine the changes in the North Atlantmtlaer region largely affected by the

change in diatom growth parameters.

In NAt:

Growing faster at low temperatures, diatoms becomoee concentrated in the northern
latitudes (60-80°N) where they compete with codholhores (figure not included). The
distribution of proto-zooplankton shows it grazesimy on coccolithophores, hence their
decrease in OPTm. Nevertheless, proto-zooplankbondance is not as low as in OPT: they
graze also on diatoms and mixed-phytoplankton.

Mixed-phytoplankton biomass increases throughhallytear, by up to 40% (Fig. 4.7.B). On

the contrary, meso-zooplankton biomass decreasapprgximately 10% (Fig. 4.7.E).

Meso-zooplankton biomass decreases in the NorthdGedo the lower biomass of proto-
zooplankton. Nevertheless, the grazing on diatonmmorthern latitudes up to Iceland increases,
as well as grazing on mixed-phytoplankton off tbast of New-Foundland. In addition to the
shift northward of diatoms, we observe a similaiftsbf mixed-phytoplankton and meso-

zooplankton populations.

The nutrient concentration is similar to that foPFE whereas iron and silicate
concentrations decrease (Fig.4.9). Iron concentratecreases more at northern latitudes.

4.3.4 Changes in photosynthetic parameters

In this section we describe changes of PFT produacéfter a change of photosynthetic

parameters. Phytoplankton cells in the upper mileeer are exposed to various light
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intensities depending on their depth. Moreoverhtlignitation is exacerbated during the
phytoplankton bloom, because of cell-shading. Liglenetration through sea-ice is very

limited.

A higher light-limited photosynthetic rate meanatdm photosynthetic production will be
higher at low light intensity. We expect to see semuences of an increase of alpha on the

diatom abundance at the bottom of the euphotia lagd at high latitudes.

4.3.4.1 From OPT to Alp: change in alpha

The doubling of the light-limited photosynthesideracauses an increase of the global
diatom primary production, from 0.213 Pg C'yin simulation OPT to 0.250 Pg Cyin Alp
(Table 4.3).

One large effect is a shift of the maximum diatormdpiction about 40m deeper (Fig.4.10).
Diatom biomass increases at all latitudes excephén Southern Ocean where we observe
instead a shift of the biomass peak southward (#igjl.A). Moreover, we observe in the
Southern Ocean the shift of the bloom one montieedinan in OPT (Fig. 4.12.A).
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Fig. 4.10. Change in photosynthesis parameters: annual average concentration of chlorophyll as a
function of depth. A) South-hemisphere, B) Equator, C) North-hemisphere; OPT, black; Alp, light-blue;
Tht, blue; AT1, green; AT2, red.

The total primary production increases very slightThe meso-zooplankton global
production increases, relative to OPT, by 15%, &hiccolithophores and proto-zooplankton

global production decrease by 17% (Table 4.3).

We observe two changes of the Southern Ocean hioaiorophyll : not only does it start

a month earlier, but also, the biomass concentratiovinter increases by two-fold.
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Plots of PFTs biomass per latitude show a netrdiffee between productions in the North-

hemisphere and in the South-hemisphere (Fig. 4¥&)detail those changes below.

T T T
a0 &0

Fig. 4.11. Changes in photosynthetic parameters: vertically-integrated, zonal and annual
average PFT concentrations as a function of latitude A) diatoms, B) mixed-phytoplankton, C)
coccolithophores, D) proto-zooplankton and E) meso-zooplankton; colours as in 4.10: OPT,
black; Alp, light-blue; Tht, blue; AT1, green; AT2, red.
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In SEP:

A better photosynthetic activity at low light enablan early diatom development. First, the
increase of diatom production affects directly tioecolithophores by competing for nutrients
and iron: their biomass decreases more than twb{elg. 4.12.C). The increase of diatom
production influences also the meso-zooplankton.féksthe diatoms, the bloom of meso-
zooplankton starts a month earlier (Fig. 4.12.Bg peak of biomass not only increases but
also shifts southward from 40°S to 50°S. The mesaplankton biomass doubles, relative to

OPT, in January, leading to a higher grazing rate.

The decline of coccolithophores causes the decreageoto-zooplankton, that are also

maintained at a low density by grazing by meso-fadgon.

The production of mixed-phytoplankton increasesinlgaduring the autumn bloom. They

probably benefit from the lower grazing pressureth®y proto-zooplankton from December to

April.
A A
16 e 16
1.2 | 1.2
] E
[3) (@]
9 08 - 2 0.8
0.4 0.4
0.0 T T T T T ; = T T T T 0.0 - : . . . . . : : : :
JAN FEB AR APR MAY JUN JuL AUG SEP ocT NOV DEC JAN FEB MAR APR MAYT JUN JuL AUG SEP oCT NOV DEC
B B
45 2.8 |
3.5
£
5
(=]
3
2.5 4
1.5 |

Fig. 4.12. Change in photosynthesis parameters: Fig. 4.13. Change in photosynthesis parameters:
integrated concentrations over the year in SEP; integrated concentrations over the year in NAt;
Colours as in 4.10 ; A) diatoms, B) mixed- Colours as in 4.10 ; A) diatoms, B) mixed-
phytoplankton, phytoplankton,
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zooplankton, E) meso-zooplankton zooplankton, E) meso-zooplankton

Nutrients and iron concentrations decrease oveldae (figure not shown). The silicate
concentration is influenced by diatom growth: aligl the level is slightly lower in Alp than
in OPT, the silicate concentration increases durthg bloom development. It starts
diminishing in October, while the diatom bloom rees its peak in November. Although
silicate concentration increases in February, digtgrow only from August, showing that

other physical or chemical factors limit their gtbvbetween February and August.
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In NAt:

As expected, the diatom production is higher in &lgn in OPT. Diatom concentration

increases mainly below 100 m.

Unlike in the Southern Ocean, effects on other P&iEsvery limited (Fig. 4.13). The
increase in diatom biomass leads to a small deemr@afe coccolithophore biomass. However,
it does not enhance the meso-zooplankton produdiaoh PFT grows in distinctly separated

areas, therefore decreasing the level of conneatiohinterdependence.

Nutrient concentrations decrease slightly ovefatitudes, but this decrease is very small at
43°-50°N. Silicate concentration decreases homagepoover the latitudes. The iron
concentration decreases as well, but to a lesdenteat 40°-50°N. Although the conditions
seem more favourable below 50°N, the larger ineredsmixed-phytoplankton occurs at 50°-
55°N.

4.3.4.2 From OPT to Tht: changebin

In the simulation Tht,0, decreases by two-fold. The cellular chlorophylintemt is
maximum under light-limitation. Therefore a deceeasd 0, will affect mainly cells under
light-limitation. The greater the light intensitihe less cells will be affected. Less chlorophyll
diminishes the photosynthetic capacity. As a consege, we expect a change of diatom
production at the bottom of the euphotic layethigh latitudes, in turbid coastal waters or in a
phytoplankton bloom, where cells shade each otbee consequence of a lower chlorophyll
content could be a smaller need for iron as wetirascrease of other phytoplankton types (no

cell-shading).

As expected, diatom production in Tht is highly soped: the global diatom production
decreases by 43%. Changes are widespread ovelothez the production decreases by 20 to

60% in the highly-productive areas. The Chloroppytiduction drops as well.

The increase in coccolithophore biomass is resttitd polar waters, where the biomass
doubles (Fig.4.11).
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In SEP:

Diatom production decreases, relative to OPT, dutire bloom. Not only the biomass is
about 30% lower, but the peak occurs later, in dgninstead of December in OPT (Fig.4.12.
A).

This allows coccolithophores to reach a higher ten&ig. 4.12.C). They also extend
further southward. The meso-zooplankton is affebigthe decrease in diatom biomass during

the spring bloom, however this is also a consequehchanges in coccolithophore growth.

Despite higher concentrations of proto-zooplanktargccolithophore and mixed-
phytoplankton, the meso-zooplankton concentrationnd the summer is lower than in OPT
(Fig. 4.12.D). In addition, despite higher cocdaiphore concentration, the proto-zooplankton

biomass does not increase much. It could be affdnteghe grazing of meso-zooplankton.

in NAt:

As in the SEP, diatom biomass in NAt decreases4Hi8.A). The density does not peak in
spring but rather remains constant through the seimithe overall impact is a decrease of
other PFTs biomass, particularly that of mixed-pplankton. The mixed-phytoplankton
production peak drops by two-fold (Fig. 4.13.B).iSIs likely to be due to grazing by meso-
zooplankton, as a replacement for diatoms. Althathghcoccolithophore production is higher
during the spring, the concentration peak in Magsdaot differ from that in OPT; proto-
zooplankton production follows the trend of the aaithophores; the meso-zooplankton is
affected by the decrease of diatom and mixed-plgtdgon concentrations in spring and
during the autumn, and by the decrease of prot@lao&ton density during the summer.

To summarise, a change in diatom biomass has rmajmequences on other phytoplankton
types in the Southern Ocean. Proto-zooplanktonoresgs follow that of coccolithophores.
Meso-zooplankton seems to be more flexible tharioprooplankton regarding feeding and
habitat, which would explain why changes have allemeffect on the former. More precisely,
the meso-zooplankton has a flexible grazing styatdmping able to graze on mixed-
phytoplankton when diatoms are missing. Howeveg, rtfeso-zooplankton is geographically
separated from the coccolithophores. PFTs distdhuin the North Atlantic is very much

distinct, linked to the physical conditions.
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4.3.4.3 From OPT to AT1: changes in baff' and,,

In the previous section we performed two simulaido observe the effects of each
parameterp®™ and 0., separately. However, experimental results fronap®ér 3 show"
and6, are not independent and an increase in the folsn@ssociated with a decrease of the
latter. This means parameter values as in simuiatidpl and tht are unlikely to occur.
Therefore we focus now on the change of both paensieas measured in our Pl curve
experiments. Effects on plankton production will bstimated by comparing simulation
outputs with model as found by Buitenhuis and Ge{@©10) and as found in experiments

from this study (average for cold-water species).

First oM

ando,, are modified to represent values as in tempepeias (simulation AT1):
while o°" increases by two-fold),, decreases, in the same proportion. The increas&"bf
which means that, for the same amount of chlordphphytoplankton cells can
photosynthesise more organic matter, is balancetthdyglecrease i, which means a lower
cellular Chlorophyll content. Therefore the produ@” x 6.), that represents the

photosynthesis rate by carbon content under lightdtion, is similar in both simulations.

As we described previously, changes:8t and then of,, had some opposite effects —the
shift of diatom Chlorophyll peak in the water coloyrand the shift in time of the start of the
bloom- which we can expect will cancel each othdremv considering changes of both
parameters. Nevertheless, the two simulations lsadn@n-opposite effects, such as changes in

other PFT biomass and changes in carbon export.vahe of ¢

X Om) being greater in
AT1, we expect a higher diatoms carbon biomassTid And, on the contrary, a decrease in

diatom chlorophyll biomass.

Globally:

The changes of both“"

and 0, in the simulation AT1 create a small decrease };5%
relative to the simulation OPT, of the diatom pretton, occurring mostly above 40°N (Fig.
4.11). It induces increases of larger amplitudealbfother PFTs biomasses, mostly at high

latitudes for coccolithophores and proto-zooplanktand at mid-latitudes for mixed-
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phytoplankton and meso-zooplankton. These changesssociated with a large increase of

iron concentrations above 40°N (figure not shown).

Diatom production also varies over depth. After thange o&“" and6,,, the maximum
diatom concentration is about 20m deeper. Howetlee, effect on diatom chlorophyll
concentration is more pronounced: we observe aagtoln-fold decrease, while the maximum

chlorophyll depth does not vary (Fig.4.10).

The export of carbon decreases (-0.8%) but thegsgimroduction increases. This means
some organic matter is recycled in the mixing layidre production of small (POC) and large

particulate organic carbon (GOC) decrease by 22828, respectively.

We review below the changes of PFTs in SEP andAn N

In SEP:
Compared to OPT, the diatom biomass shows a veak wariation. The peak biomass is

not only slightly lower, but it occurs one monthelaand further south. However, other PFTs

biomasses are subjected to high variations (Fig)4.

Silicate, nutrient and iron concentrations do rextyy compared to the simulation OPT. The
drop of diatom production in AT1 enables mixed-gipjankton to reach higher
concentrations. This benefits the meso-zooplankdanng the spring bloom. Unlike in
previous simulations where a decline of diatom @es allowed better growth of
coccolithophores, we do not observe an increaseafolithophores biomass during the spring
in the simulation AT1.

During its growth in November and December, theg@@ooplankton is likely to feed on
mixed-phytoplankton and coccolithophores, leadmghe decrease of both populations. As it
grows at the same latitudes (55°-65°S) as the mesplankton, proto-zooplankton is a prey of
the latter in October to December. From Januawsy,pitoto-zooplankton moves southward to
65°-75°S where it is out of reach of the meso-zaokion. There it feeds mainly on

coccolithophores.
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In NAt:
Changes of“" and6y, have different consequences in the North Atlatitam in SEP. The

diatom decrease in simulation AT1 leads to a slidgtrease, relative to OPT, of mixed-

phytoplankton biomass and to a large increase afatiithophore biomass (Fig. 4.13).

The change of diatom photosynthesis parameters tergie effect on coccolithophore and
proto-zooplankton productions: their peak biomassrdase by about 100 and 50%,
respectively. Both populations increase northwardere diatoms and mixed-phytoplankton
biomass decrease. Except a drop of concentratidume, due to lower diatoms and mixed-

phytoplankton concentrations, meso-zooplanktonyetdn is higher in AT1.

First of all, nutrient and silicate concentrationsrease slightly in AT1, compared to OPT.
The iron concentration increases above 50°N. Thegephytoplankton in the North Atlantic

should not be more limited by nutrients than in OPT

Although the diatom bloom reaches the same maxiroantentration in AT1 as in OPT,
the biomass decreases more quickly. Diatoms comy#tecoccolithophores in high latitudes.
However, diatoms are less competitive in the sitmiaAT1, allowing coccolithophores to

grow.

We were not able to establish the relationship betwthe changes in Alp and tht in
diatoms, with respect to the other changes obseNettients and Iron concentration are not

very much involved, but rather the interactionsaestn PFTs.

4.3.5 Changes in botlu" and 0,, to higher values (AT2)

PI curve experiments resulted in a rangeo®t and 6., values. Lowo“" values were
measured in cold-water species and were assoaiatiedhigh 6, values. Consequences of the
change of the original model parameters to thoss evere tested in simulations Alp, Tht and
AT1 described above. In the following section weatde the simulation AT2 where values
for both photosynthetic parameters" and6,, are changed to match experimental results on
temperate species. In this case, hifH values are associated with léw values. Outputs of
the simulation are compared with those for OPT.
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A high «“" value means photosynthesis performs well at Ightlintensity. However, a
low 6, value means a low Chlorophyll content at low lightus decreasing the photosynthesis
efficiency. Therefore, the combination of a high" value and a lowd,, value (AT2) may
cancel these effects. More exactly, the prodiittx 6., for AT2 (0.55) is smaller than that for

AT1 (0.42). This means lower carbon assimilationgabon content.

globally:
In general, the change of" and 6, has few consequences on plankton biomass. The

global decrease of diatom concentration is sméiien in AT1 (-4%). The most affected PFTs
are coccolithophores and proto-zooplankton, whomen&sses increase by 9% and 7%,
respectively; on the contrary, meso-zooplanktomaiss does not change significantly.

Although diatom biomass, in carbon, does not shawg dhanges, the biomass in
chlorophyll decreases by a third. This was expe@asdhe maximum Chl:C ratio is three-fold
smaller in AT2 than in OPT (Fig.4.10).

in SEP:
It appears that the very small decrease of diatamssrved in AT2 during the bloom affects

mostly the coccolithophores. Nutrient and siliceabecentrations are higher than in OPT. The
only major change in AT2 is the diatom chloroploghcentration, which is three-fold smaller
than in OPT (Fig. 4.12.A). A high chlorophyll comteation can act as shade for the other
phytoplankton cells. Therefore, cells with low didphyll content would allow other
photosynthetic cells to grow alongside. This woakgplain the increase of coccolithophore
production in AT2.

The photosynthetically active radiation (PAR) irases slightly in AT2, particularly
between 10 and 80 m deep. On the contrary, it deeseat 35-40°S and at 80°S (data not

shown).

The increase in coccolithophore production in tineuation AT2 leads to a slight increase
in proto-zooplankton from November to February (Hid.2). Despite more proto-zooplankton
and diatoms from January, the meso-zooplankton &ssndecreases. This reduces the grazing
pressure on diatoms. A higher diatom biomass fr@mudry helps meso-zooplankton to

recover its biomass in April.
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Difference of diatom abundance between AT1 and Arievery small. In both simulations
the production drops, relative to OPT, during thieo. However, consequences for
coccolithophore production differ: relative to ORTis lower in AT1 whereas it is higher in
AT2. Changes of other PFT production differ as viigltween AT1 and AT2: biomasses are
higher than in OPT for AT1, while lower or equat fT2.

In NAt:
In the North Atlantic, the diatom production is migcantly lower in AT2 than in OPT

during March and April (Fig. 4.13.A). It inducessmall increase of the coccolithophore
biomass, as well as of the proto-zooplankton bi@naddixed-phytoplankton biomass

decreases. The meso-zooplankton production isenfled by other PFTs biomasses.

Figure 4.13 shows the difference in photosynth#yicactive radiation (PAR) between
simulations OPT and AT2. The PAR decreases overwhter column by absorption by
pigments, like photosynthetic pigment from phytogt®n. The amount of light reaching the
water column is higher in AT2. Since the phytopkamk biomass is nearly equal in both
simulations, the increase of PAR is due to a loasorption, which could be in this case a

lower absorption by diatom chlorophyll.

4.3.6 Change in respiration rate

Change in the respiration affects the growth edficy. A two-fold increase of gfrom
0.10 d' in AT1 to 0.18 d in the simulation RD, is expected to cause a @serén the diatom

biomass.

Globally:
Unexpectedly, we observe a 4% increase of the pldibdom biomass in the simulation

RD, from 0.202 Pg C in AT1 to 0.210 Pg C in RD [¢ah.3). Most of the increase occurs in
the Northern hemisphere (Fig 4.14). The productibbanges also over depth: we note at low
latitudes a slight shift of the biomass from theface water (0-100m) to the deeper layer (data

not shown). At high latitudes, there is a smalftsorthward of the biomass.
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Fig. 4.14: Change of Rd: integrated annual concentrations as a function of latitude A) diatoms, B)
mixed-phytoplankton, C) coccolithophores, D) proto-zooplankton and E) meso-zooplankton. OPT,
black; AT1, green; RD, red.

The production of other PFTs decrease by 10 to Zl8.decrease of the zooplankton is
higher at high-latitudes, whereas coccolithophaaed mixed-phytoplankton biomasses are
higher, at those latitudes, in RD than in AT1 (HdL4).
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In SEP as in NAt, the diatom production increaskghtty during the bloom. Diatom
chlorophyll content varies like the carbon conténtboth areas, the consequence is a drop of

the meso-zooplankton and proto-zooplankton bionsasse

In SEP:

Diatom production during the bloom is a bit higleRD than in AT1 (Fig. 4.14). mixed-
phytoplankton production decreases by 25% whiledbecolithophore production increases
during the bloom. Meso-zooplankton biomass deceeas&D by about 15% relative to AT1.
It is affected by the drop in mixed-phytoplanktoiorbass during the spring and of proto-

zooplankton during the summer.

We suppose that the increase of diatom biomasstisaused by a better physiological fit

but by a decrease of grazing by meso-zooplankton.

Contrary to other simulations where an increaseoctolithophore biomass was associated
with an increase in proto-zooplankton, here thedase of coccolithophores is associated with

a decrease of proto-zooplankton.

In NAt:

The diatom biomass increases in RD, relative to ,Aduring the summer bloom (Fig.
4.14). The mixed-phytoplankton reaches its maximdgnsity a month later than in AT1;
moreover, the maximum density is higher. On thetreoy, coccolithophore biomass drops in
RD by nearly 50%. This affects the proto-zooplanktwhose biomass decreases in the same

proportion.

The meso-zooplankton sees its biomass decreasiR ifrom July to October. This could

be linked to the lower proto-zooplankton biomass.

Proto-zooplankton feed more on POC than in the sifriulation.
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4.3.7 Comparisons with observational data

We will now investigate which simulation represehest the marine ecosystem. For this
we compare the model outputs to field data. Theel&T network contains data from the
literature or from field campaigns on diatoms, aditbophores, proto- and meso-zooplankton.
abundance over the global ocean. For each simnatie calculated the residual sum of square
(RSS) between the modelled PFT biomasses and #sewabions. The program compares, for
each cell of the grid, the model output and theepletional data if any. The simulation with
the lowest RSS, RSSmin, is considered as fitting ltlest to the model. For every other
simulation we calculated RSS/ RSSmin. If this radibigher than the 95% confidence interval,

then we have proved a significant difference betweedels.
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Fig. 4.17: Correlations between model simulations and observations of (A) diatoms, (B) meso-
zooplankton, (C) coccolithophores (circles), proto-zooplankton (diamonds) and (D) total chlorophyll;
lines are 95% confidence intervals.

It is difficult to select the simulation showingoskst plankton abundance to the
observations. Regarding diatoms, the best fit i3 ,ORp and AT2; meso-zooplankton is well
represented in the model, except in OPTm and Trtcéccolithophores, the best simulation is
EPP, OPTm and AT1. Figure 1.17.D shows the compaue$ total chlorophyll with the World
Ocean Atlas 2005 data. The simulations the motestieavould be EPP, AT1 or RD.

4.4DISCUSSION

Biological outputs of the PlankTOM5.3 model werangared for different simulations.
Parameter values for temperature dependence, phthesis and dark respiration were
successively changed, enabling us to study indepdlydthe impact of each of them on
community structure and global biogeochemical otstpgorimary production, export and
chlorophyll). The range of parameter values cowedp to physiological data taken from

laboratory experiments.
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Global primary production in the original simulati¢EPP) is 47.99 Pg C yr(Table 4.3).
Except for the simulation OPTm, all simulations egisignificantly higher estimates of the
primary production, up to 50.44 Pg C'yAll values are within the range of previous esties
from observations (45.9 Pg CyBehrenfield and Falkowski, 1997) or models (59 RPg/C
yr! Buitenhuis and Le Quér&ubmitted. Estimations for carbon export at 100 m, ranging
from 8.50 to 10.05 Pg C yi(Table 4.4), are in the same order than the estimptalkowski
et al.(2003) of 11.1 Pg C ¥k

We can summarise our study in three successivaiexgas:

* the maximum growth rate and temperature dependdntd),
* the photosynthesis parameters (4.4.2),
» the respiration rate, or loss rate (4.4.3).

It is important to note that the simulations Alpdanht do not have equivalenoe situ.

"' and 0,, as observed in

While we modified in AT1 both photosynthetic paraers o
laboratory experiments, onty"™ (6,;) was modified in Alp (Tht). This aims to undersiaheir
specific influence on the ecosystem. However, wb@mparing our results to field data, we

will consider only the simulations EPP, OPT, OPRAmM1, AT2 and RD.

First of all, the simulations OPT, OPTm, AT1, AT2daRD present some common outputs.
Changes of diatom parameters affect their abundandgor their distribution. Moreover, we
observed changes in other PFT production, whosditaig are at least as big as that of
diatom abundance. In all experiments, changes abih biomass are bigger in the North-
hemisphere than in the South. Changes of pPFT ptiothg at high latitudes are equal or
larger than at the Equator. Changes of zPFTs almgedare larger at high latitudes, while
concentrations at the Equator are very much stake.did not record any change of PFT
distribution over depth, other than that of diatofigally, outputs of the three experiments are

within the same range of values.

Some PFTs are more affected by the changes of pteenthan others. The mixed-
phytoplankton is the PFT presenting the biggeshdsted error (12.4%) among the six
simulations listed above, whereas diatoms presensmallest error (5.6%) (Table 4.3). The

largest diatom production is found in the simulat©PTm, which produces also the largest

116| Model PlankTOM5.3



production of mixed-phytoplankton and meso-zooplankOn the contrary, the production for
those three PFTs is the smallest in the simula#of2. The largest productions of
coccolithophores and proto-zooplankton are obtaineT1, in which the diatom production
is also one of the smallest. These results resurtrenal observed in all simulations: the
association of the production of coccolithophoreshwroto-zooplankton and of mixed-

phytoplankton and diatoms with meso-zooplankton.

Then, we have found regular differences in the comitg composition between North and
South hemisphere. Diatoms are one of the most aminghytoplankton groups in the
Southern Ocean and the North-Atlantic. Hence camssees of diatom parameter changes are
particularly important in those areas. We focused analysis on those two areas and will
develop this aspect further in the discussion. Twey PFTs production varies among
experiments helps us to estimate the importantsotdgical forcing versus physical forcing.

4.4.1 Maximum growth rate and temperature dependere

We tested two growth rate functions, representiegaverage (OPT) and maximal (OPTm)
range for diatoms. Here we will discuss the diffees between simulations EPP, OPT and
OPTm. Although some modellers may use the maxiomation (OPTm), we have chosen, as
explained in chapter 2, to use the average (OPfhigréefore, OPT and OPTm represent the
extreme functions for the representation of diagpowth rate. Testing the model with OPTm
will provide us with an estimate of the sensitivitiythe model to high diatom growth rates. In
other words, outputs from OPT and OPTm will repnédbe corresponding deviation of the

model due to plankton diversity.

As expected, the highest diatom production is oletiwith OPTm. Although biomasses
obtained in EPP and OPT are not significantly défe, they lead to large differences in
mixed-phytoplankton and proto-zooplankton produttidt is worth noting that the small
diatom biomass in OPT leads to the higher proportid diatoms within the phytoplankton
(15.7%). On the contrary, the proportion is thedstin EPP (14%).

While growth rates are about 50% lower with thesmpn OPT than in OPTm, diatom
production simulated by PlankTOM5.3 does not diffeat much: global diatom production in
OPT is 9% lower than in OPTm. When changing fronT@Ro OPT, the biggest impacts are
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on mixed-phytoplankton (+23%), coccolithophores3¥%) and meso-zooplankton (+14%).
Proto-zooplankton biomass varies by only 2%. We tteam consider the global production
ranging between 0.213 to 0.235 Pg C per year fatodis, 0.809 to 1.044 Pg C per year for
mixed-phytoplankton, 0.297 to 0.336 Pg C per yearcbccolithophores, 0.190 to 0.193 Pg C
per year for proto-zooplankton and 0.068 to 0.0§9Pper year for meso-zooplankton. The

export would be 9.05 to 10.05 Pg C per year.

Furthermore, changes of plankton community commusidiffer between areas. The
change of growth rate vs. temperature function gsriimmuch larger changes of diatom
production in the North hemisphere than in the Bofig.4.5). This is also the case for
coccolithophores and proto-zooplankton when comagahs are averaged over longitude.

Nevertheless, results for particular areas sucEd® or NAt can be different.

In SEP, the low diatom production in OPT (12% lowrean in OPTm) enables the growth
of coccolithophores to increase by six-fold, wher@a NAt, even though diatom production

falls by 22%, coccolithophores growth increasealbgut 30% only.

In NAt, the biggest effect of growth parameter ajpers on mixed-phytoplankton, whereas

meso-zooplankton biomass does not vary much.

Mixed-phytoplankton and meso-zooplankton biomassasease as well. Nutrient
concentration varies, showing the influence of ppidankton on nutrient levels in the Southern
Ocean.

A change of temperature is expected to make arlatifference in a polar environment
than at the Equator. As shown in Fig. 4.1, thetiredancrease of diatom growth rate between
the functions EPP and OPT and between OPT and QFTigher at low temperature than at
high temperature. More precisely, the differenceveen OPT and OPTm varies from 48% at
15°C to 55% at extreme temperature. Our hypothiestbat the temperature is one of the
limiting factors in polar waters. Actually, our ditation of PlankTOMS5.3 shows the role of the
temperature in cold water is not the expected theevariation of diatom abundance from EPP
to OPTm is minimum in the Southern Ocean. On thetraoy, the largest changes occur
between 50°S and 65°N. In the Southern Ocean, ittend biomass shifts along the latitude,

growing southward in OPTm.
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However, the simulation OPTm cannot be compareal temperature rise. While a change
of temperature would affect all PFTs as well assjpdat parameters, the changes from EPP and
OPT to OPTm affects directly only diatoms. Neveleks, it is not excluded that the same
phenomena can be observed with a rise of the tenyper

4.4.2 Photosynthesis: from OPT to AT1

The changes in®" and in6;, should be considered together, as it is unlikeit bnly one
of those parameters would change. Neverthelesdyisty distinct effects of changes #f"
and in6y,, as we did in simulations Alp and Tht, respectiyglave us information about the
importance of light-limited photosynthesis and cbfhyll content. We will briefly discuss

those experiments before focusing on simulationg Afnd AT2.

The large changes in phytoplankton and zooplanktadluction are consequences of the

complex interconnection between PFTs. Responses©$ differ between SEP and NAt.

For instance, the changedfi™ has a major effect on several PFTs in the Soutbeean,
whereas it does not create any big changes in NAd.difference between SEP and NAt does
not reside in the diatom concentration, but in $ket of the bloom: biomass increases one
month earlier in SEP in the simulation Alp. Vareis between simulations OPT and Alp
shows phytoplankton in SEP ecosystem is highlytéithby the light intensity. The higif"
value in Alp enables diatoms to photosynthesiseerefficiently and therefore grow earlier.

The decrease of diatom chlorophyll content woulddftheir capacity for photosynthesis
but also the light absorption by the cells. Durbigoms, light-shading by cells decreases the
light penetration in the water column, preventiregper cells from growing. A decrease of
Chlorophyll content in diatom cells would enabléeat plankton to grow at the same time, as
long as they are not limited by nutrients or tracetals. In the simulation Tht, the oy,
affects the light absorbance in the water columassLChlorophyll in diatoms means more light
can reach other phytoplankton cells. It appearg thatom chlorophyll concentration
influences mostly the mixed-phytoplankton productio

The results of PFTs to those changes underlinsttbag interconnection between PFTs in
SEP: competition for nutrients between diatoms emctolithophores; dependence of meso-
zooplankton on diatoms during the spring bloom amu proto-zooplankton and/ or
coccolithophores in autumn; grazing of proto-zoogtan on mixed-phytoplankton in autumn.
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The timing of the diatom bloom has a large impact mixed-phytoplankton and
coccolithophores. The late bloom of diatoms ingimeulation Tht allows mixed-phytoplankton

to grow first, consuming the available iron.

On the contrary, PFTs in the North Atlantic are graphically separated and affect less
each other. Mixed-phytoplankton, unlike diatoms,ovgr in non-turbulent waters;
coccolithophores and proto-zooplankton developosthern latitudes along the Greenland East

coast, while diatoms grow in open and deeper watettse Atlantic.

Let us consider now the simulations AT1 and AT2erehboth photosynthetic parameters

were modified according to experimental results.

In the simulation AT1, although diatom carbon biesahanges very slightly compared to
the simulation OPT, the chlorophyll content dropgstwo-fold. This has major consequences
on other PFTs: mixed-phytoplankton and coccolitlayphk global biomass increase, as well as
proto-zooplankton biomass. We also observed amaser of the iron concentration from 40°N

northward.

The difference between carbon and Chlorophyll auni® bigger in AT2. Diatom carbon
content barely varies, but the chlorophyll contdrdps by about a third. While chlorophyll
content is lower than in AT1, effects on other PRfe very weak or inexistant, in SEP as in
NAt. We are not able to explain the different resges of the plankton community between the
simulations AT1 and AT2, particularly why the charfgpom OPT to AT2 has fewer effects on
other PFTs than the change to AT1.

The change of diatom photosynthetic parameters doesignificantly affect nutrients and

iron concentration.

Diatom biomass varies from 0.202 Pg C per yearil #0 0.213 Pg C per year in OPT.
This small variation does not mean the differemcparameters should be under-estimated. As
we discussed, effects on other PFTs are far bigdgmce, every PFT biomass should be taken

into account when choosing a parameter value.

However, modellers considering modifying™ and 6, as in AT1 and AT2 should also
review the photosynthesis parameters for other PRTsas been shown different group of

phytoplankton differ by their photosynthesis partaree According to Parsoet al. (1984),
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green algae perform best at low light intensityerdas dinoflagellates do best at high light
intensities. Diatoms are situated in between. Tihezea change in diatom parameters should
be associated with a change of mixed-phytoplanktwdi or coccolithophores parameters. The
present experiments do not aim to give the diractbeach PFT, but rather to evaluate the

relative importance of biomass changes.

We can compare the model outputs of AT1 and AT2ht range of PFT productions
determined above from OPT and OPTm. Diatom bionm$swer in AT1 and AT2 than in
OPT. Coccolithophores and proto-zooplankton bioessse above the range obtained in OPT

and OPTm, whereas meso-zooplankton biomass isnwithi

Overall, global primary production increases in Adrid AT2, while the export decreases.

4.4.3 Dark respiration: from AT1 to RD

Here, the R enters in the formulation of the loss rate. As\VRlue doubles in RD, we
would have expected a decrease of the diatom bmn@s the contrary, the diatom biomass
increases from 0.202 Pg C per year in AT1 to OR4@ per year in RD. As for the change of
temperature dependence, the change in diatom &rasnpter has a bigger effect in the north

hemisphere (Fig 4.14). This is also the case #®rctitcolithophores and proto-zooplankton.

While diatoms, mixed-phytoplankton and meso-zodgtiam biomass are the most affected
by the change in growth parameters, coccolithoghared proto-zooplankton biomass vary

more with the change of diatom loss parameters &ntl317%, respectively).

However, productions in SEP and NAt show very ladithanges.

4.4 .4 Distribution of PFTs

Although the aim of this chapter is not to providedeep comparison of each PFT
distribution to available data, we will review thmain outputs of our simulations on

PlankTOMS5.3. Comparison between simulations cap tglidentify incoherent predictions.

Diatoms are mainly present in polar water, in tha@thl Atlantic and North Pacific and at
the Equator. Mixed-phytoplankton is predicted irdatitudes. In the SEP as in NAt, diatoms
are particularly present where the mixed-layer ldgptLD) exceeds 200m. Diatoms can grow
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in turbulent water. As they can survive in darknéissy can be mixed below the MLD. On the
contrary, coccolithophores grow along the coasfstratified waters, where the MLD is less
than 150m. PFTs distribution is largely dictatedphysical characteristics, such as currents
and MLD. At the Equator, zooplankton production® arery stable, whereas mixed-

phytoplankton biomass varies between OPT and OPTm.

The general trends of PFTs distribution in EPP el@se to observations. This is
particularly true for diatoms, for example, thabwrin high latitudes and in nutrient-rich
waters from upwelling (Uitzet al, 2006). However, the simulation EPP may not reéflec
accurately the coccolithophores distribution. IEetvations showed coccolithophores blooms
in northern North Atlantic and Sub-Arctic Pacifieldlligan et al, 1993; Brown and Yoder,
1994), field studies (Findlay and Giraudeau, 2088) sediment record (Mcintyre and Bé,
1967) do not highlight their presence south ofgbkar front in the Southern Ocean.

We observed significant changes in the ocean. Allhothe coccolithophores global
production is equal in EPP and OPT, their distrdoutover latitude differs. The biomass is
much higher in OPT than in EPP in the Southern @ceaereas lower in polar and sub-polar
Northern latitudes. Therefore, the comparison of simulations should be not only
guantitative but also qualitative. The variation thfe five PFT production among the
simulations could provide some criteria of selattid-or instance, the proto-zooplankton
production follows in our experiments the same grattas that of coccolithophores: their
density is higher in OPT than in EPP in the South@cean and lower in polar and sub-polar
Northern latitudes. The correlations confirm thenikr trend of proto-zooplankton and
coccolithophore production: the correlation betwesrdel and data is the best in OPTm and
AT1.

However, we cannot draw conclusions from the cati@hs with MareDAT observation
data or with Chlorophyll data. There may be sonaes lm our method. We compared, for each
cell of the grid, the model output and the obseoval data if any. If the same densities are
found in the same area but in different cells, ttiencorrelation will not take into account this
similarity. It is possible our simulations are vetgse to observations, but not accurate enough

for it to be noticed.
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4.4.5 Role of diatoms in carbon export

The carbon export in the model PlankTOM5.3 is drilsy the sinking of faecal pellets
from zooplankton and of aggregated organic maiétoms play a role in both pathways.
They are the main source of food for the mesozadpden. The silica contained in the cell wall

contributes to the higher density of aggregatesfaechal pellets.

The outputs of the eight simulations of PlankTOM&h®w that carbon export is correlated
with diatom production as well as to aggregatedaoig matter (GOC). Nevertheless, the
complexity of the model means this correlation banthe result of many factors. Therefore,

we do not give the diatom production as a direplaation to the carbon export.

This study highlights the unpredictability of theanme ecosystem responses to a change in
diatom parameterisation. The simulation outputsasshow some groups of phytoplankton can
dominate as soon as conditions are favourable. vBniability of the mixed-phytoplankton
biomass through our simulations shows it is comgagepportunistic organisms able to grow
in a wide range of conditions. Although the modalgmeters set up diatoms and proto-
zooplankton (mixed-phytoplankton) as preferentiadypfor the meso-zooplankton (proto-

zooplankton), these preferences were not obviogsnme simulations.

PFTs respond differently to the changes imposedb#&lbiomass data show that diatoms,
mixed-phytoplankton and meso-zooplankton were nitfteenced by changes of temperature
dependence, whereas coccolithophores and protdazddapn show a bigger response to
changes in photosynthesis parameters (Table 4.3).
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CHAPTERS

CONCLUSION

This study took us from very specific laboratorysiological experiments through to the
modelling of global primary production. It formsrpaf a larger project of cooperation
between experimenters and modellers. Modellerh®fmbarine ecosystem face the constant
trade-off between the representation of major P&ld solving the complexity in marine
ecosystems. Individual species within each PFT lwarvery different. This highlights the
challenge faced by modellers to expand the ecasystpresentation to take in some of the
biological complexity. On the other hand, physiastg face the difficulty to simplify the

physiological data to define the ecological nicbERFTs or taxonomic groups.

In chapter 1 we introduced what has been the emwiemtal cost of our countries’
industrialisation and modernisation and what is nibmeatening the human population.
Climate change is driven by anthropogenic carbaxide emissions, of which 90% comes
from fossil fuel combustion. A part of this carb@mains in the atmosphere, while the rest is
absorbed by the oceans or by the vegetation on Bowdever, the absorption by the oceans is
decreasing, from 33% 50 years ago to 27% nowaday®eré, 2010).

The absorption of carbon by the oceans has consegsi®n chemical properties, like pH
or the depth of calcite saturation, as well as grawmisms. Scientists are only beginning to
understand the effects of ocean acidification gyanisms. While it is relatively easy to study
physiological effects on individual specigsvitro, it is much more difficult to estimate the
effects within an ecosystem. By simulating physicilemical and biological phenomena in
the ocean, modelling is a way to estimate and pteke consequences of climate change on
marine organisms, and therefore on the marine stasy

Because of its photosynthetic activity - phytoplamkplays an important role in absorbing
atmospheric carbon and exporting it to the deemoc®lankTOM5 is one of the models
simulating marine primary production where planki®nepresented by functional groups that
are each characterised by a specific biochemicdbbboésm. In the model PlankTOM5
phytoplankton is divided into coccolithophores, gdxphytoplankton and diatoms, the latter
being the subject of this study.
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This work aims to constrain the parameters foratagrowth dependence on temperature
and light with experimental data and to evaluat $knsitivity of model outputs on those

parameters.

Chapter 2 is an in-depth review of the growth fiord essential to phytoplankton
modelling, i.e. the maximum growth of diatoms aguaction of temperature. Although
Eppley’'s (1972) curve has been widely used, nassitzl study specifically concerning
diatoms had been done until now.

Eppley (1972) compiled a database of growth ratem fdifferent groups, including
eukaryotic and prokaryotic cells. An exponentiatveuwas fitted graphically on the upper
edge of the data points. Bissinger et al. (2008ymited a bigger database of phytoplankton
growth rates and applied a quantile regressiorbtailo a curve fitted at the 9%juantile. The
curve was graphically very similar to Eppley’s (29.7Both authors assumed an exponential
increase of the growth rate. Acknowledging this migot be the case at high temperature
(Behrenfeld and Falkowski, 1997), Bissinggral. applied the same method to a sub-set of
growth rates up to 29°C. Although the curve obtdim&as not significantly different to the
one fitted to the whole database, the author recemaisinot using this function above 29°C.

Diatom growth rate varies widely, in particular wvitell size (Sarthoet al, 2005). For
each temperature, growth rates vary from aboutceoifaof 5 up to one order of magnitude
(Figure 2.1). This results in a large range of glovates for each temperature, leaving many
possible mathematical functions to represent the. d&s a consequence, defining parameters
of growth fitting to any species is challenging.vidgheless, diatom growth rates differ in
some aspects from that of other groups. The maximates are high, especially at low
temperatures (Furnas, 1990). On the contrary, tiveivth rates at high temperatures are not
as high as those of blue-green algae, which wetaded in Eppley’s database.

We aim to provide modellers with a function représey the relatively high growth rates

of diatoms, while giving realistic growth rateshagh temperatures.

We intend to implement in PlankTOM5.3 the averaigé¢otih growth rate. In other words,
we will not use a curve fitted to the upper edg®wf experimental growth rates data, but to

the average. We use for this a least minimum squ@sefunction, fitted to the average data.
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The comparison of three functions (linear, expoiarand optimal) shows that the
optimal function (Schoemanet al, 2005) fits the best to the average dataset, i€ to
37°C. It is also the best fit if we exclude growdltes obtained at supra-optimal temperature.

When considering rates up to 31°C only, the exptalefunction fits as well as the
optimal one. However, we require, for modelling gmses, a function usable over 31, from
2°C to 37°C, which would not overestimate growttesaat high temperatures. Therefore we
suggest the use of an optimal function (5), insteflaBppley’s curve, to represent the diatom

growth in models.

To compare our data to Eppley’s and Bissinger’s,fivan exponential and an optimal
function, by the quantile regression method, on 98 quantile of our database, as in
Bissinger et al. (2008). The exponential curve ighér than Eppley’s curve but is not
significantly different from Bissinger’'s. The expantial curve gives growth rates such as
4.5d* at 28°C, which is very high. If the maximal growtte is to be represented in a model,

we recommend using the optimal curve.

In the experiments detailed in chapter 3, fouradraspecies were incubated at different
light intensities. In consequence cells adjusteir tinetabolism and chemical content to the
light intensity. A cell exposed to low light willysthesise a high amount of chlorophyll, in
order to increase light absorption. This resulta imgh Chlorophyll: carbon rati®), On the
contrary, cells exposed to high light intensity @areduced. This is clearly demonstrated

in figure 3.1, wher@® for the four species decreases with the acclimaight intensity.

During Pl curve experiments, cells are subjectedntreasing light intensities. The
oxygen production, normalised to the cellular cbpdryll content, informs us on their light-
limited photosynthetic efficiencyaf™). Because the photosynthetic efficiency is exmess
per chlorophyll content, we would expect™ not to vary with acclimation light intensity
(Geider et al., 1985). It depends on the light gitson efficiency (in meter square per
chlorophyll) and on the maximum quantum efficienafy the photosynthesis (in oxygen
produced per photon), both parameters that aretananr the same species (Geider et al.

1985; Kolber et al., 1988). Deviation @f" in our experiments comes from cumulated errors
in cell counting, chlorophyll analysis and oxygeeasurements. However, our experiments
show more variations of“" in cold-water specie€haetoceros brevigind Thalassiosira
antarcticg of unknown origin. Although the light-limited ptasynthetic efficiency per cell
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confirm results from previous studies, low chlorglltontent in our species lead to higher

«“" than reported in the literature.

The oxygen production normalised to the cellularboa content informs us on the
maximum photosynthetic rate (P It is directly related to the growth rate, ite.the carbon
assimilation and the respiration rate. Cells exgos¢ high-light intensity reach their
maximum photosynthesis rate P Deviations of B in our experiments could come from

error in measurements of respiration rate,

Regarding the application of our results into thetpsynthesis model, we are particularly
interested in the relation betweer" and6,,,. As explained above, we found low values
for highera“" values, compared to the literature (Fig.B.2). Hesvethe raticn™" overo, is

similar to other studies (Geider et al. 1997).

In the iron-light co-limitation model (Buitenhuisx@ Geider, 2010), cellular ratio (Fe:C
and Chl:C) and growth rates are defined as a fonotf the light intensity and the iron
availability. There are two ways of calibrating thdel parameters. As in Buitenhuis and
Geider (2010) we used data on growth rate and Chit® obtained at different light
intensities to optimise the model values 66, 6., and i (annexe 11). Independently from
that, we also calculated directly the photosynthptirameters f2ando“" from Pl curves, as
well as the cellular content in carbon and chlogdipAhe second method can be used as a
validation of the optimisation. The difference beem the parameters that were obtained by
parameter optimisation and the parameters that wbtained by fitting Pl-curves to the
measurements are discussed in terms of the ditfereatween measured and observed Chl:C

ratio.

The optimisation gives different values far", P, and#6,. The difference could come
from errors in our measurements and/ or deviatima badly constrained parameters in the
model. Optimised values forRare closer to our species’ growth rate than théém the PI
curves. A possible error could be an under-estiméthe growth rate, for instance if the
cultures were not acclimated enough time to theditmms of growth; error in carbon

analyses; error in calibration of the Oxygraphglag to wrong oxygen evolution rates.
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The various photosynthesis parameters obtained gsyecies can be grouped in two sets
of parameters, which are included in the modetyio different simulations (AT1 and AT2).

Simulation of the model will show how these diffieces influence the marine ecosystem.

In the chapter 4, we ran eight simulations of thedet PlankTOM5.3, differing in the
parameter values for diatom maximum growth rateptggynthetic parameters and/ or
respiration rateA comparison of the outputs, such as PFT biomagsisary production and

carbon export gives an estimate of the sensitofityhhe model to the diatom parameters.

We first experimented on the function defining thatom temperature-dependence. As
justified in Chapter 2, Eppley’s curve (1972) iplexed by an optimal function fitted at the
average growth rate (simulation OPT). Although fthjlebal diatom production is not
significantly different, the change is big enough dreate a global increase of mixed-
phytoplankton and meso-zooplankton biomass, asasadn increase in the North hemisphere
of the coccolithophores and proto-zooplankton biggnalo simulate a maximum diatom
growth, we also ran the simulation OPTm using atintgd curve fitted at the upper-edge of
the plot. The global diatom production is signifidg higher, but mixed-phytoplankton and
meso-zooplankton biomasses do not change as mutieyslo in the simulation OPT. The

parameters as in OPT were kept in the followingsrun

In the second series of experiments we modifiedpdiameters“™ and/ oro,. In the
simulation Alp,a“" was doubled, creating an increase of the diat@mass and a deepening
of the maximum chlorophyll depth. It mainly advayga the meso-zooplankton. In the
simulation Tht, the value fdk, was halved. As a consequence, the diatom bionessakes
by 43% and the maximum chlorophyll depth becomedi@her. In the simulation AT1g""
was doubled ané,, was halved, representing our observations on wealgr species. This
creates a 50% decrease of the diatoms chloroplofhdss which benefits mostly to mixed-
phytoplankton, coccolithophores and proto-zooplankiThe primary production increases,
while the export decreases. In the simulation Ad2" was multiplied by three an@, was
divided by three, to fit our observations on tenaperspecies. Compared to OPT, the diatom
carbon biomass is only slightly lower (-4%), bug tthlorophyll biomass drops by about 70%.
Changes to other PFTs are small or non-significayiwing advantage to coccolithophores

and proto-zooplankton. There is no change to caexport.

In the last simulation (RD) we use the temperatlependence as in OPT and the
photosynthetic parameters as in AT1. The respmmatiate is doubled and outputs are
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compared to the simulation AT1. Unexpectedly, thatain carbon production increases,
whereas the biomass of the four other PFTs demedd®e global primary production

decreases while the export increases.

The changes in PFTs production in SEP and NAt mfars on the interconnection
between PFTs. In SEP, small changes in diatom ptmou can lead to very large
development of coccolithophores. Proto- and mesplamkton feed on various PFTs at

different times of the year.

In NAt, coccolithophores and proto-zooplankton aeey much restricted to the Northern
latitudes along Greenland coast. Coccolithophoresttae main prey for proto-zooplankton.
Mixed-phytoplankton and meso-zooplankton are mapeoctunists and grow in various
places, depending on the location of food. The rzesplankton production is stable, a sign
of a wide range of prey. Diatoms are represented lange area from Canada to Europe.

So, how good is the model PlankTOM5.3?

If we look at the primary production, outputs o¢ ttifferent simulations range from 47.28
(for OPT) to 50.44 Pg C Vr(for AT1) with a standard deviation of 2%. Thisifisagreement
with previous estimates of primary production bieBée algorithms which extend from 38 to
67 Pg C yi* (Behrenfield and Falkowski, 1997). Variation fratre change in temperature
dependence is +1.34%, between OPT and OPTm, whé#reasaused by the change of
photosynthesis parameters is +3.70% (between OBR&f). The change in respiration rate
leads to a variation of -2.9% (between AT1 and RRBlative to the range from satellite
algorithm estimates, the primary productions bydtiterent simulations are then very close
to each others. Because of this small range, pyirppanduction could not be used as a
criterion to choose the best model for represerttiegnarine ecosystem.

Moreover, as we explained above, the primary prodaccannot be used on itself to
validate a model. Effectively, similar global prations can hide large differences at regional

level as, for instance, between the North and Sbethisphere.

Therefore, other parameters like PFT productiore@ysystem composition need to be
taken into account. The general trend of PFT distions is coherent with observation data.

A dataset of field data on plankton abundanceesidieal tool to validate a model. We used
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the MareDAT data to compare the outputs of eachulsition. No simulation appears better
than others. At least we can identify the worst,icwhwould be the simulation Tht.
Simulations OPT, Alp, AT1 and AT2 give the bestretation for two PFTs.

Despite the large effort of data collection by tretwork MareDAT, the number of field
data is still limited and carbon estimates are gprmnhigh uncertainty (Fig.5.1).

(a)

(b}
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Fig. 5.1: Mean surface diatom carbon biomass (a) and uncertainty in cell biomass, in % of the mean
(b). Figures reproduced from Leblanc et al., 2012.

How to validate the model with few field data? SHaeeobservations of the ocean content

in chlorophyll are another tool to validate modetputs. Outputs for each simulation were
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compared, by correlation, with Chlorophyll concatitn from the World Ocean Data 2005.
The best correlations are obtained with simulaié®, AT1 and Rd.

This work brings more information on diatom groveatid representation in a DGOM. The
next step in the building of PlankTOMS5.3 is to irape the parameters for other PFTs. Data
are still missing in terms of PFTs abundance asttidution. A comparison of the model at
local or regional level of the community compositiover the year could help identify
incoherence. For instance, is the bloom of codugihores in Fig. 4.6 C realistic? The results
of the simulations could be studied deeper. The tfat coccolithophores respond by very
large variation after a change of diatom growthapaster may indicate the parameters of

coccolithophore growth need improvements.

The validation of the model would require more dieglata on cell abundance, carbon
content per cell and PFT dominance over the yeaott#er way to validate the model outputs
would be to compare the relative abundance of tifierent PFTs, i.e. the dominant
phytoplankton. This information has been obtainexinf satellite observations of the ocean
surface (Alvain et al. 2008). This method wouldegan overview of the model output and

would allow the identification of areas of misregeatation.

We can expect the model outputs to be sensitiesdoy parameter of the model. Are they
more or less sensitive to diatom growth parametéis® same study on other PFTs could

answer this question.

The study presented in Chapter 4 could be donegub® model PlankTOM10, which
includes ten PFTs. The mixed-phytoplankton is rmegda by four PFTs: pico- and
nanophytoplankton, Nfixers and DMSp-producers. The heterotrophs aistude two more
PFTs: macrozooplankton and picoheterotroplBacf{eria and Archaeg. It would be
interesting to study the effects of changes ofadmphotosynthesis parameters on the nine
other PFTs. This could reveal some features sudo@petition and grazing preference. As
diatoms have an important role in the Southern @eeasystem, the comparison of biomass
production, PFTs succession and carbon export fiereint simulations would help us to

evaluate the model.

Much research is being done to identify the maineds of the marine ecosystem. Sirdta
al. (2010) compared the behaviour of the same madkelwithin two different physical
models. They showed a strong sensitivity of the DGRBIankTOMS5.2 to the ocean general
circulation in which it is implemented. Andersah al (2010) studied the sensitivity of
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PlankTOM 5.2 to the grazing formulation;. More neity, Sailleyet al (2013) compared

food web structures of four DGOMs, differing in thember and characterisation of PFTs.

Although models are built to represent an intendedsystem, the complexity of the
marine ecosystem is such that modellers cannoigbried effects of environmental changes.
In the same way, small changes of parameters aaseaanexpected deviation of plankton

abundance or distribution.

The PlankTOM models are under continuous developniém latest version, PlankTOM
10, includes ten PFTs, which have specific ecobidianctions (Le Quéré et al., 2005). A
rigorous parameterisation of their growth and pbgbthesis would allow a realistic
representation across the ocean. However, impravisncan also be made in the modeling of
the nutrient assimilation, photosynthesis and aganatter recycling. Climate change is
likely to bring changes in oceanic nutrient suppl{garuelle et al., 2009). PlankTOM5.3
includes a constant cellular O: C: N: P ratio andable Fe:C and Si:C ratios. As mentioned
in the introduction chapter, some BGC models alfow variable cellular ratios, such as
variable N:C ratio (Moore et al., 2002a, 200b).the context of climate change and the
effects of changes in nutrients supply, a goodesgmtation of the phytoplankton content is
necessary to describe the consequences on othtquiaspecies and higher trophic levels.
The observational results that define the mainrotimg factors of cellular elemental ratios
are still being made (e.g. Toselaadal, 2013), so that these model developments largely

remain to be implemented in the future.
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Study of the optimal growth temperature of four didom species

Phaeodactylum tricornutur@CMP 632 andrhalassiosira pseudonan@CMP 1335 were
obtained from the Provasoli culture centre (USA&yeral years agoAccording to Provasoli
culture centre, both range from 11 to 16°C. Bottlstcultures are maintained in f/2 medium
at 15°C.

Sub-cultures of polar diaton@haetoceros breviandThalassiosira antarcticavere given
by Klaas Timmermans (NIOZ, Netherlands). They aagntained in f/2 medium at 4°C.

In order to determinate the optimal growth temperabf the four species, at which we aim
to grow them later on during photosynthesis expenits, we cultivated them in a temperature-
gradient bar.

Materials and Methods

Temperature-gradient bar

The purpose-built temperature-gradient bar is alkblef steel hollowed with 5 rows of 13
spaces for 25mm-diameter culture tubes. A watelhogairculation at one extremity and a
heating resistance at the other create a gradieménoperature along the rows. Light is
provided from the bottom of the holes, each tubeddghted by seven white LEDs. Five
dimmable voltmeters allow the control of the LED&nsity of each row. This experiment was

the first one since the apparatus was built.

Diatoms are grown in natural seawater enriched2adncentrations, in 25 mm-diameter
culture tubes. The light intensity in every row580 pmol photon. i se¢'. First, cells are
grown at the stock culture temperature of 15°CeAfhree to five days, cells are gradually
transferred to lower and higher temperatures, filitilg all the temperature gradient. For each
temperature, cells are maintained in exponent@htr through successive dilution every three
or four days. Growth rates are calculated fromyd#iilorescence, measured directly in the
culture tube (Turner, model 10-AU, kit 10-037R).

Use of fluorometry to calculate the growth rate.

Previous experiments were done ©nbrevisto compare growth rate values obtained by
different methods. Growth in duplicate cultures i@towed during six days by fluorometry

(Turner, model 10-AU, kit 10-037R) and by countinigh a Coulter counter. The experiment
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was repeated once. Comparison of cell density dstraance shows a linearity when the
absorbance is between 3 and 19, which corresponttési experiment to a density of 45000
and 351000 cells/ml, respectively. Within this ranthe difference in growth rates obtained by
both methods is up to 3%.

Results

For Phaeodactylum tricornutumthe optimal temperature is between 16 and 20.5°C
(Fig.A.1).

The temperature-gradient bar broke down after feeeks of experiments. Condensation
caused by the cooling damaged the LEDs.
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Fig. A.1. Growth rate of Phaeodactylum tricornutum at different temperatures.
Errors bars represent standard deviation between growth rates of successive
cultures.

For the cultures ofThalassiosira pseudonandights stopped working soon after the
beginning of the experiment. As a consequence, ovet thave any data fof.pseudonana

growth rates.
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According to our result;. brevisgrows well between 4.5 and 10.5°C (Fig.A.2), wherea
T. Antarcticagrows at its best rate at 7.5 and 10.5°C (Fig.A\&vertheless, these data should
be used carefully. Effectively, we cannot guarahgylight intensity was constant over time.
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Fig. A.2. Growth rate of Chaetoceros brevis at Fig. A.3. Growth rate of Thalassiosira antarctica
different temperatures. Errors bars represent at different temperatures. Errors bars represent
standard deviation between growth rates of standard deviation between growth rates of
successive cultures. successive cultures.

Conclusion

The choice of the experimental temperature was@detoff between the optimal growth
temperature and temperatures of the laboratoryailable incubators. The incubators’
temperatures in the laboratory were 15, 17 and 22¥€ decided to grow the temperate

species at 17°C.

The cold-room available to our research group wasady set up at 4°C. As other
researchers used it, a change in temperature woal@ disrupted several experiments.
Moreover, although the optimal growth temperatufeCo brevis and T. Antarctica may
approach 10°C, the maximum temperature of polaremsais closer to 4°C. Therefore

experiments at 4°C will be more representativenheffteld conditions.
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Model optimization of the parameters

The photosynthesis is represented in PlankTOMS5.&rbyron-light-colimitation model
(Buitenhuis and Geider, 2010). In this model, Far@ Chl:C ratio vary as a function of the
light intensity and iron availability. Parameters photosynthesis and iron uptake and the
maximal growth rate function define the model. mtBnhuis and Geider (2010), parameters
were optimized using experimental values and a-ftosttion minimization. One of the
outcomes of this paper is the lack of experimedtth to both calibrate and validate the

model.

In the present study we use the results from gt lcclimation experiments (chapter 3)
to optimize the model parameters. The obtainedegalwill be compared to the parameter

values measured during the PI curve experiments.

The calibration method is as in Buitenhuis and &e{@010) except for a change in the
cost function to: CFE ( log (model - observatiof)) As our study did not take into account
the iron concentration, parameters of iron uptake ieon cellular ratio were not optimized.
The parameters optimized were then only those wdidmot involve iron concentration or
growth in iron-limited conditions:

o“"  light-limited photosynthetic rate

Om maximum chlorophyll: carbon ratio

Um maximum growth rate

The following independent variables were requikeddalibrate the model:
I acclimation light intensity

0 Chl:C ratio

u growth rate

Therefore, we entered data on growth rate andCCtdtio obtained at different light

intensity for the four diatoms. One calibratiortloé model was made for each species.

Parameter values estimated from the Pl curves laosketoptimized by the model are
presented in Fig.D, for the four species.
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Fig. B.1: Parameters calculated from the PI curves (black symbols) and optimized by the model (red
symbols) for P.tricornutum (triangles), T.pseudonana (diamonds), C.brevis (circles) and T.antarctica
(crosses), A) a B) P,,, C) ©6and B,,..

Since the method of fitting the model parameterthéoindependent variables is based on
the steady-state solution to the photosynthesiseinainld does not use the oxygen evolution
rates of the Pl curve experiments, it serves asl@mnative check of the photosynthetic
parameter values. The two methods are not entirelependent, since the same

measurements of Chl and C were used in both appesac

The figure B.2 represents the optimised paramefétss a function of;, for the four
species experimented here and for other diatoraed by Buitenhuis & Geider (2010) (Fig.2
in Buitenhuis & Geider, 2010).
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Fig. B.2: Light-limited photosynthetic rate as a function of the maximal Chl:C ratio, from PI curve
experiments described in chapter 3 (symbols as in Fig.B.1; polar species, green; temperate species,
grey), optimisation (red, symbols as in Fig.B.1), data compiled in Geider (1997) (black crosses) or
optimisation (Buitenhuis and Geider, 2010; black asterisk); Green and grey squares represent
average for polar and temperate species, respectively; Squares represent parameters used in
PlankTOM5.3 (chapter 4): OPT, black; Alp, light-blue; Tht, blue; AT1, green; AT2, grey; line, regression
line between black, green and grey squares.

Our experimental data widens the range of diatootqgynthesis parameters. The outputs
of the optimisation are similar for the speci€pseudonanaC.brevis and T.antarctica
(Fig.B.1). Optimised values fod,, are close to our measurements (Fig.B.1.C). However

hl

values fore®™ and R, are lower.
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