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”It appears that the algae ...... can obtain their supply of carbon from the carbon dioxide of

the bicarbonates dissolved in the water.

This fact introduces a wholly new feature into the story of the food supply of the plants. It

provides a chemical carrier for the carbon dioxide, which may carry this gas somewhat

as the haemoglobin carries oxygen in the blood.“

E. A. Birge

The respiration of an inland lake, 1907
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1 GENERAL INTRODUCTION

1.1 The global carbon cycle and marine phytoplankton

Over the past 420.000 years atmospheric CO2 concentrations underwent periodic variations

between about 180 and 280 ppm (parts per million) within periods of 105 years. The minimum

and maximum value corresponded thereby with glacial and interglacial events in the Earth's

history (Barnola et al. 1987, Petit et al. 1999). With the beginning of the industrial revolution

in the middle of the 19th century the enhanced combustion of fossil fuels, changes in land-use

patterns and deforestation had risen the atmospheric pCO2 to a contemporary value of

approximately 370 ppm. Compared to the changes over the past 400.000 years the

anthropogenic rise of atmospheric CO2 is thus unprecedented in its rate and maximum value.

One important player within the global carbon cycle is the ocean. By covering more than

71 % of the Earth's surface the ocean stores more than 98 % of the carbon of the ocean-

atmosphere system (Zeebe & Wolf-Gladrow 2001) and exchanges the largest flux of carbon

with the atmosphere in form of CO2 in times scales less than 1000 years. Over geological time

scales it is thus the ocean which determines atmospheric CO2 concentrations and not vice

versa. The accuracy of current climate forecasting hence depends to a large extent on a fair

prediction of the oceans' future storage capacity for CO2.

The atmosphere-ocean exchange of CO2 is largely controlled by the so-called carbon

pumps (Volk & Hoffert 1985). Besides the physical pump, which is driven by the temperature

dependent solubility of CO2 and the deep water formation (see 1.2.), two biological pumps -

the organic carbon pump and the carbonate pump - affect the CO2 exchange between the two

compartments. The organic carbon pump largely sustains the steep gradient in dissolved

inorganic carbon (DIC) concentrations between the surface waters of the oceans and deeper

layers (Sarmiento et al. 1995), which are separated by a strong density gradient, the

permanent thermocline. The DIC gradient results from CO2 being fixed into particulate

organic carbon (POC) during phytoplankton photosynthesis, the subsequent sinking of POC

out of surface waters and its gradual degradation below 500 m depth. Approximately 25 % of

the photosynthetically generated POC (Falkowski et al. 2000) is assumed to sink from surface

oceans. Due to phytoplankton photosynthesis the partial pressure of CO2 in the upper oceans

is lowered leading to a further invasion of CO2 from the atmosphere. It is estimated that

without phytoplankton activity the atmospheric pCO2 would increase by 150-200 ppm (Maier

Reimer et al. 1996).
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Several phytoplankton and zooplankton species form CaCO3 shells, which eventually sink

into the oceans interior, thereby driving the second pump: the carbonate (counter) pump. This

process leads ultimately to a reduction in surface-ocean alkalinity and shifts the carbonate

system towards a higher pCO2, which leads to an out-gassing of CO2 from surface waters. In

deeper waters, the calcareous skeletons dissolve due to the increased solubility of CaCO3,

releasing alkalinity. The flux of CO2 into the oceans is to a large extent determined by the

relative strength of the two biological carbon pumps, which is denoted as the rain ratio

(particulate inorganic carbon/ particulate organic carbon: PIC/POC) in the export production

from surface waters.

With regard to the effect on major biogeochemical cycles, including the carbon cycle, the

highly diverse and species rich phytoplankton can be differentiated into a few major

'functional groups' (Falkowski et al. 1998). According to this concept the silicifying diatoms

dominate the export production of particulate organic matter out of the surface waters

(Dugdale & Wilkerson 1998), whereas the coccolithophores apart from photosynthezising,

form calcareous shells and thus contribute additionally to the carbonate pump. It is still not

clear, what factors ultimately determine the abundances of these different functional groups in

space and time, albeit different regional or seasonal hydrographic conditions appear highly

promotive for different 'functional' groups (Longhurst 1998). Predicting to what extent

climate change might impact on these biogeographical regimes and hence on the temporal and

spatial dominance pattern of the different functional groups is one of the current challenges in

marine biological oceanography.
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1.2 The seawater carbonate system

In this part a short description of the main parameters and equations of the seawater carbonate

system are introduced, which are important for the understanding of carbon availability and

its significance for phytoplankton carbon acquisition in marine systems. It might be also

helpful in understanding the impact of the different carbon pumps on the marine carbon cycle.

The dissolution of gaseous CO2 in seawater can be predicted from Henry’s law, as follows:

[CO2] =   pCO2 (1)

where [CO2] is the concentration of aqueous CO2,  is the temperature- and salinity-

dependent CO2 solubility coefficient, and pCO2 denotes the partial pressure of CO2 in the

atmosphere. The cooling of water masses from low latitudes during their poleward transport,

the higher solubility of CO2 in cold, less saline waters of high latitudes and the subsequent

sinking drives the physical carbon pump.

When CO2 dissolves in seawater, it reacts with H2O to form carbonic acid (H2CO3),

bicarbonate (HCO3
-) and carbonate (CO3

2-):

CO2+ H2O  H2CO3  HCO3
- + H+  CO3

2- + 2H+ (2)

(For further literature on the carbonate system as equilibrium concentrations, pKa values,

diffusion coefficients and conversion rate constants see Zeebe & Wolf-Gladrow (2001))

The various species of dissolved inorganic carbon are summed up as the DIC (Dissolved

Inorganic Carbon).

DIC=[CO2]  + [HCO3
-]  + [CO3

2-] (3)

DIC concentrations, with an average value of 2200 µmol L-1, are many times higher than the

concentrations of other gases that dissolve in seawater like O2 (oxygen) and N2 (nitrogen).

Within the surface ocean DIC concentrations are relatively constant, but changes in pH

determine the relative proportion of the individual carbon species (Fig. 1).

At high pH the equilibrium reactions are on the right hand side of the equation (2) and shift

to the left when pH is lowered. In alkaline seawater, with an average pH of 8.2, HCO3
- is the
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major form of DIC with 90 % (~2000 µmol L-1) and [CO2] only accounts for 1 %

(~10 µmol L-1). Due to primary production of phytoplankton [CO2] can be depleted to below

5 µmol L-1 (Codispoti et al. 1982)
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Fig. 1: Relative proportion of the inorganic carbon species in seawater (T:15°C; S:35 PSU) as
a function of pH.

A further important parameter of the carbonate system is the total alkalinity (TA), of which

one of the many definitions is given below. To simplify matters TA can be regarded as a

charge balance between the surplus of dissolved strong cations (Na+, Mg2+, Ca2+, K+, Sr+) over

strong anions (Cl-, SO4
2-, NO3

-, F-) in seawater. The definition of TA reads as follows:

TA=[HCO3
-] + 2 [CO3

2-] + [B(OH4)
-] + [OH-] - [H+] + [X]                                                 (4)

(For further and more precise information on this subject read Dickson 1981, Zeebe & Wolf-

Gladrow 2001). The carbonate alkalinity, made up by the two first variables of equation (3),

comprises the largest proportion of TA, whereas [X] comprises minor components as the

concentrations of Si(OH)3
-, HPO4

2-, and PO4
3-. The analytical determination of TA is

conducted by the titration of seawater with a strong acid. From that, TA can also be

considered as the buffer capacity of seawater.
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The 6 different parameter of the seawater carbonate system are interdependent and shifting

one parameter will affect the others. This accounts for natural changes due to biological

activity as well as manipulative changes of the carbonate system used in experiments.

Primary production of phytoplankton reduces [CO2] and DIC, while pH is increased.

During respiration this process reverses resulting in increasing [CO2] and DIC with a

concomittant decrease in pH. By the formation of biogenic CaCO3 both DIC and TA are

reduced. The uptake of CO3
2- accounts twice for TA (see equation 4) and only once in DIC

(see equation 3). Thus the chemical equilibrium shifts to the left with higher [CO2] and a

decrease in pH. Reversely, dissolution of carbonate leads to increases in TA, DIC and pH,

while [CO2] is lowered.

Experimentally, different possibilities exist to manipulate the carbonate system. Within this

thesis two different kinds of experimental manipulation of the carbonate system were used. In

study 1 a strong acid (HCl) or base (NaOH) was added to a closed system affecting 3

parameter of the carbonate system: [CO2], pH and TA, while DIC was constant.

In the incubation studies with natural phytoplankton assemblages (study 2, 3, and 4),

representing open systems, the carbonate system was altered by gassing with different pCO2,

thereby affecting [CO2], pH and DIC, but not TA. This kind of manipulation resembles the

effect associated with CO2 depletion by photosynthetic uptake as well as the effect associated

with the anthropogenic CO2 input in the oceans.

1.3 Introduction

Assuming that human kind proceeds to emit CO2 in the 'business as usual' habit, atmospheric

CO2 concentrations will reach 780 ppm until the end of this century (International Panel of

Climate Change (IPCC); Houghton et al. 2001). This will have several repercussions on the

marine environment. As a direct effect the carbonate chemistry of seawater will be altered

(Fig. 2). It is predicted that by the year 2100 CO2 concentrations will have tripled, while CO3
2-

concentrations will be reduced by 50 % and the seawater pH will have dropped by 0.4 units

(IPCC, Houghton et al. 2001, Wolf-Gladrow et al. 1999) or even further (Caldeira & Wickett

2003) relative to pre-industrial values. As changes in atmospheric pCO2 give rise to

corresponding changes in the carbonate system of surface seawater with a time lag of less

than one year (Zeebe & Wolf-Gladrow 2001), marine biota may respond in phase with the

current rise in pCO2. CO2 acts as a greenhouse gas and rising atmospheric concentrations of

CO2 increase global temperature of the atmosphere and the surface oceans. As a consequence
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of increased sea-surface temperatures (SST) and precipitation, surface-ocean stratification

will intensify, resulting in an enhancement of the average light intensity in the mixed layer

and a reduction of nutrient supply from deeper layers (Bopp et al. 2001).
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Fig. 2: Seawater pH and the dissolved carbon dioxide (CO2) and carbonate ion (CO3
2-)

concentrations in the surface layer of the ocean assuming a "business as usual"
(IS92a) anthropogenic CO2 emission scenario (Houghton et al. 1996). Dashed lines
represent the predicted changes in carbonate chemistry if CO2 emissions are reduced
according to the Kyoto Protocol (modified after Wolf-Gladrow et al. 1999).

In which way these altered oceanographic conditions might impact on the main primary

producers, the phytoplankton, is one major challenge of current marine oceanography. Hence

the main motivation of this thesis is to investigate the influence of two components of

climate change on natural phytoplankton communities - light intensity and CO2

concentrations. Generally, the resulting impact on the phytoplankton may be twofold in 1)

changing rate processes and 2) by altering ecosystem structure and phytoplankton

communities.
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The expected changes associated with a rising seawater pCO2 originate from biological and

physicochemical constraints for marine phytoplankton in acquiring inorganic carbon. The

primary carbon-fixing enzyme of algae, Rubisco (ribulose-1,5-biphosphate carboxylase/

oxygenase) relies exclusively on CO2 as a substrate for carboxylation (Cooper et al. 1969).

Despite the high magnitude of dissolved inorganic carbon (DIC) (2 mM L-1) in seawater, only

approximately 1 % is in the form of CO2 ( 10 µmol L-1). Under these conditions Rubisco of

eukaryotic microalgae is not saturated (Bagder et al. 1998). To perform the optimal

photosynthesis observed under in situ conditions, algae developed strategies to enhance CO2

at the site of carboxylation. These strategies are summed up under the term carbon

concentrating mechanism (CCM) and consist principally in active transport of the carbon

species HCO3
- and CO2 and/or making use of the enzyme carboanhydrase (Amoroso et al.

1998), which accelerates the otherwise slow rate of conversion between these two carbon

species. An increase in seawater CO2 concentrations enhances the diffusive supply of CO2

into the phytoplankton cell and hence might result in higher productivity of species relying on

diffusive CO2 uptake or those with highly inefficient CCMs.

As all components of the CCMs consume cellular metabolic energy, they are fuelled by

photosynthesis and therefore ultimately rely on ambient light availability (Thoms et al. 2000).

The metabolic energy invested in CCM activity might otherwise be used to allocate other

nutrients. Based on these considerations differences in carbon acquisition might affect the

ecological fitness of a phytoplankton species in a resource limited environment (Raven &

Johnston 1991). Higher diffusive supply of CO2 into the cell may reduce the metabolic energy

needed for the operation of CCM activity and can instead be used for the allocation of other

nutrients. This may result in a change of the elemental composition of marine phytoplankton

communities in dependence of ambient CO2 conditions as already demonstrated for

monoculture studies (Burkhardt & Riebesell 1997, Burkhardt et al. 1999).

Recently, it was indicated that major algae groups (Rost et al. 2003, Coleman et al. 2002,

Beardall & Giordano 2002) and even species within taxa (John-McKay & Colmann 1997,

Elzenga et al. 2000) vary in efficiency and regulative capacity of their CCM owing to

different combination of the various CCM components. The response of phytoplankton

species to elevated levels of CO2 might thus not be uniform. Algae not performing optimal

carbon acquisition under present day CO2 concentrations might benefit more than species with

a highly efficient and regulative uptake of inorganic carbon (Tortell 2000, Rost et al. 2003).

The alteration of the seawater carbonate system associated with the anthropogenic CO2 input
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in the oceans is always associated by changes in pH. Laboratory studies indicate that the

ability to tolerate variation in pH conditions differs considerably among phytoplankton

species (Hinga 2002). The predicted decline in seawater pH might additionally affect growth

of microalgae.

Until now, research predominantly focused on monoculture studies, while only a few

experiments applied a community approach to test varying CO2 concentrations on natural

phytoplankton communities in respect to productivity and taxonomic composition (Hein &

Sand-Jensen 1997, Tortell et al. 2000, Tortell et al. 2002). In addition to limited

investigations, the response of phytoplankton communities to variable CO2 concentrations

differs and mechanisms are still poorly understood. While an increase in short-term

photosynthesis has been demonstrated for natural assemblages in the Northern Atlantic ocean

(Hein & Sand-Jensen 1997), photosynthesis and growth rate of coastal phytoplankton

communities dominated by fast-growing diatoms did not respond to CO2 enrichment (Tortell

et al. 2000, Tortell et al. 2002). One main objective of this thesis is therefore to study species

composition and productivity with respect to CO2 supply in selected natural phytoplankton

assemblages originating from different regions. This will include short-term productivity

measurements over periods within hours as well as determining phytoplankton growth rate

comprising several days.

Furthermore, the influence of rising CO2 concentrations - as one component of climate

change - has predominantly been studied on phytoplankton assemblages independently.

Though being a good approach to understand the mechanism of how CO2 will affect

microalgae, it does not reflect the future changes in oceanographic conditions to a full extent.

An altering light climate in the mixed water layer due to intensified stratification may prove

additionally as a factor in modulating bulk community processes and shifting phytoplankton

communities. Floristic shifts directly or indirectly related to changes in stratification have

already been observed regionally (Boyd & Doney 2002). A replacement of Phaeocystis by

diatoms in the Ross Sea was associated with higher light levels due to the seasonal shoaling of

the mixed layer depth (Arrigo et al. 1999). Furthermore, the persistent coccolithophore bloom

in the Bering Sea (Napp & Hunt 2001) was attributed to an unusual stratified water column.

The second main emphasis of this thesis is to investigate the response of a phytoplankton

community with respect to interactive effects of CO2 concentration and light intensity. Owing

to the strong mutual dependence of irradiance and carbon assimilation, the potential of CO2

affecting a phytoplankton community may further depend on the surrounding light climate.
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Recently, it was demonstrated that the CO2 related effect on calcification for the

coccolithophore species Emiliania huxleyi depended on ambient light availability (Zondervan

et al. 2002). A further emphasis of this thesis is to test, whether the combined CO2/light effect

is not only typical of E. huxleyi but also representative for other coccolithophores. Therefore

the coccolithophore species Gephyrocapsa oceanica is studied in regard to varying CO2

concentrations and light intensities.

To forecast the future performance of the ocean in view of climate change it is necessary to

understand and assess mechanisms and processes by which climate change will affect the

marine primary producers. Potential changes on bulk rate processes or taxonomic composition

within phytoplankton communities might in turn have consequences on the oceans carbon

storage capacity.
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1.4 Outline of the thesis

This thesis investigates the ecological relevance of varying CO2 availability. The main

emphasis was put on the response of natural phytoplankton assemblages to varying CO2

concentrations and varying CO2 and light availability. In incubation experiments blooming

events of phytoplankton, especially of diatoms, are initiated and monitored in respect to bulk

phytoplankton dynamics and species composition under different pCO2. Besides, in a

monoculture study the response to CO2/light variation on the coccolithophore Gephyrocapsa

oceanica was examined.

Study 1 investigates photosynthesis and calcification of the coccolithophore

Gephyrocapsa oceanica to varying CO2 and light availability. The results are discussed in an

ecological context and in comparison to the response of the coccolithophore Emiliania huxleyi

to these factors. The significance of the observed light and CO2 dependencies within

blooming coccolithophores are further evaluated in respect with global change.

Study 2 examines the effect of a varying pCO2 on the temporal development of a diatom

bloom and a diatom-coccolithophore succession in a summer phytoplankton assemblage of a

Norwegian Fjord. The apparent CO2 effect on taxonomic composition and biomass build-up

within the diatom assemblage and on abundances of Emiliania huxleyi are discussed.

Study 3 considers the role of CO2 and light availability on summer phytoplankton

assemblage from a Norwegian Fjord. Potential effects of the environmental factors CO2 and

light and their interplay on phytoplankton POC/PON/Chl a dynamics, phytoplankton size

class distribution, taxonomic composition of the diatom assemblage and abundances of

Emiliania huxleyi are discussed.

Study 4 monitors the temporal development of a bloom by fast-growing diatoms under

varying CO2 concentrations. Various ecologically relevant parameters as bulk phytoplankton

dynamics, primary production and species composition are presented and discussed with

respect to CO2 availability.

Main results of the different studies are discussed in a succeeding part with particular

consideration to bulk phytoplankton dynamics and taxonomic composition and succession. A

perspective on future research is given at the end.
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STUDY 1

Effect of varying light and pCO2 on POC production and calcification of the

coccolithophore Gephyrocapsa oceanica

Introduction

Coccolithophores are marine calcifying algae of which certain species can form massive

blooms. Thus they play an important role in biogeochemical cycles and especially in the

carbon cycle. The coccolithophore Gephyrocapsa oceanica is a cosmopolitan species widely

distributed in tropical and temperate oceans. Frequent abundances of up to 105 cells L-1 have

been reported in marginal seas (Okada & Honjo 1975) and in upwelling tropical waters

(Smayda 1970, Kleijne et al. 1989, Sprengel 2000). From their studies in the Southeastern

Indian Ocean Takahashi & Okada (2000) derived that G. oceanica prefers high temperature

and low salinity. This is consistent with Knappertsbusch (1993), who found increased

abundances of G. oceanica in patches significantly less saline than the surrounding water

during a study in the Mediterranean Sea.

Since the beginning of the nineties extensive blooms of G. oceanica, even a monospecific

bloom with highest abundances up to 8*107 cells L-1, have been reported, forming under

particular hydrographic conditions in the waters off Australia and New Zealand (Blackburn &

Cresswell 1993, Rhodes et al. 1995). An extraordinary large-scale bloom of G. oceanica

developed in Tokyo Bay in spring 1995. It derogated local fishery by making traditional

fishing methods impossible due to increased water turbidity (Okabe 1997). Similar locally

anomalously large scale blooms developing during the last decade were reported for

Emiliania huxleyi (Napp & Hunt 2001), a coccolithophore closely related to G. oceanica and

forming extensive blooms in temperate to subpolar latitudes. Whether the increased number

of coccolithophore blooms reported for the last decade are due to climate change or simply

resulting in a better perception as a consequence of improved monitoring technique remains

controversial.

In the course of climate change several responses on the marine environment are discussed.

As a direct consequence of a rising atmospheric pCO2 the carbonate chemistry of seawater

will be altered. From predictions of the International Panel of Climate Change (IPCC) a drop

in pH of about 0.35 units and a concomitant doubling of seawater CO2 concentrations in

surface waters are expected until the end of this century (Wolf-Gladrow et al. 1999, Houghton
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et al. 2001). As an indirect effect of the increasing global mean temperature, surface ocean

stratification will be enhanced with respective changes in the light regime and nutrient supply

for the water mixed layer. Field studies revealed a close correlation of natural blooms of

coccolithophores and high in situ irradiances (Nanninga & Tyrrell 1996) associated with

shallow mixed layers (Napp & Hunt 2001). Laboratory studies suggest that E. huxleyi has a

high tolerance for high irradiance. Even under irradiances up to 1700-2500 µmol photons

m-2 s-1, which is equal to or exceeding full sunshine, no sign of photoinhibition occurs

(Nanninga & Tyrrell 1996, Nielsen 1995). In the last years a lot of endeavours in the field of

carbon acquisition was made to elucidate the physiological and biochemical reactions of

E. huxleyi to an alteration of the seawater carbonate system (Beardall et al. 1998; Buitenhuis

et al. 1996, Paasche 2002). Riebesell et al. (2000) and Zondervan et al. (2001) studied the

effect of a varying pCO2 on calcification and the carbon quota of monoclonal cultures of

E. huxleyi and G. oceanica. Enhancing CO2 levels, they found a decreasing PIC/POC ratio

caused dominantly by an increasing cellular POC content, and less prominent by a decrease in

calcification. Variation of light intensity (from limiting to saturated conditions) resulted for

E. huxleyi in a specific modification of the CO2 dependence with higher absolute calcification

rates and POC production with increasing light intensities. For G. oceanica the

interdependence of light and CO2 on carbon acquisition is still not known. The aim of this

study was to investigate the ecophysiological response of monoclonal cultures of G. oceanica

in respect to varying light and pCO2. In doing so it is possible to test the hypothesis that the

characteristic combined CO2/light effect is not only typical of E. huxleyi but also

representative for other coccolithophorids. Beyond that more light can be shed on the

question, whether, as a consequence of climate change, the quantity of coccolithophore

blooms will become a more common feature in the future.

Methods

Monoclonal cultures of Gephyrocapsa oceanica (strain PC 7/1) were grown in borosilicate

bottles with sterile filtered (0.2 µm) seawater with a salinity of 30 PSU. Nutrients were added

to obtain final NO3
- and PO4

3- concentrations of 100 and 6.25 µmol L-1, respectively, and

enriched with metals and vitamins according to f/2 (Guillard & Ryther 1962). Three different

CO2 concentrations were adjusted by adding NaOH or HCl to the medium. Bottles were

placed in thermostats with incident photon flux densities (PFD) of 150, 80 and 30 (µmol m-2

s-1) under continuous light and constant temperature of 15 °C. Prior to experiment cultures

were preadapted to the experimental CO2/light conditions for about 10 generations.
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Exponential growth of the cells was assured by diluting the cultures when necessary. Initial

cell concentrations were chosen to enable cell growth of 7 generations without taking up more

than 7 % of the DIC in the medium. After inoculation the 2.4 L borosilicate bottles were

immediately closed with teflon lined screw caps without head space to avoid CO2 exchange

with the atmosphere and were kept close during the experiment. Every combined CO2/light

treatment was run in triplicates.

After the incubation samples were taken. For DIC and alkalinity analyses samples were taken

without air bubbles in 300 ml borosilicate bottles, fixed with a HgCl2 solution (35 g L-1) and

stored at 4 °C.

DIC was measured colourimetrically after the protocol by Johnson et al. (1985), the

analyses of alkalinity resulted from linear Gran plots (Gran 1952) after duplicate

potentiometric titration.

The carbonate system of the medium was calculated from temperature, salinity, DIC, PO4
3-

concentrations and alkalinity using the equilibrium constants of Goyet & Poisson (1989).

To determine particulate organic carbon (POC) and total particulate carbon (TPC) cells

were filtered on precombusted QM-A filters and frozen at -20 °C until being measured on a

mass spectrometer. Prior to analysis the POC filters were fumed in a saturated HCl solution

for two hours in order to remove all inorganic carbon. From the difference between TPC and

POC, the particulate inorganic carbon (PIC) could be calculated. Cell numbers were counted

from formalin (20 % buffered with hexametyhlentetramin) fixed subsamples by means of a

Coulter “Multizer II“ Counter. Growth rate (µ) was determined as:

µ = (ln ci - ln c0)/ t

with c0 and c1 being the cell concentrations at the beginning and the end of the experiment,

respectively,  and t the duration of the incubation in days.

Inorganic and organic carbon production rates were calculated as the product of cellular

inorganic/organic carbon content and the growth rate.

Results

Photosynthesis and calcification of the coccolithophore Gephyrocapasa oceanica was

tested in an alignment of several light intensities and CO2 combinations. In this experiment

CO2 concentrations of approximately 5, 15 and 30 µmol L-1 were combined with irradiances

of 30, 80 and 150 PFD, respectively.
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Growth rate versus CO2 under different irradiances

Growth of G. oceanica was moderately affected by various light/CO2 conditions (Table 1).

Under low CO2 the growth rate was positively influenced by light. Under medium CO2 µ was

still positively affected by light, but saturated already under medium irradiance levels. An

increase of irradiance from 80 to 150 PFD caused no further enhancement of µ and highest

growth rates of 0.74 d-1 were observed under these CO2/light treatments. With a doubling of

ambient CO2, µ decelerated to approximately 0.6 d-1 under all irradiances, suggesting an

inhibiting effect by CO2 (or concomitantly pH) irrespective of irradiance level.

Table 1: Growth rate µ  (d-1) under varying CO2 [µmol L-1] and PFD (photon flux density)
[µmol m-2 s-1]. Standard deviations are calculated from triplicate samples.

POC/ POC production versus CO2 under different irradiances

Under low irradiance the POC quota (Fig. 1a) of G. oceanica was not affected by the

variation of pCO2 applied in this experiment. Within rising irradiances the carbon quota

increased significantly under enhanced CO2. While under medium light intensity of 80 PFD

the POC rised by 57 % at CO2 of 30 µmol L-1, almost a doubling, 97 %, of the cellular

carbon content was observed under light conditions of 150 PFD.

POC production rate was defined as the carbon quota per cell multiplied by growth rate.

Thus it showed a similar dependence on pCO2 and irradiance as did POC (Fig. 1b). Albeit the

positive dependence on pCO2 was mitigated due to slightly reduced growth rates under high

CO2. There was a general increase in POC production rate under higher PFDs, when the CO2

concentrations rised from 5 to 30 µmol L-1. In contrast to almost no CO2 effect in the carbon

quota under low light, G. oceanica showed an increase in POC production rate at 30 PFD of

24 % over the pCO2 range tested due to the CO2 affected growth rate.

PFD (µmol m
-2

 s
-1

)

CO2 (µmol L
-1

) 30 80 150

5 0.51 ±0.02 0.57 ±0.00 0.64 ±0.02

15 0.60 ±0.01 0.74 ±0.01 0.74 ±0.01

30 0.61 ±0.01 0.62 ±0.01 0.59 ±0.01
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PIC/ PIC production versus CO2 under different irradiances

The PIC content was affected conversely (Fig. 1c) by CO2/light as was the POC content.

Thus, highest PIC content was found in cells grown under high light intensities irrespective of

CO2.

Exclusively under lower irradiances 80 PFD, PIC was negatively affected by CO2.

Increasing the CO2 from 5 to 30 µmol L-1 reduced the degree of calcification in G. oceanica

for 10 and 30 %, under irradiances of 80 and 30 PFD, respectively.

The same pattern (Fig. 1d) was observed for the calcification rate. Thus a positive

dependence on light and a negative dependence on CO2 was found. However, the same

relative decrease of calcification rate with increasing pCO2 was observed under all irradiances

tested.
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Fig 1: Gephyrocapsa oceanica. Variation in a) POC quota in (pg C cell-1), b) POC production
rate (pg C cell-1 d-1), c) PIC quota (pg C cell-1) and d) PIC production rate (pg C cell-1

d-1) under different photon flux densities (PFD) of 30 (black squares), 80 (grey
diamonds) and 150 (white circles) PFD (µmol m-1 s-1) and varying CO2 concentrations.
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Fig 2: Gephyrocapsa oceanica. (Data from Zondervan et al. 2001).
Variation in a) POC quota in (pg C cell-1), b) POC production rate (pg C cell-1 d-1), c)
PIC quota (pg C cell-1) and d) PIC production rate (pg C cell-1 d-1) under a photon flux
density (PFD) of 150 (µmol m-1 s-1) and varying CO2 concentrations.
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Discussion

Effect of CO2 and light on growth

Like most of the bloomforming species, the coccolithophores Emiliania huxleyi and

Gephyrocapsa oceanica have intrinsically high growth rates under optimal environmental

conditions. And any factor influencing the growth rate is ecologically relevant by favouring or

reducing the chance for that species to develop a bloom.

In this study cell division was stimulated by increasing CO2 from low to medium levels

under all irradiances tested. With a further increase of CO2, however, a slight decrease in

growth rate was observed under 80 and 150 PFD. Yet, the observed growth rates were in the

range of 0.52-0.74 d-1, that even the above noted differences might be of minor ecological

importance. Thus it became obvious, that G. oceanica was capable of keeping its growth rate

almost constant over a wide range of CO2 and light conditions. Neither limiting nor inhibiting

conditions were established during the experiment, which resulted in a significant reduction

of growth. Almost constant growth rates over a corresponding CO2 range were reported by

Riebesell et al. (2000), Buitenhuis et al. (1999) and Clark & Flynn (2000) for E. huxleyi and

G. oceanica. Another bloom-forming coccolithophore, Coccolithus pelagicus, was found to

grow faster by increasing the pH from 7.7 to 8.2 which would correspond to a lowering of

CO2 from high to medium CO2 concentrations (Griffis & Chapman 1990). Shiraiwa et al.

(1994) found coccolithophore isolates from the Pacific to grow best under pH 8.0-8.5.

Ecophysiological studies with E. huxleyi and G. oceanica isolated from waters off New

Zealand suggested a broader tolerance range for pH in E. huxleyi, whereas growth of

G. oceanica was best between 8.4-8.9 and decelerated when pH was below 8.4 (Rhodes et al.

1995).

A rising in the pCO2 - the scenario expected in future oceans - will result in a decrease in

seawater pH, a condition not implicitly favouring growth of coccolithophores. It might be

somehow puzzling that a presumably CO2 limited phytoplankton species responds to an

increase in CO2 with decelerating growth rates. But it should be kept in mind, that a change in

CO2 always involves a change in pH, and an apparent CO2 effect might actually be attributed

to another factor of the carbonate system. Additional light apparently favoured growth under

ambient and low CO2 levels. At the end of the spring bloom, when CO2 is highly depleted

from surface waters, average irradiance level in the water column increases due to enhanced

stratification. This might explain that E. huxleyi blooms (Nanninga & Tyrrell 1996) highly

correlate with extensive irradiances. Since as an indirect effect of climate change increased

stratification due to higher seawater temperature is expected, coccolithophores might be
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favoured in their ecological competitiveness rather by the indirect than direct effects of

climate change.

Effect of CO2 and light on POC quota and production

During the experiment photosynthesis of G. oceanica seemed highly sensitive to external

CO2. Elevated CO2 enhanced carbon fixation when light intensities were sufficient. Whereas

photosynthesis seemed light-saturated under natural seawater CO2 with 80 PFD, a further

elavation of CO2 raised the light saturation level for carbon fixation (an increase in carbon

fixation of 10 % under 150 relative to 80 PFD was achieved). In contrast to this Zondervan et

al. (2002) found photosynthesis of E. huxleyi saturated under irradiance levels of 80 PFD

irrespective of CO2. Still both coccolithophores showed a response to increasing CO2, which

were highly depending on the light conditions they experienced.

The mismatch between CO2 affected carbon fixation and CO2 independent cell division

manifested in large variations in carbon quota for the different treatments, as already shown

for E. huxleyi and G. oceanica, for the latter exclusively under high light conditions

(Zondervan et al. 2001 (also see Fig. 2); Riebesell et al. 2000). A varying carbon quota of

E. huxleyi was already observed in various studies under P (Riegman et al. 2000) and Zn

(Schulz, pers comm.) limitation. The specific effect of N limitation is somehow equivocal and

apparently depends on the degree of limitation (Paasche & Brubak 1994, Riegman et al.

2000)). Rost & Riebesell (in prep.) suggest the high variability in carbon quota as an

ecologically relevant strategy, partially making up for the otherwise intrinsically low affinity

of carbon acquisition in E. huxleyi. That might as well account for G. oceanica. On the other

hand cell division was possibly constrained due to suboptimal incubation temperature. There

are hints that G. oceanica, as a presumably tropical species, prefers a higher temperature

range from 20-25 °C (Rhodes et al. 1995) to show optimal growth rates.

Apart from overcoming inefficient carbon acquisition other ecological implications are

possible. The increased cell volume and carbon quota might have an impact on sinking rate

(Smayda 1970). By exceeding the maximum prey seize of potential grazers even the foodweb

structure might be affected. The biogeochemical significance of a diminishing PIC/POC ratio

under elevated pCO2 in coccolithophores has been thoroughly discussed in Riebesell et al.

2000 and Zondervan et al. 2001.

CO2 and light effect on calcification

Calcification is predominantly a light dependent process (Nimer & Merret 1992, Dong et al.

1993, Nimer & Merret 1993, Paasche 2002), thus varying light intensities should be of major
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significance for calcification. In this study it was shown that highest calcification occurred

under high light and reduced CO2 conditions. Both, lowering of the light level and increasing

the CO2 concentration had a negative effect on the cellular calcite production (Fig. 1c). The

CO2 effect on calcification of G. oceanica was most pronounced under lowest light intensities

of 30 PFD. A reversed dependence on light was observed for E. huxleyi, which reacted most

sensitive under higher light conditions and was weakened under light intensities of 15 PFD

(Zondervan et al. 2002). These authors suggest calcification of E. huxleyi being light limited

under irradiance levels of 15 PFD, where no further CO2 or pH effect was noticed. Though

lowest irradiance levels of 15 PFD were not tested in this study, the relative reduction in

calcification of G. oceanica with increasing CO2 levels rised with decreasing irradiance.

Furthermore calcification of G. oceanica responded more sensitive than calcification of

E. huxleyi to variable CO2 concentrations under 30 PFD. This might suggest that G. oceanica

is capable to calcify under lower light intensities than is E. huxleyi. G. oceanica has been

recorded growing at the limits of the photic zone (Honjo 1977), which might imply a better

adaptation to low light conditions.

Zondervan et al. (2002) found a more pronounced decrease in calcification for G. oceanica

under increasing pCO2 and an irradiance of 150 PFD, which was not found in this study even

when comparing identical irradiance levels.

Conclusion

The physiological response of G. oceanica to varying CO2 depends strongly on

surrounding light conditions, as it was already shown for E. huxleyi. Photosynthesis of

G. oceanica is highly promoted, in terms of cellular POC, by a combined increase of CO2 and

light intensity. Cell division is not enhanced by a doubling of ambient seawater CO2

concentrations, but has rather a slightly negative effect on cell growth. Thus the ecological

relevance of a promoted photosynthesis by a slightly reduced growth rate and decreasing

calcification remains somehow speculative. For that it might be concluded that an alteration

of the seawater carbonate system due to a rising pCO2 does not favour the blooming of

coccolithophores. But as stated above there might be a promotion of various indirect effects

caused by an increasing pCO2.

As could be shown in this experiment the coccolithophores G. oceanica and E. huxleyi,

although in taxonomic terms closely related, respond very similar but not equal to alternating

environmental conditions. More research on other coccolithophore species should be

conducted to gain insight in the spectrum of physiological reactions to altering environmental
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factors. This might help to predict the role of coccolithophores in biogeochemical cycling

more precisely.
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STUDY 2

Influence of a varying pCO2 on the species composition of a coastal Norwegian

phytoplankton assemblage

Introduction

Research on nutrients as limiting marine primary production mainly focused on

macronutrients like N, P, and Si as well as on trace elements like Fe. During the last decade

the role of carbon as a limiting nutrient received growing attention. Despite high

concentrations of dissolved inorganic carbon (2 mM) in seawater, only approximately 1 % is

in the form of CO2 (~10 µM) under equilibrium conditions with the atmosphere. Due to high

productivity of phytoplankton CO2 concentrations can even be depleted below 5 µM

(Codispoti et al. 1982).

Physiological studies on the kinetics of the carbon-fixing enzyme Rubisco of microalgae,

which exclusively uses CO2 as a substrate (Cooper et al. 1969), revealed that ambient oceanic

CO2 concentrations are not sufficient to saturate the enzymes demands. Half-saturation

constants (Km) of Rubisco are reported in the range of 30-80 µM (Badger et al. 1998) and

vary considerably between phytoplankton groups. Comparatively high catalytic efficiency is

reported for the Rubisco of diatoms, whereas for cyanophyceae and presumably

coccolithophores a relatively low efficiency is assumed (Tortell 2000). Nevertheless in situ

carbon fixation of phytoplankton was found saturated under oceanic conditions. The apparent

difference between Rubisco and in situ photosynthesis kinetics lead to the hypothesis that

algae actively enhance CO2 at the catalytic site of Rubisco in response to the low external CO2

concentrations (Badger et al. 1980, Kaplan et al. 1980). These carbon concentrating

mechanisms (CCM) consist of either active uptake of CO2/HCO3
- and/or making use of the

enzyme carboanhydrase (intra- or extracellularly), which accelerates the otherwise slow

conversion from HCO3
- to CO2 (Thoms et al. 2001).

Recently many laboratory studies on carbon acquisition of phytoplankton displayed a high

variety of different efficiency strategies of accumulating internal carbon pools among taxa

(Colman et al. 2002, Elzenga et al. 2000). As a general pattern it was assumed that taxa with a

less efficient Rubisco should depend more on accumulating C internally to perform maximum

photosynthesis (Raven & Johnston 1991, Tortell 2000). As an ecologically relevant
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consequence competitive abilities for C acquisition should differ among taxa and presumably

no uniform response to varying aquatic CO2 availability by phytoplankton may result from

that. Particularly the effect of increasing CO2 concentrations in marine environments due to

the rise of atmospheric pCO2 might favour species with less efficient C acquisition to a higher

extent than species with highly effective C uptake strategies. Rost et al. (2003) reported

differences in regulation and efficiency of carbon acquisition in several bloom-forming

species representing different phytoplankton groups. From these findings the authors

suggested a possible impact of a rising pCO2 on species composition and succession. Still, the

vast majority of studies focusing on carbon acquisition were conducted with monoalgal

cultures under nutrient and light replete laboratory conditions, whereas surveys with natural

phytoplankton assemblages are sparse and mostly restricted to freshwater plankton

communities or to competition experiments with freshwater microalgae (Williams & Turpin

1987). However freshwater phytoplankton might possess more efficient C acquisition

strategies than do marine microalgae, since freshwater systems are subjected to much higher

fluctuations in pH due to less buffering capacity. Thus, severe CO2 depletion by

photosynthetic productivity in these systems can be much higher. Talling (1976) suggested

constrains on primary productivity by CO2 availability for high alkaline lakes.

First studies on the response of varying pCO2 on natural marine phytoplankton

assemblages were conducted by Tortell et al. (1997, 2000). Within a pCO2 range from 100 to

780 ppm, CO2 dependent changes were constrained to the biochemistry and physiology of

assemblages grown under low CO2 concentrations, whereas growth rate or species

composition of the phytoplankton community remained unaffected by CO2. From this Tortell

and coworkers concluded that fast-growing coastal diatoms are relatively independent from

CO2 availability due to their effective carbon acquisition. However these incubation studies

lasted only from 2-5 days, which might be a time period too short to find minor differences in

species  growth established in their abundance.

In this study the effect of a variable pCO2 on a coastal phytoplankton community was

surveyed over a period of 10 days, a time scale more appropriate to resemble in situ blooming

events (Coale et al. 1996). Of particular interest was the development of the taxonomic

composition of the initial diatom assemblage. Diatom species abundances were determined

every second day to calculate species specific growth rates in dependence of CO2 availability.

Furthermore it was assumed that the phytoplankton group of coccolithophores might be

carbon limited under prevalent CO2 conditions in marine waters (Raven & Johnston 1991),



STUDY 2                                                                                                                                                                       33

and will therefore profit more than other taxa from the present rise in pCO2 (Raven 1997; Rost

et al. 2003). Experimental conditions were set up to facilitate the development of a diatom

bloom and the growth of coccolithophores (see Methods).

Methods

Experimental setting

Species composition of a natural phytoplankton assemblage from a Norwegian fjord in

early summer was studied under 3 different CO2 concentrations in 10 L glass bottles over a 10

days period (June 7-17, 2001). Nutrient depleted post-bloom fjordwater was taken from

different installed mesocosms, which were adapted to a pCO2 of 190, 380 and 710 ppm

(corresponding to CO2 concentrations of 9, 16 and 30 µmol L-1), respectively. Adjustment of

the different pCO2 had been achieved by bubbling the water for several days with air streams

of different CO2 proportions. The distinct pCO2 values were chosen to represent glacial,

present-day and double ambient CO2 concentrations (the latter projected by the International

Panel of Climate Change (IPCC) for the end of this century; Houghton et al. 2001). The water

was filtered with a meshsize of 150 µm to eliminate larger zooplankton organisms. Duplicates

were run for each CO2 treatment. Bottles were placed outside on a raft in seawater filled

aquaria. Neutral density screening was used to mimic light concentrations prevailing in the

water column at about 3 m depth and yielding a photon flux density (PFD) between 80-120

µmol m-2 s-1 depending on weather conditions. The aquaria were constantly flown through by

seawater from the surrounding fjord to assure a constant temperature of 15 °C in the bottles

during the time of incubation. To prevent equilibration with atmospheric pCO2 the air

headspaces of the bottles were aerated with an air/CO2 mixture corresponding to the pCO2 of

the water treatment. The experiment was started by adding nutrients to the incubation bottles

yielding NO3
-, SiO4 and PO4

3- concentrations of 15, 5.5 and 1 µmol L-1, respectively. Nutrient

concentrations resembled natural conditions prior to a spring bloom in Norwegian coastal

waters. Assuming an uptake ratio of Si:N of ~1 for diatoms under micronutrient replete

conditions (Brzezinski 1985), the addition of macronutrient was sufficient to allow growth of

diatoms and other phytoplankton groups. Prior to sampling bottles were gently agitated once a

day.
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Biological and chemical analyses

Samples were removed once a day by use of sterile pipettes for diverse analytical

measurements. Total community chlorophyll a (Chl a) was determined fluorometrically from

50-100 mL samples filtered on cellulose nitrate filters (pore width 0.45 µm), extracted in

90 % acetone for 24 hours. Growth rates of the phytoplankton community were calculated

from regressions of the natural logarithm of phytoplankton Chl a against time. Concentrations

of silicate and phosphate were determined coulorimetrically after the protocol of Koroleff

(1983) and Murphy & Riley (1962).

Samples for species composition and abundance were taken every second day, fixed with

20 % formaldehyde solution buffered with hexamethylentetramine (1 % final concentration).

One additional sample for species composition was taken on the day of maximum Chl a

values, which varied between treatments and bottles. Microscopic counting was carried out

with an inverted Zeiss microscope using magnification of 160, 250 and 400 x depending on

the species sizes. Cell counts were made from 3-50 ml samples depending on the species

abundance. Only for the high and low CO2 treatment phytoplankton abundance was counted

from duplicate bottles, for the medium CO2 treatment species abundances from only one

bottle (bottle 6) was determined. Enumeration was restricted to the diatom community and the

coccolithophores. For some diatoms (e.g. Chaetoceros spp./ Thalassiosira spp.) several

species of one genus were counted as one group. Abundances of Emiliania huxleyi were

determined by flow cytometry. Species specific growth rates were calculated from regressions

of the natural logarithm of species abundance against time. For the determination of species

specific biomass, microscopic size measurements were firstly converted to cell volumes and

subsequently to carbon biomass using a carbon to volume ratio suggested by Menden-Deuer

& Lessard (2001). Towards the end of incubation time, day 6, abundances of the two

autotrophic flagellates Heterocapsa spp. and Scripsiella spp. were determined. Furthermore

two size classes of ciliates were enumerated on that day to get some information about

microzooplankton grazing in the bottles.

Determination of the DIC System

Daily pH (NBS scale) and temperature were determined with a pH meter (WTW, pH 330),

calibrated prior to each measurement. Alkalinity was determined every 3-4 days from linear

Gran plots (Gran 1952) after duplicate potentiometric titration (Bradshaw & Brewer 1988).

Data in between measurements were interpolated. Daily CO2 concentrations were then
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calculated from alkalinity, pH, temperature, and salinity assuming dissociation constants

according to Mehrbach et al. (1973).

Results

General bloom development

Total community Chl a (Fig. 1) began to increase under all pCO2 shortly after incubation

started. Differences between treatments existed in the start and rate of exponential growth,

maximum concentrations of Chl a and the rate of Chl a decrease. This decrease in Chl a

concentrations is presumably due to the degradation of the pigment assuming N limitation to

have occurred at a similar time as SiO4 concentrations were depleted. Community growth was

significantly higher in the medium and high CO2 treatment with µ of 0.6 d-1 than under low

CO2 concentrations with µ of 0.35 d-1 (unpaired t-test; p < 0.05). Under high CO2 (bottles 2, 3

Fig. 1c) exponential growth started about day 2 and peaked 4 days later with Chl a

concentrations of 10.1 and 13.3 µg L-1 for bottle 2 and 3, respectively. From day 6 on, Chl a

slowly decreased again, reaching concentrations ~5 µg L-1 on day 11. A similar Chl a

development was observed under the medium CO2 treatment with maximum values of

13.3 µg L-1 (bottle 6) and with 13.1 µg L-1 in bottle 5 two days later (Fig. 1b). Chl a decreased

to values of 2 µg L-l much faster than under CO2 enrichment. Under low CO2 incubation

exponential growth started later than in the other treatments, on day 5. On day 8 highest Chl a

concentrations of 18.6 and 15.2 µg L-1 were reached in bottles 8 and 9 and declined steeply to

values of 3 µg L-1 three days later (Fig. 1a).

During the bloom concentrations of SiO4 and PO4
3- decreased constantly until day 10 (Fig. 2)

but the decrease followed different patterns. Whereas silicate was already reduced to 0.4 µmol

L-1 in bottles 2, 3 and 6 on day 6, the same concentrations were reached 2 days later in bottles

5, 8 and 9. Depletion of PO4
3- followed more or less the same pattern irrespective of CO2

treatment. NO3
- concentrations were not considered in this study.

The pH and CO2 concentrations were altered by enhanced primary productivity of

phytoplankton, rising the pH by reduction of ambient CO2 (Fig. 3).

Variation of pH and CO2 concentrations was most pronounced in the high CO2 treatment

with maximum pH of 0.34-0.39 units, corresponding to a CO2 during incubation of

~20 µmol L-1. Yet, CO2 never decreased below 10 µmol L-1. In the medium and low CO2



36                                                                                                                                STUDY 2

Fig. 1: Temporal development of Chl a concentrations (µg L-1) for 2 replicate bottles of each
CO2 treatment. Numbers represent bottle #.
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Fig. 2: Nutrient concentrations (µmol L-1) (left side: PO4
3-; right side: SiO4) for 2 replicate

bottles of each CO2 treatment. Numbers represent bottle # and apply for both sides.
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Fig. 3: Temporal development of pH (NBS scale) and CO2 concentrations (µmol L-1) for 2
replicate bottles of each CO2 treatment. Numbers represent bottle # and apply for both
sides.
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treatment pH varied only with ~0.2 units, which corresponded to a variation in CO2

concentrations of ~4 (low CO2) and ~7 µmol L-1 (medium CO2), respectively.

 Species composition and biomass distribution

To describe the temporal development of the species composition and species specific

biomass contribution average values from the 2 replicates of the low and the high CO2

treatment were calculated (Fig. 4). In Fig. 5 these parameters are presented for each bottle of

these CO2 treatments to show the variation, but are not considered further.

Initial species composition was fairly similar distributed among the bottles. Within the

diatom assemblage different species of the genus Leptocylindrus (minimus, danicus), of the

genus Chaetoceros (socialis, debelis, curvisetus, compressus, furcellatus) and Thalassiosira

spp. (rotula, angulata, nordenskioeldii), Rhizosolenia spp., Pseudonitzschia spp., Cerataulina

pelagica, Cylindrotheca closterium and Skeletonema costatum were found. Besides small

flagellates the coccolithophore Emiliania huxleyi was found in high cell numbers.

At the beginning of the experiment (day 1) the small cylindrical diatom L. minimus

dominated the species composition in cell numbers as well as in biomass in all bottles (Fig.

4), comprising more than 60 % of the initial phytoplankton biomass. Over the whole

experiment L. minimus remained the most abundant species, reaching highest cell numbers of

>6.0*106 cells L-1 under high and medium CO2 on day 6 of incubation and around 3*106 cells

L-1 two days later (day 8) under low CO2. Nevertheless its contribution to phytoplankton

biomass declined over the incubation period due to relatively low accumulation rates (Table

1). At day three the genus Chaetoceros spp. and L. danicus became more dominant. For these

species highest species specific growth rates were determined. Whereas Chaetoceros spp.

grew with µ of ~1.0 d-1 over the CO2 range tested, L. danicus grew significantly faster under

high CO2 compared to the other treatments (t-test: p=0.04). Until day 5 and 6 the abundance

of Chaetoceros spp. varied between >1*106 (high CO2) and 5*105 (low CO2) and cell numbers

of L. danicus increased to >1*106 cells L-1 on day 5 in all bottles. In terms of biomass

Chaetoceros spp. and L. danicus made up 25-30 % of total biomass on day 5 and 6,

respectively. Although there were differences in total biomass between the different CO2

treatments, relative species composition of the dominant species was more or less similar in

all CO2 treatments until day 5 with Chaetoceros spp., L. danicus and L. minimus making up

the bulk of phytoplankton biomass (about 85 %). After day 5, abundance and relative biomass

contribution of L. danicus declined constantly towards day 10 in the low CO2 treatment. With

cell numbers <2*105 cells L-1 its abundance was almost one magnitude lower compared to the
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Fig. 4: Biomass contribution of diatom and coccolithophore species in (µg C L-1) over
incubation time for the different CO2 treatments. Values represent averages (2
replicates) for the low and the high CO2 treatment.
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Fig. 5: Biomass contribution of diatom and coccolithophore species in (µg C L-1) over
incubation time for the 2 replicate bottles of each CO2 treatments. Fig. 5a) and b)
represent bottles of the low CO2 treatment, c) and d) represent bottles of the high
CO2 treatment.
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high and medium CO2 treatment. Relative biomass contribution decreased to around 5 % on

day 8 compared to 20-30 % in the other treatments. At day 10, abundance of L. danicus was

negligible in all treatments. With decreasing cell numbers of the three dominating species, the

abundances and relative contributions of biomass of minor abundant species as Thalassiosira

spp., C. pelagica, Rhizosolenia spp., Pseudonitzschia spp. and C. closterium increased. From

day 6 abundances of Thalassiosira spp. and C. closterium started to vary considerably

between treatments becoming more and more dominant in the low CO2 treatment. At day 8

these species comprised together >13 % of total calculated biomass incubated under low CO2,

compared to ~2 and ~3 % under high and medium CO2, respectively. This trend was even

more pronounced two days later in the low CO2 treatment, which was then also observed in

the medium CO2 treatment. Thalassiosira spp. accounted for 15 and 8 % of biomass with 14

and 17 µg PPC L-1 in the medium and low CO2 treatment. Cell numbers of C. closterium were

still significantly (about 4 times) higher in the low than in the medium and high CO2

treatment, but relative contribution to phytoplankton biomass was more or less balanced

between treatments (around 5, 2 and 3 % for low, medium and high CO2, respectively).

For the coccolithophore species E. huxleyi growth varied inversely to CO2 concentrations

and abundances of 2*106, 1*106 and 0.5*106 cells L-1 were observed under low, medium and

high CO2, respectively, on day 8. The treatment effect was even more pronounced two days

later, when E. huxleyi doubled cell numbers under low and medium CO2, whereas no further

growth took place under high CO2. E. huxleyi contributed more than 20 % to the

phytoplankton biomass under low CO2 and around 15 % under medium CO2 at the end of the

incubation. Only a minor percentage of <4 % was yielded under the high CO2 treatment.

Growth rates

During incubation species specific growth rates varied between CO2 treatments. However,

statistical analysis (t-test) showed no significant difference between treatments, except for

L. danicus growing significantly faster under high CO2. Growth rates were enhanced by 50 %

when incubated under high compared to medium or low CO2. Although there was no

significant difference among the treatments, some trends in species specific growth depending

on CO2 were observed for several other diatoms. L. minimus and Chaetoceros spp. showed

apparently higher growth rates under medium and high CO2 compared to low CO2 conditions.

L. minimus grew almost twice as fast when incubated under medium and high CO2

concentrations. The opposite response to a varying pCO2 was observed for Thalassiosira spp.



STUDY 2                                                                                                                                                                       43

and C. closterium. These diatoms grew slightly faster under low CO2. For the coccolithophore

E. huxleyi, growth was almost twice as fast under low compared to high CO2 conditions.

Growth of C. pelagica and Rhizosolenia spp. showed apparently no dependence on CO2 level.

Table 1: Growth rates, µ (d-1), for the 7 most abundant diatom species and the
coccolithophore E. huxleyi incubated under different CO2 concentrations
(µmol L-1). Only for the high and low CO2 treatment species abundances were
determined in duplicate bottles. (SD: n=2).

C O2 treatment

Species low medium high

   

Leptocylindrus danicus 1.24 ± 0.06 1.19 1.58 ± 0.05

Leptocylindrus minimus 0.28 ± 0.07 0.5 0.57 ± 0.04

Chaetoceros spp. 0.89 ± 0.05 1.2 1.07 ± 0.14

Thalassiosira spp. 0.99 ± 0.12 0.66 0.74 ± 0.15

Rhizosolenia spp. 0.42 ± 0.04 0.46 0.37 ± 0.18

Cylindrotheca closterium 1.10 ± 0.00 0.59 0.78 ± 0.20

Cerataulina pelagica 0.81 ± 0.18 0.72 0.66 ± 0.19

Emiliania huxleyi 0.32 ± 0.11 0.17 0.11 ± 0.02
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Discussion

The aim of this study was to investigate the influence of CO2 on a diatom dominated

phytoplankton bloom and on the subsequent abundance of the coccolithophore E. huxleyi. For

this purpose the manipulation of the carbonate system by DIC alteration was chosen

resembling the effect associated with CO2 depletion by photosynthetic uptake as well as the

effect associated with the anthropogenic CO2 input in the oceans. However, this alteration of

the carbonate system includes changes in the pCO2 which are inevitably coupled to changes in

pH. It is thus not possible to clearly ascribe the observed treatment dependent variability in

species composition, nutrient assimilation and biomass dynamics to CO2 or pH. This should

be kept in mind for the following interpretation of “CO2 effects”.

The response in growth rate and diatom biomass varied slightly between treatments. Under

high CO2 conditions silicate was consumed more rapidly, higher diatom biomass was

produced and the Chl a maxima were found earlier in the experiment. The average maximum

Chl a value seemed slightly lower under high than under low CO2 conditions. Diatom species

composition among treatments was identical in the initial phase of incubation. In the further

course of the experiment the composition of the diatom assemblage and abundances of

E. huxleyi developed differently between the CO2 treatments.

Studies by Tortell et al. (1997, 2000) focused mainly on the influence of varying pCO2 on

phytoplankton assemblages, which were dominated by fast growing coastal diatoms. In short

term incubation experiments (2-5 days) no variation in total community growth (estimated

from total Chl a) and size class specific growth of phytoplankton (estimated from fractionated

Chl a) was found under a varying pCO2, ranging from 100-750 ppm. Furthermore they did not

report a change in species composition of the diatom assemblage as an effect of available

CO2. First indications of taxonomic changes due to a variable pCO2, were found in a semi-

continuous approach by Tortell et al. (2002), lasting over a considerably longer time period.

In this study a relative decrease of diatoms in favour of increasing abundances of the

prymnesiophyte Phaeocystis sp. was reported under low CO2 conditions. However total

community growth and biomass yield were not found to be affected by CO2 variation. In the

present study also reduced diatom biomass was found under low CO2, which is thus consistent

with the findings of Tortell et al. (2002). Yet, this is the first study presenting an apparent

response in community growth and probably biomass yield under different pCO2. Whereas

community growth has never been reported to be CO2 sensitive (Tortell et al. 1997, 2000,

Tortell & Morel 2002, study 4 in this thesis), there is ample evidence that pH and



STUDY 2                                                                                                                                                                       45

concomitantly CO2 can influence species specific growth (pH effects on coastal

phytoplankton is reviewed by Hinga 2002). A possible impact on community growth is

conceivable, when species dominating the assemblage are CO2 sensitive.

The diatoms mostly profiting from an elevated pCO2 in this study is the dominant genus

Leptocylindrus: primarily L. danicus and to a minor extent L. minimus. There are no

physiological studies on the carbon acquisition of these species so far. However they

comprise dominant parts of the coastal diatom flora worldwide, e.g. Chesapeake Bay, USA

(Marshall & Lacouture 1986), in upwelling areas off Japan (Ishizaka et al. 1986) or on the

northern coast of Spain (Trigueros & Orive 2000). Growth of the genus Thalassiosira and the

species C. closterium is negatively correlated on pCO2 and yielded higher cell numbers under

low CO2 incubation. It was shown that Thalassiosira spp. has a broad plateau of constant

growth rate regarding the pH (and thus CO2) for growth (Hinga 2002). Thus, T. oceanica and

T.  pseudonana  were found to be not restricted in growth rate up to a pH of 8.8

(Chen & Durbin 1994), suggesting that this genus might be a good competitor under low CO2.

 C. closterium  was also shown in laboratory studies as a pH tolerant species, sustaining

constant growth rate up to pH 9.2 (Humphrey & Subba Rao 1967, Grant et al. 1967). In

natural phytoplankton assemblages incubated under a pH range between 8.0-9.5 C. closterium

dominated the diatom assemblage under the highest pH tested (Pedersen & Hansen 2003).

With the assumption that the C:Chl a ratio was not considerably affected by the CO2

treatment the high Chl a concentrations developing under low CO2, suggest another group of

autotrophs simultaneously becoming abundant with the diatoms. Presumably the group of

autotrophic flagellates, which was not quantitatively determined in this study, made up the

other fraction of phytoplankton biomass. The relatively higher maximum Chl a concentrations

observed under low CO2 conditions might thus be the result of diatoms and flagellates

blooming together. Whereas under high CO2 diatoms are the first ones to “bloom” and are

subsequently followed by the flagellates. This successional run would explain the different

development of Chl a concentrations for this CO2 treatment. Usually dinoflagellates become

more abundant after the diatom spring bloom, in times when nutrients and CO2 are depleted.

Abundances of the autotrophic dinoflagellates Heterocapsa/ Scripsiella determined on day 6,

showed no significant difference between treatments. Average abundances of these species

were between 4*106 cells L-1 (high CO2) and 6*106 cells L-1 CO2 (low CO2). Thus increased

growth of these flagellates under lowered CO2 was indicated, but differences were not

significant. Recently two studies found a close correlation between the cumulated occurrence
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of marine dinoflagellates and a pH > 8.5 (Hinga 1992, Yoo 1991). This rise in pH was not

caused by the dinoflagellates themselves but was due to high diatom productivity. Highly

effective CCM strategies are further reported for the bloom-forming dinoflagellate Peridinium

gatuense, once CO2 concentrations fall below 10 µmol L-1 (Berman-Frank et al. 1994,

Berman-Frank & Erez 1996). This CO2 concentration seems to be a lower limit that must be

reached to make cells react to CO2 limitation by increasing the CCM efficiency.

A second emphasis of this study was laid on growth of the bloom-forming coccolithophore

E. huxleyi subjected to different CO2 availability. Despite their presence in the phytoplankton

community during incubation, E. huxleyi did not grow specifically well for the first 6 days,

irrespective of CO2 treatment. Towards the end of incubation E. huxleyi became most

abundant under low CO2 and interestingly no pronounced net growth of E. huxleyi was

noticed under high CO2 over the time course of incubation. It has been suggested that the

group of coccolithophores might predominantly benefit from a rise in CO2 level (Rost et al.

2003, Tortell 2000, Raven & Johnston 1991, Raven 1997). In contrast to the majority of

microalgae, including several diatoms and Phaeocystis, photosynthesis of E. huxleyi seems

not to be carbon saturated under present day CO2 conditions (Raven & Johnston 1991,

Paasche 1964). Some strains of E. huxleyi are assumed to rely solely on diffusive CO2 uptake

for photosynthesis (Raven & Johnston 1991) and for other strains CCM activity was

demonstrated and characterised as comparatively inefficient (Elzenga et al. 2000, Rost et al.

2003). These findings characterise E. huxleyi more than other taxa as sensitive to changes in

CO2 and predetermined to profit from an elevation of CO2. However, no enhanced growth

with elevated CO2 availability was found for this species (Paasche 1964, Zondervan et al.

2001). Yet, higher growth of E. huxleyi under low pCO2, as observed in this study, is

somehow puzzling. Nonetheless this growth feature of E. huxleyi has to be seen in the context

of the community growth dynamics. Thus it is conceivable that the slower growth of the

diatom assemblage under low CO2 conditions caused a slower decrease in nutrients and

possibly a change in nutrient ratios, creating improved growth conditions for E. huxleyi

beyond CO2 availability. There is also a strong indication of factors impeding maximum

growth of this species (e.g. grazing pressure, low nutrient concentrations), since observed

accumulation rates for E. huxleyi were only in the range of 0.11-0.32 d-1, well below its

potential to grow. Maximum growth rates of 1.58 d-1 for isolates from the North Sea

(van Bleijswijk et al. 1994), >2.0 d-1  (Paasche et al. 1996) and even as high as 2.8 d-1 (Price et

al. 1998) for isolates from Scandinavian waters have been reported for this species.



STUDY 2                                                                                                                                                                       47

Another explanation for the observed variation in Chl a dynamics, diatom biomass and

species composition might be a slightly different grazing pressure in the incubation bottles. It

cannot be completely excluded that minor initial differences existed in the microzooplankton

composition among the bottles. The incubation water was taken from different mesocosm

adapted to the respective CO2 concentrations for several days. Possibly, the taxonomic

composition of the microzooplankton varied slightly between the mesocosms, due to a change

in water mass while being filled with fjordwater. Grazing rates of microzooplankton can be

high enough to account for more than half of gross phytoplankton production (Strom et al.

2001, Schlueter 1998), particularly after the spring bloom in highly productive coastal waters.

Although diatoms are rather not assumed to be preferentially grazed on by microherbivores,

partly due to large cell size and chain formation (Burkill et al. 1987), they are important prey

when dominating the phytoplankton and/or showing high growth rates (Archer et al. 2000).

The reduced initial growth rate of L. minimus observed in this study under low CO2 conditions

might have in fact resulted from the comparatively higher grazing pressure on this species in

the bottles equilibrated to low CO2 concentration. Since L. minimus partly belongs to the

nannoplankton (<20 µm), it might be a potential prey for larger ciliates. However, towards the

end of the experiment ciliate abundances did not vary significantly among treatments

(data not shown), which should have been expected by different grazing activities.

Conclusion

This study presents further evidence that a variable pCO2 might affect species composition

and succession with ecological and biogeochemical relevance, as it indicates a relative

decrease in diatom abundance with lowered pCO2 as was found by Tortell et al. (2002).

There is a strong need for further long term incubation experiments, since it has been shown

that fast growing diatom assemblages do not respond to a variation in pCO2 on the time scales

of several days (Tortell et al. 1997, 2000 ; study 4 in this thesis).

However, it cannot be excluded that the observed CO2 effect in community growth,

biomass yield, and successional pattern might have been distorted by treatment specific

microzooplankton grazing.

Presumably CO2 availability affected the autotrophic community in the initial phase of the

incubation study in enhancing or limiting the growth rates of certain diatoms species. Grazing

pressure of microzooplankton should have increased with incubation time, particularly on the
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lower phytoplankton size classes, due to the tight coupling between the autotrophic

assemblage and microherbivore grazers. Differences in species composition in the later phase

of incubation with higher species diversity under lowered CO2 concentration might result

from a coupled effect of grazing and CO2 availability. Thus this study shows once more the

significance of field research to investigate hypotheses derived from mere laboratory studies

in highly diverse natural communities.
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STUDY 3

Effect of CO2 and light on phytoplankton dynamics and taxonomic composition

of a diatom dominated assemblage in a Norwegian Fjord

Introduction

Algae developed strategies to enhance CO2 concentrations at the catalytic site of their

carbon fixing enzyme Rubisco, which is not saturated under ambient seawater CO2

concentrations. These processes, by which CO2 and/or HCO3
- are actively taken up and CO2 is

intracellularly accumulated, are summed up under the term ‘carbon concentrating mechanism’

(CCM). Considerable diversity exist in the CCM and thus in carbon acquisition among major

phytoplankton groups (Tortell 2000, Rost et al. 2003), taxa (Elzenga et al. 2000) and, as

reported recently, even among different isolates of the same species (John-McKay & Colman

1997, Huertas et al. 2000). However, variations among taxa or isolates are minor compared to

differences in CCM activity among major phytoplankton groups, which are assumed to arise

from substantial variation of the kinetic properties of the CO2 fixing enzyme Rubisco (Tortell

2000). Thereby diatoms apparently possess a highly efficient enzyme, and hence require low

CCM activity, whereas Rubisco of coccolithophores and dinoflagellates are characterised by a

rather low substrate affinity, necessitating enhanced CCM activity in these algae groups. As a

consequence species vary considerably in the efficiency and in the amount of metabolic costs

to acquire inorganic carbon. Considering that carbon is by far the most essential component of

algal biomass these differences in carbon acquisition might further affect the ecological

competitiveness of phytoplankton groups under natural conditions. Particularly, in respect to

the rising pCO2 in seawater, which is anticipated to double until the end of this century (IPCC,

Houghton et al. 2001), the response to an altered carbonate chemistry is likely to vary

between major phytoplankton groups or taxa. In favouring species or groups with less

efficient carbon acquisition, the progressive rise in pCO2 might impact on species

composition and succession.

CCM strategies are active metabolic processes (e.g. in terms of enzyme synthetisation

and/or transmembrane carrier activities or ion-pumps) and hence require an additional input

of energy beyond that needed for the reduction of CO2 in the Calvin-Benson-cycle. For

autotrophic microalgae it is assumed, that photosynthesis provides this additional energy
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demand, with individual components of the CCM being apparently energised by the cyclic

and linear electron transport systems (Colman et al. 2002). Generally, Raven and Lucas

(1985) suggested from theoretical consideration, that operating a CCM should result in a

reduction of photosynthetic quantum use efficiency, e.g. mol C fixed per photon absorbed.

Indeed, several laboratory studies indicated a higher light requirement for algae under low

CO2 conditions (Badger & Andrews 1982, Shiraiwa & Miyachi 1983, Beardall 1991). Thus

Tortell (2000) suggested that the ecological success of diatoms under low light conditions is

partly a result of their presumably lower costs for carbon acquisition.

Previously, only few studies investigated the role of CO2 availability on taxonomic

composition in natural phytoplankton communities (Tortell et al. 1997, 2000, 2002, Tortell &

Morel 2002; study 2, 4 in this thesis). Fast-growing diatom communities were obviously not

affected within a study period of 2-5 days by varying CO2 conditions, ranging from a 50 %

reduction up to a doubling of ambient CO2 concentration (Tortell et al. 1997, 2000, Tortell &

Morel 2002). With extended incubation time, a CO2 effect on species composition on the level

of phytoplankton groups (diatoms vs Phaeocystis) (Tortell & Morel 2002) and within the

diatom community (study 2) was reported recently. However, these studies were mostly

conducted under light saturated conditions, which might not reflect in situ conditions.

To improve the understanding of the role of carbon and light availability in structuring

phytoplankton communities, a natural assemblage was incubated in batch cultures under low,

ambient and elevated CO2 conditions and exposed to different light regimes. Monitoring

ecologically relevant biochemical parameters, e.g. community concentrations of the pigment

Chlorophyll a (Chl a), particulate organic carbon/nitrogen (POC/PON) and their partitioning

into different phytoplankton size classes was the primary aim of this study. Specific

phytoplankton size classes are assumed to be dominated by different phytoplankton groups,

with the microphytoplankton (>20 µm) largely comprising diatoms and the nannoautotrophs

(<20 µm) being primarily composed of smaller flagellates. Due to the presumed variance in

carbon acquisition, the percentage of individual size fractions within the community might

vary with treatment variation.

A second main objective of the current study is to investigate the relevance of CO2 and

light in affecting the taxonomic composition within the diatom assemblage and the growth

pattern of the coccolithophore Emiliania huxleyi.
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Methods

Experimental setting

An early summer phytoplankton assemblage from Raunefjorden (Bergen, Norway) was

incubated in 2.4 L batch cultures under varying light intensities and CO2 conditions. An

alignment of 9 different treatments was arranged by combining with a pCO2 of 780, 360 and

180 ppm with irradiances of 150, 80 and 30 PFD. Nutrient deplete fjordwater (salinity of 30

PSU) preadapted to the different pCO2 was pre-screened through a plankton net (mesh size

160 µm) to exclude larger mesozooplankton organisms. (The pCO2 preadaptation was

achieved by bubbling the water with differently CO2 enriched/depleted airstreams for several

days.) To initiate the experiment, nutrients were added to obtain final concentrations for NO3
-,

SiO4 and PO4
3- of 15, 5.5 and 1 µmol L-1. Immediately after filling, the incubation bottles were

closed with teflon lined screw caps without headspace to avoid CO2 exchange with the

atmosphere and were kept closed during the experiment. For all CO2/light treatment triplicate

bottles were run. One additional bottle per treatment was used, from which daily subsamples

were taken for nutrient determination of SiO4 and PO4
3- (data not shown). For practical

reasons NO3
- was not determined throughout the incubation. Bottles were placed in an

environmental chamber set at 15 °C and a light:dark cycle of 16:8. To receive an irradiance

level of 150 PFD bottles were placed next to halogen lights. Lower light intensities of 80 and

30 PFD were obtained by covering the bottles with neutral density screening and by placing

them at variable distance from the halogen lamps. Prior to the experiment light intensity was

checked with a spherical quantum light sensor (LI-COR Inc. model LI-QSL 100). Twice a

day, bottles were gently agitated. Incubation of the bottles ended when PO4
3- became limiting.

Because phytoplankton growth varied depending on experimental irradiance level, incubation

time differed for the various treatments between 9 (high light treatment)-14 (low light

treatment) days (Table 1).

Biological and chemical analyses

After incubation samples for total Chl a, Chl a >20 µm and Chl a <20 µm were filtered onto

cellulose nitrate filters (pore width 0.45 µm) and measured fluorometrically (Turner

fluorometer) after a 24 hours extraction in acetone (90 %). A standard solution of Chl a was

used for calibration. Fractionation of the Chl a was carried out by filtering water over a gaze

with 20 µm pore width. The filtrate was rinsed from the gaze and filtered onto cellulose

nitrate filters. The water, passing through the gaze, was then also filtered onto cellulose nitrate



58                                                                                                                                STUDY 3

filters and subsequently measured. Samples for POC, PON and fractionated POC/PON

(<20 µm and >20 µm) analyses were filtered on precombusted (5 h, 500 °C) GF/F glass fibre

filters and stored frozen at -20 °C prior to determination with a mass spectrometer (ANCA-SL

20-20). Fractionation of POC/PON was conducted the same way as described for

fractionation of Chl a, by using 20 µm gaze. Daily nutrient concentrations were measured for

PO4
3- and SiO4 colorimetrically after the protocol according to Koroleff (1983) and

Strickland & Parson (1968). Final nutrient concentrations were determined for SiO4, NO3
- and

PO4
3- with an Auto Analyser-II-System (Technicon) (Table 2). Prior to and at the end of the

experiment samples for phytoplankton were taken and fixed with 20 % formalin (final

concentration of 1%), buffered with hexamethyltetramine. Phytoplankton abundance and

species composition was counted by inverted microscopy (Zeiss) using Utermöhl chambers.

Depending on the size of the species a magnification of 160, 250 or 400 x was used. Counts

were made from 3-50 ml samples depending on abundance. Identification and enumeration of

species was restricted to the diatom assemblage. The following species or species groups were

counted: the genus Leptocylindrus (consisting of L. minimus and L. danicus), the genus

Chaetoceros (C. socialis, C. debelis, C. curvisetus, C. furcellatus), the genus Thalassiosira (T.

rotula, T. angulata, T. nordensskioeldii), Rhizosolenia spp., Pseudonitzschia spp., and the

species Cerataulina cf. pelagica, Skeletonema cf. Costatum, and Cylindrotheca cf. closterium.

Furthermore abundances of the coccolithophore Emiliania huxleyi and the group of

euglenophytes were quantified. For the dominant species at least 100 individuals were

counted, for rare species the whole chamber was screened.

Determination of the carbonate system

Subsamples for alkalinity were taken prior and at the end of incubation. Samples were filled

without headspace in airtight 300 ml bottles (Schott), fixed with HgCl2 and stored at 4 °C.

Alkalinity was then calculated from linear Gran plots (Gran 1952) after duplicate

potentiometric titration (Brewer et al. 1988). The pH and temperature were determined with a

pH meter (WTW, pH 330). CO2 and DIC concentrations were then calculated from alkalinity,

pH, temperature and salinity assuming dissociation constants according to Mehrbach et al.

(1973). As the carbonate system was altered by phytoplankton productivity, an average value

for pH/CO2/DIC and alkalinity was calculated from the values determined prior and at the end

of incubation (Table 1).
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Results

Irradianc and CO2 effect on growth, POC/PON and Chl a

Growth of the whole phytoplankton community was positively affected by irradiance. Only

under low light, decreasing CO2 concentrations resulted in reduced growth (Table 1).

Total community POC production was strongly affected by irradiance level (Fig. 1a) with

average POC concentrations decreasing from 200 µmol L-1 to 120 µmol L-1 with a 80 %

reduction in light availability. An effect of CO2 on bulk POC was not evident. Only under

80 PFD a slight increase in POC production under low CO2 was indicated. Light dependence

was less pronounced in the POC production of the nannoplankton size class (POC <20 µm,

Fig. 1b). POC concentrations were in the same magnitude under 80 and 150 PFD. CO2

availability had further no effect on POC <20 µm at high and intermediate light intensities,

but within the low light treatment POC increased slightly over the tested CO2 range. Total

community PON concentrations (Fig. 1c) did not vary in respect to CO2 and irradiance levels,

but the repartitioning of PON within individual size classes was affected by treatment

condition. It has to be emphasized, that at the end of the experiment, NO3
- concentrations

were virtually depleted (~0.3 µmol L-1) and NO3
- was the limiting nutrient. The

nannoplankton showed a 50 % increase in PON with rising CO2 levels under low light

(Fig. 1e). The same trend, even though alleviated, was found under 80 PFD, whereas under

high light PON <20 µm was not affected by ambient CO2 availability.

C/N ratios of total community and nannoplankton were positively affected by irradiance

level (Table 2), with C/N ratios in the nannoplankton being generally lower compared to the

total community. Ambient CO2 conditions had no significant effect on C/N ratios of either

size class. There might be an increasing trend in the C/N ratios seemed to exist towards

lowered CO2 concentration.
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Table 1: CO2 concentrations (µmol L-1), pH values (NBS scale) and time of incubation (days) for the
different light/CO2 treatments. CO2 concentrations and pH values are given at the beginning (t0)
and the end (tfin) of the experiment, also an average CO2 value was calculated as a mean between
the initial and final CO2 concentration. Standard mean and errors resulted from triplicates.

Irradiance
(µmol m-2 s-1)

CO2

treatment
CO2 average
(µmol L-1)

CO2 t0
(µmol L-1)

CO2 t fin
(µmol L-1)

pH t0
NBS scale

pH tfin
   NBS scale

Incubation
time (days)

30
Low

Medium
    High

    9.7 ±  0.4
14.8 ± 1.1
23.3 ± 1.6

       11.9
19.6
27.3

    7.5 ± 0.9
10.0 ± 2.2
19.3 ± 3.2

       8.26
8.07
7.94

  8.42 ± 0.03
8.33 ± 0.08
8.09 ± 0.05

        15
14
12

80
Low

Medium
    High

      8.6 ± 0.1
14.0 ± 1.5
19.4 ± 0.9

      11.9
19.6
27.3

  5.3 ± 0.2
  8.5 ± 2.9
11.4 ± 1.7

       8.26
8.07
7.94

  8.54 ± 0.01
8.36 ± 0.12
8.29 ± 0.05

        10
10
10

150
Low

Medium
    High

  9.1 ± 1.4
12.8 ± 0.2
18.2 ± 0.4

11.9
19.6
27.3

  6.3 ± 2.5
  6.0 ± 0.5
  9.0 ± 0.8

8.26
8.07
7.94

8.47 ± 0.13
8.49 ± 0.02
8.36 ± 0.03

9
9
9

Table 2: Final nutrient concentrations (µmol L-1) for silicate, nitrate, and phosphate, calculated DIC
uptake (µmol L-1) and C/N values (mol/mol) of the bulk community and the size fraction <20 µm
for the different CO2/light treatment. (nd: not determined).

Irradiance
(µmol m-2 s-1)

CO2

treatment
SiO4

(µmol L-1)
NO3

-

(µmol L-1)
PO4

3-

(µmol L-1)
DIC uptake
(µmol L-1)

C/N
(mol/mol)

C/N <20µm
 (mol/mol)

30
Low

Medium
    High

0.67 ± 0.2
0.82 ± 0.1
0.68 ± 0.2

 0.28 ± 0.04
 0.24 ± 0.02
 0.27 ± 0.07

0.29 ± 0.02
0.27 ± 0.01
0.31 ± 0.03

   128 ± 14
102 ±   5
  66 ±   8

     9.1 ± 0.5
 8.4 ±  nd
 8.0 ± 0.5

   8.6 ± 0.3
7.4 ± 0.0
7.7 ± 0.6

80
    Low
Medium

    High

1.00 ± 0.1
1.19 ± 0.3
1.09 ± 0.3

0.25 ± 0.00
0.25 ± 0.02
0.25 ± 0.02

0.28 ± 0.02
0.27 ± 0.02
0.28 ± 0.02

194 ±  3
147 ±  8
152 ±  7

13.9 ± 1.4
11.2 ± 0.4
11.3 ± 0.5

 11.8 ± 0.5
8.6 ± 0.4
9.3 ± 0.7

150
Low

Medium
    High

1.05 ± 0.3
0.71 ± 0.2
0.74 ± 0.3

0.31 ± 0.01
0.32 ± 0.04
0.34 ± 0.04

 0.32 ± 0.03
0.27 ± 0.00
0.31 ± 0.05

181 ± 21
220 ± 17
178 ± 24

15.6 ± 1.6
16.8 ± 0.2
13.0 ± 1.3

11.8 ± 0.9
13.0 ± 0.6
10.7 ± 0.3

Total community Chl a concentrations decreased with irradiance level (Fig. 1c). Reducing the

irradiance level by approximately 50 % results in a twofold increase of community Chl a. A

further 30 % reduction caused another doubling of Chl a concentrations on the total
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community level. Deviating from the CO2 effect on POC accumulation, Chl a concentrations

of the phytoplankton community slightly declined under enriched CO2. Conspicuously, under

medium CO2 and low light, Chl a was much lower than under low and high CO2 and was in

the same magnitude as the Chl a concentrations in the 80 PFD treatment. Nannoplankton Chl

a concentrations (Chl a <20 µm, Fig. 1f) were less affected by irradiance. Particularly, the

offset in Chl a concentrations between intermediate and low light conditions, as observed for

the total community, was reduced in the nannoplankton community. Using 30 and 80 PFD,

Chl a <20 µm was almost in the same range under medium and high CO2 levels. An

exceptionally high Chl a concentration was observed under low light and low CO2 condition.

Under medium and high irradiance the Chl a <20 µm showed virtually no dependence from

CO2.
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Fig. 1: POC (µmol L-1), PON (µmol L-1)  and Chl a (µg L-1) concentrations for the total
community (left side: a-c) and the size fraction <20 µm (right side: d-f) for the
various CO2 and irradiance treatments. Symbols represent different irradiance levels:
low light (30 PFD) black squares, medium light (80 PFD) grey diamonds, high light
(150 PFD) white circles. Error bars are given for standard mean (n=3).
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Irradiance/ CO2 effect on taxonomic composition:

Several distinct patterns became obvious, in which the algae responded to a change in light

climate and CO2 condition. Though primarily not intended, the euglenophytes were counted,

because they showed a conspicuous dependence in abundances from light and CO2 condition.

Growth of the diatoms Chaetoceros spp., Pseudonitzschia spp., C .  pelagica, the

coccolithophore E. huxleyi and the group of Euglenophyceae was positively related to

irradiance (Fig. 2 & 3). Whereas Chaetoceros spp. and Pseudonitzschia spp. were still

capable of growing to half of their maximum abundances under low light, virtually no growth

was observed for C. pelagica, E. huxleyi and the Euglenophyceae incubated under 30 PFD.

With higher light levels, however, these species increased in abundances, but the increase

depended on the CO2 concentration. Abundances of C. pelagica, E. huxleyi a n d

Euglenophyceae were highest under high irradiance and low CO2 and were reduced with CO2

enrichment, most pronounced for C. pelagica. The pennate diatom Pseudonitzschia spp.

showed a positive effect of light under all CO2 conditions, but growth was significantly higher

under medium and high CO2 than under low CO2 condition. For Chaetoceros spp. only a

slight increasing trend in growth with rising CO2 was found. Enhanced growth under low light

was observed for the diatoms Thalassiosira spp., S. costatum, C. closterium and to a lesser

extent Rhizosolenia spp. For Thalassiosira spp. and C. closterium the light effect varied with

ambient CO2 condition. Thus growth of Thalassiosira spp. was negatively correlated with

light intensity under medium and low CO2, whereas under high CO2 growth was not affected

by irradiance level. Under high light growth of Thalassiosira spp. was obviously independent

of the ambient CO2 condition. Growth of S. costatum showed a strong negative correlation

with irradiance but no pronounced CO2 dependence was noticeable. Leptocylindrus spp. grew

almost unaffected from irradiance level in this study. Although abundances within the

treatments were highly variable, a slight positive trend in growth with increasing CO2 was

found for this genus.
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Fig. 2 Abundances (cells L-1) of different diatom species/genera for the various CO2 and
irradiance treatments at the end of the respective experiment. Colour of columns
represent the different irradiance levels, black: low light (30 PFD), grey: medium
light (80 PFD) and white: high light (150 PFD). Error bars represent standard errors
of means. Note different scales for y-axis.
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Fig. 3 Abundances (cells L-1) of different species or groups for the various CO2 and
irradiance treatments. Colours of columns represent irradiance level. Black: low light
(30 PFD), grey: medium light (80 PFD) and white: high light (150 PFD). Error bars
represent standard errors of means. (Diatom species/genera include Cerataulina
pelagica, Skeletonema costatum, Thalassiosira spp. and Cylindrotheca closterium.
Emiliania huxleyi is a representative of the coccolithophores, euglenophyceae
represent an own class). Note different scales for y-axis.
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Discussion

Recently, it was demonstrated that CO2 availability can affect the composition of a natural

phytoplankton community on the level of phytoplankton groups and probably within one

phytoplankton group (Tortell et al. 2002; study 2), but research is still limited in this field.

Owing to the strong mutual dependence between irradiance and carbon assimilation, it

remains to be tested, whether the CO2 effect on a phytoplankton community depends further

on the surrounding light climate. The present study addresses this question and investigates

the interplay of light and CO2 on a natural phytoplankton assemblage for the first time.

CO2 and irradiance effect on growth, POC/PON and Chl a of the phytoplankton community

Light intensity largely controlled growth and determined substantially bulk biochemical

parameters as POC production and Chl a concentrations of the phytoplankton community in

this study. An influence of CO2 was comparatively of minor magnitude, but modified the

community response to light variation under certain conditions.

Community growth revealed a strong light dependence, which was modulated by CO2

availability under subsaturating irradiance. Under high and intermediate irradiance growth

rate was not affected by CO2 conditions, whereas under low light growth was prolongated

with declining CO2 (Table 1). Growth rate of phytoplankton assemblages was never found

reduced by declining CO2 concentrations (Tortell et al. 2000, 2002) down to 9.7 µmol L-1,

which was the lowest CO2 level tested in the low light treatment. However, in the studies

conducted by Tortell and coworkers (2000, 2002) light saturation was assured. In a

monoculture study with the diatom species Phaeodactylum tricornutum Bartual & Gomez

(2002) found a 20 % reduction in growth rate occurring under low light conditions and

decreasing CO2 concentrations from 10 to 7 µmol L-1. Growth of this diatom was unaffected

by CO2 under saturated irradiance levels. Reducing growth rate might be a general response

of diatoms to declining CO2 concentrations when subjected to low light.

Total community POC production and hence C/N values increased with rising irradiance

levels, and a decline in Chl a concentrations was associated with higher irradiances. Reducing

cellular Chl a content and accessory pigments in response to increasing irradiance is an almost

universal physiological adaptation to high light conditions among phytoplankton (Post et al.

1984, Geider 1993, MacIntyre et al. 2002). Total community POC production increased with

rising light intensities to 150 PFD, but nannoplankton POC production did obviously not

increase above a light level of 80 PFD. These results suggest a lower light saturation for the
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smaller (<20 µm) phytoplankton group and are in agreement with Andersen et al. (1994).

These authors demonstrated lower light saturation of photosynthesis in the pico- and

nannoplankton compared to the microalgal size fraction within a natural phytoplankton

assemblage from the northern Baltic Sea.

Total community POC production was largely unaffected within the CO2 range tested in

this study, except for a slightly increasing trend to lowered CO2 concentrations under 80 PFD.

A CO2 promoting effect on community POC production of natural phytoplankton

assemblages under low CO2 levels was not found so far (Tortell et al. 2000, 2002). However

in this study a CO2 effect on species composition was found, suggesting increasing dominance

of species with a relatively higher cellular carbon content under lowered CO2 concentrations.

Indeed, enhanced abundances of the large diatom Thalassiosira spp. (Fig. 3) were found

under these conditions and might account for the observed increase.

Chl a is globally used as an index for phytoplankton abundance, as it can be remotely

determined by satellite (Lewis 1992). By a conversion of Chl a concentration to algal POC

content, the pigment concentration is used as an equivalent for biomass estimation. In this

study POC concentrations were not affected by CO2 condition reflected in the Chl a

distribution, though the same decreasing trend in autotrophic biomass with rising CO2 is

indicated by the pigment concentrations. The nannoplankton Chl a concentrations did not

decline with increasing CO2 concentrations, suggesting that the larger phytoplankton cells

(>20 µm: microphytoplankton) responded more sensitive to the CO2 enrichment by reducing

Chl a concentrations.

The response of the autotrophic nannoplankton to different CO2 and irradiance regimes

deviated from that observed for the total community assemblage. The smaller phytoplankton

apparently profited from elevated CO2 conditions, reflected by an increase in nannoplankton

POC and PON production under low light incubation. Under rising irradiances this

dependence disappeared, suggesting that an enhancing CO2 effect on the nannoplankton was

exclusively constrained to light limited conditions. In terms of biomass this phytoplankton

size class was clearly dominated by flagellates. Presumably a major percentage consisted of

Prorocentrum c.f. minimum.

In general, dinoflagellates are believed to invest considerably in CCM strategies, owing to

the low affinity of their carbon fixing enzyme Rubisco (Tortell 2000, Colman et al. 2002).

However, the knowledge of carbon acquisition in this phytoplankton group is limited. For two

species of the genus Prorocentrum (e.g. P. micans/ P. minimum) a constitutive extracellular
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carboanhydrase (CA) activity (e.g. presence of extracellular CA activity even under carbon

replete conditions) was demonstrated (Nimer et al. 1997, Nimer et al. 1999), which is

modulated by environmental conditions, e.g. increasing under inorganic carbon limitation. An

up-regulation of extracellular CA in the dinoflagellate Peridinium gatunense in response to

carbon limitation in Lake Kinneret was further reported by Berman-Frank et al. (1998) under

field conditions.

By utilising HCO3
- or CO2 resulting from catalysation of CA, the algae should be less

sensitive to external CO2 availability, in times sufficient light assures the operation of the

CCM. The missing CO2 effect on nannoplankton carbon production under saturated light

conditions (80 and 150 PFD) might indicate unconstrained carbon acquisition, irrespective of

ambient CO2 supply. The situation probably changes under subsaturating light levels. With

lowered incident photon flux, photosynthesis might decrease and energy demanding CCM

processes cannot be further supported to their maximum extent. This would result in a

reduction of intracellular CO2 availability. For the dinoflagellate P. minimum, light limitation

might induce a reduction in the uptake of HCO3
-/CO2 (catalysed), making this species more CO2

sensitive under this condition. Enriched external CO2 concentrations might partly compensate

for reduced HCO3
- uptake by enhanced diffusive CO2 supply into the cell, accounting for the

observed nannophytoplankton POC accumulation with rising CO2 concentrations under low

light. In this study, the coccolithophore Emiliania huxleyi (Fig. 2), another species belonging

to the nannoautotrophic community, responded with decreasing abundances to a CO2

elevation, suggesting that the enhancing CO2 effect on the flagellate community was even

higher.

Phytoplankton C/N ratios were not affected by varying CO2 concentrations. Existing

studies focusing on algal nutrient quota in dependence to CO2 availability indicate a large

variability in phytoplankton response. Burkhardt et al. (1999) studied the effect of varying

CO2 concentrations on the elemental composition of several species in laboratory cultures

under nutrient depleted conditions. With decreasing the CO2 concentration <10 µmol L-1

several species showed a decrease in C/N ratios, with less distinct changes under higher CO2.

However, other species showed an opposing response with declining CO2 and the C/N ratio of

the diatom Phaeodactylum tricornutum was even found unaffected by ambient CO2 level.

During the exponential growth phase, C/N ratios of Skeletonema costatum were higher in the

low relative to the high CO2 treatment (Gervais & Riebesell 2001). This CO2 effect was

offset, when cells were grown under P limitation. Bartual & Gomez (2002) observed a
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constant ratio in P. tricornutum only under light saturation. A combination of low light

conditions and CO2 concentrations below 7 µmol L-1 entailed an increase in the C/N ratio

associated with a reduction of nitrogen, chlorophyll a and total protein content. This

resembles the biochemical composition of a diatom cultured under nitrogen limitation

(Stramski et al. 2002, Glover et al. 1975). For a diatom dominated phytoplankton assemblage

Tortell et al. (2000) found a significant decrease in C/N ratio, reflected further in the

carbohydrate/protein ratios, when incubated under low (100 ppm) compared to intermediate

(350 ppm) CO2 conditions. An elevated pCO2 (800 ppm), however, caused no further increase

in C/N values of the assemblage. Constancy in community C/N ratios in response to rising

CO2 concentrations is affirmed by the results in this study, while a decrease in the C/N ratio

with declining CO2 was not found.

CO2 and light effects on species composition

Diatoms are considered to be characteristic representatives of the spring-bloom plankton,

which accumulates high biomass at times when high mixing depth accounts for low light

conditions. Langdon (1988) attributed diatoms a competitive advantage under low light due to

their high Chl a/C ratios and low maintenance respiration rates, besides other biochemical

factors. Tortell (2000) further derived their ecological success in low light environments

partly due to their higher efficiency of Rubisco. Thus, an efficient carbon acquisition is

facilitated under conditions when photosynthetic energy is low due to limited light

availability. In this study, the species performing well under low light conditions belonged

exclusively to the group of diatoms, with some species even performing best growth under

light restriction. This accounts for Thalassiosira spp., S. costatum, C. closterium and

Rhizosolenia spp. Particularly S. costatum and Thalassiosira spp. are reported as major

components of the spring bloom community in Norwegian waters (Taasen & Saugestad 1974,

Larsen et al. subm.). For all of these species reduced abundances were found under higher

light levels - even though to a varying extent. They differed markedly with respect to CO2

variation indicating diverse strategies in carbon acquisition. Growth of S. costatum was not

affected by CO2 availability, as was growth of Rhizosolenia spp. Various studies focused on

carbon acquisition of S. costatum (Burkhardt et al. 1999, Burkhardt & Riebesell 1997, Nimer

et al. 1997, Hobson et al. 2001, Rost et al. 2003), demonstrating a constant growth rate over a

wide range of CO2 (and pH) treatments due to a highly effective and regulated CCM capacity.

For Thalassiosira spp. and C. closterium elevated CO2 conditions caused a decline in
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abundance and mitigated light dependence, inferring physiological constraints in these species

under high CO2 levels. Previously, C. closterium was reported to possess a wide tolerance to

high pH (and hence low CO2) conditions (Pederson & Hanson 2003, Macedo et al. 2001),

possibly involving a high susceptibility to low pH conditions. However, Hobson et al. (2001)

only found low to undetectable activity of external CA for this species. Within the genus

Thalassiosira, Elzenga et al. (2000) demonstrated species specific strategies of acquiring

inorganic carbon, with T. pseudonana actively taking up CO2 from the medium and T.

punctigera making use of HCO3
-.

Several other bloom-forming species as Pseudonitzschia spp., Chaetoceros spp., and

Leptocylindrus spp. explicitly benefit from increasing light levels and CO2 enrichment.

Particularly, Pseudonitzschia spp. responded to increasing levels of both factors, whereas

growth of Leptocylindrus spp. apparently responded stronger to an increase in CO2

concentrations and Chaetoceros spp. to increasing light availability. These species have in

common that they are cosmopolitan bloom-forming species, which are not restricted to early

spring conditions but enhanced biomass in some characteristic summer assemblages.

Furthermore the diatom species C. pelagica performed considerably different under light

and CO2 variation, rather resembling growth patterns of the coccolithophore E. huxleyi and

the Euglenophyceae. Under light limitation these species were severely constrained in growth

and except for the C. pelagica these species clearly preferred higher light availability

irrespective of the CO2 condition they experienced. A general trend existed in highest

abundances in the low CO2 treatment and declining abundances with decreasing CO2

cocentrations. Blooms of the coccolithophore E. huxleyi are highly correlated with high

irradiance levels (Nanninga & Tyrell 1996) and physiological studies lack the demonstration

of photoinhibition in this species (Paasche 2002), indicating a considerable tolerance or

preference to high irradiances, as was demonstrated in this study. However, photosynthesis of

this species appears carbon limited under ambient seawater CO2 concentrations (Raven &

Johnston 1991, Rost et al. 2003) and bloom-forming coccolithophores were suggested to

profit more than other phytoplankton groups from the proceeding pCO2 increase (Raven 1997,

Rost et al. 2003). Still, an enhancement of growth could not be demonstrated in response to

elevated CO2 conditions for this coccolithophore in laboratory studies (Riebesell et al. 2000,

Zondervan et al. 2001) and a consistent decline in net growth rate of E. huxleyi was observed

in response to rising pCO2 in a recently conducted mesocosm study (Engel et al. in prep.).
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Strategies of carbon acquisition in euglenophytes are not known yet. However, it becomes

obvious from the current study that this group is rather less competitive under elevated CO2

concentrations and this response is enforced with declining light availability.

Conclusion

Light markedly affected community production, Chl a concentrations and species

composition in the present study, whereas ambient CO2 availability hardly influenced

community variables such as bulk POC and Chl a concentrations under light saturation. Bulk

Chl a concentrations slightly decreased under elevated CO2 concentrations.

Enhanced nannophytoplankton production associated with elevated CO2 concentrations

and low light conditions, as observed in this study, is of major ecological relevance. If

increasing CO2 concentrations have the potential to affect the size class distribution within an

autotrophic community, implications on higher trophic levels might be likely possible.

Within the diatom community, growth patterns differed markedly in response to CO2 and

light variation in the current study.
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STUDY 4

Temporal development of a diatom dominated bloom under varying pCO2:

Primary production, POC/PON and species composition

Introduction

Marine phytoplankton represents approximately 50 % of current global net primary

production (Falkowski et al. 1998), making it an important player in the global carbon cycle.

Particularly, diatoms are of major importance for the vertical flux of organic carbon from the

surface waters and hence dominate the 'biological carbon pump' (Ragueneau et al. 2000).

Many studies have shown that increasing atmospheric pCO2 enhances growth of terrestrial

vegetation (Cox et al. 2000), since many plant species require higher than ambient

CO2 concentrations for photosynthesis to be saturated. Their marine unicellular counterparts

have for long not been considered to be carbon limited, because of the high amount of

dissolved inorganic carbon (DIC) of 2 mM in the oceans. This assumption was challenged

with the detection of carbon concentrating mechanisms (CCM) in diverse phytoplankton

species (Badger et al. 1998). These CCM are used by most of the microalgae to actively

concentrate CO2 inside the cell. At the alkaline pH of seawater, CO2 is a rare DIC species with

approximately 10 µmol L-1, but it is the only form of inorganic carbon, which can be fixed by

the plants carboxylating enzyme Rubisco.

As a consequence, research on potential CO2 effects on marine phytoplankton only started

a decade ago and laboratory and field studies conducted so far revealed that increasing

CO2 availability might affect marine microalgae in various ways.

A study by Hein & Sand-Jensen (1997) hinted at a “fertilisation” effect associated with

increasing CO2 availability. They demonstrated a significant increase in primary production of

several oceanic phytoplankton assemblages from the North Atlantic with increasing ambient

CO2 concentrations in shipboard incubation experiments. Chen & Durbin (1994) found a

decrease in phytoplankton carbon fixation above a pH of 8.2 within a mesocosm study with

coastal diatoms. These authors attributed the decline in primary production to a decrease in

the availability of CO2 at elevated pH levels. This was not confirmed by a later study of

Tortell & Morel (2002), who detected no variation in primary productivity with changes in

CO2 availability in diverse phytoplankton assemblages. Further Riebesell et al. (1993)
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demonstrated a growth rate limitation of several ecologically relevant diatom species by

CO2 supply. However growth of diatom dominated phytoplankton communities from the

Pacific Ocean remained unaffected by CO2 variation (Tortell et al. 1997, 2000, 2002, Tortell

& Morel 2002).

Furthermore, it becomes evident that the ratio of particulate organic carbon (POC) to

particulate nitrogen (PON) and particulate phosphorus (POP) components of the

phytoplankton, the so-called 'Redfiel-ratio' (Redfield 1934) may respond sensitive to varying

CO2 concentrations. In monoclonal culture studies, under nutrient replete conditions, it was

shown that the POC/PON or C/N ratio responded highly variable among different species,

whereas the POC/POP ratio increased in most of the microalgae, when CO2 concentrations

fell below ambient values (Burkhardt & Riebesell 1997, Burkhardt et al. 1999).

Gervais & Riebesell (2001) demonstrated a negative CO2 effect on the C/N ratio of the diatom

Skeletonema costatum under nutrient repletion. This effect was offset when growth became

P-limited. In manipulative experiments (nutrient depleted) with coastal Pacific phytoplankton

Tortell et al. (2000) observed an increase in the C/N ratio in one of the assemblages studied.

As a further ecological implication the pCO2 might affect species composition within or

between different phytoplankton groups. Although performing saturated photosynthesis under

ambient CO2 concentrations, it became evident that single species differ in their efficiency

and metabolic costs for taking up inorganic carbon. A rising of the seawater pCO2 might

impart a competitive advantage to the species with less proficient carbon acquisition under

ambient conditions. Variations in carbon acquisition are found among and within different

phytoplankton groups, as well as within a genus (e.g. Thalassiosira) and even within a single

species (e.g. Emiliania huxleyi) as reported by Elzenga et al. (2000).

To investigate these various potential effects of a varying pCO2 on a natural phytoplankton

community, a diatom dominated assemblage was incubated using three different CO2

concentrations for 1 week. The experimental set up was chosen to simulate a bloom situation,

which is terminated by nutrient limitation. Daily sampling should provide an accurate picture

of how CO2 might have an effect on primary production, POC/PON, Chl a concentrations and

taxonomic composition of the community.
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Methods

Experimental conditions

A diatom dominated phytoplankton bloom incubated under three different CO2 concentrations

was monitored in 20 L polycarbonate bottles over a period of 6 days. Target CO2

concentrations were approximately 6, 12 and 25 µmol L-1 (corresponding to a pCO2 of 200,

340 and 700 ppm, respectively). These concentrations simulated glacial, contemporary and

future CO2 concentrations, as they are anticipated for the end of this century according to the

‘business as usual’ scenario by the International Panel of Climate Change (IPCC) (Houghton

et al. 2001). Each CO2 treatment was performed in triplicates. Prior to the experiment the acid

washed polycarbonate bottles were filled with 18.5 L of sterile (0.2 µm) filtered seawater.

Different CO2 concentrations were adjusted in the bottles by bubbling the water with air

streams with low, medium and high CO2 for 3 days. During the time of the experiment the

bottles were constantly bubbled. After CO2 concentrations equilibrated with the in-flowing

gas stream, the bloom was initiated by adding 1.5 L of unfiltered seawater, collected in the

coastal surface waters of Helgoland. Initial chlorophyll a (Chl a) concentrations of ~0.8 µg L-1

were yielded in the 20 L of incubation volume. Nutrient concentrations were 20 µmol L-1

NO3
-, 16 µmol L-1 SiO4, and 5.5 µmol L-1 PO4

3- after nutrient enrichment. These conditions

correspond approximately to the nutrient concentrations in coastal waters off Helgoland at the

time prior to the spring bloom. PO4
3- concentrations were above commonly found

concentrations. Halogen lights were mounted above the bottles, giving an average irradiance

in the bottles of 100 PFD (photon flux density) (µmol photons m-2 s-1) and a light:dark cycle

of 16:8 hours. The bottles were placed in an environmental chamber set at 15 °C. Before

sampling, the bottles were gently agitated once a day.

Biological and chemical analyses

Once per day samples were removed from the incubation bottles by use of positive pressure

for different analytical measurements. Fluorometric measurements of total community

(>0.45 µm) Chl a were performed from 50-100 ml samples filtered on GF/ F glass fibre filters

according to Parson et al. (1984). Community growth rates were then calculated from

regressions of the natural logarithm of Chl a values against time. POC and PON were

analysed from 50-500 ml samples filtered onto precombusted GF/ F glass fibre filters and

determined subsequently with an ANCA-SL 20-20 mass spectrometer.
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Nutrient concentrations were determined daily. Nitrate/nitrite concentrations were analysed

according to Hansen & Koroleff (1999), dissolved reactive phosphate was determined

colourimetrically according to Murphy & Riley (1962). Silicate concentrations were also

analysed colourimetrically due to Strickland & Parson (1968). Light intensity was measured

with a quantum sensor (LI-COR Inc. model LI-QSL 100).

Samples for phytoplankton abundance and species composition were taken on day 0, 3, 4

and 5 and fixed with 1 % formaldehyde solution buffered with hexamethyltetramine.

Subsequent microscopic counting was carried out using an inverted Zeiss microscope with 63,

160 or 400 x magnification depending on the size of the species. According to species

abundance varying sample volumes (3-50 ml) were counted. Total diatom biomass was

determined by converting microscopic size measurements to cell volume and subsequently to

carbon biomass using a carbon to volume ratio suggested by Menden-Deuer & Lessard

(2001). Species specific growth rates were calculated from regressions of the natural

logarithms of cell numbers against time of incubation.

Primary production was estimated from oxygen evolution in bottle incubations. On day 4

and 6 primary production was determined in all 9 bottles. On the remaining days primary

production was measured only in 2 replicates of each CO2 treatment. No measurements were

conducted on day 1. For the primary production method one dark and one light 100 ml glass

bottle were incubated for 6 hours. For the time of incubation the light bottles were placed next

to the 20 L polycarbonate bottles to provide similar light conditions. Initial oxygen

concentration was determined immediately in a sub-sample taken from the experimental

bottles. Determination of oxygen concentration was done according to Winkler (altered by

Grasshoff et al. 1983). Daily net community production (NP, µmol C L-1 d-1) defined as gross

production minus light, dark and heterotrophic respiration during the period of illumination

(16 h) and the period of darkness (8 h) was calculated as:

NP =[(O2 light-O2 initial)*ti/tin-(O2 initial-O2 dark)*td/tin-(2*F NO3)]*PQ

where O2 light / O2 dark is the oxygen concentration (µmol L-1) of the light/dark incubation, O2 initial

the initial oxygen concentration and t the incubation time. tin is the incubation time and ti and

td are the times of illumination and darkness, respectively. F NO3 (in µmol O2 L-1) is the

correction term for oxygen produced by NO3
- uptake. For the reduction of one mole NO3

- to
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NH4
+ two moles of O2 are produced. It was assumed that daily NO3

- uptake is equal to the

decrease of dissolved NO3
- in the bottles on that day.

The photosynthetic quotient (PQ) is the molar ratio of oxygen production to carbon

assimilation and was considered to be 1.08 according to Laws (1991).

Daily pH and temperature values were determined with a pH meter (WTW, pH 330).

Alkalinity was determined at the beginning and the end of the experiment from linear Gran

plots (Gran 1952) after duplicate potentiometric titration according to Bradshaw & Brewer

(1988).

Daily CO2 concentrations were then calculated according to Mehrbach et al. (1973) from

the pH and an average alkalinity value, calculated from a linear interpolation between the

alkalinity at the beginning and the end of the experiment.

Results

In this study most of the parameters varied considerably within and between replicates due to

variable growth patterns of the phytoplankton. Thus the temporal development of the different

parameters is presented for each bottle rather than plotted as an average of the replicates for

the individual CO2 treatment.

General development of the bloom

Growth of phytoplankton started immediately after inoculation and continued until day 6

reflected by the temporal development of Chl a concentrations (Fig. 1a). Exponential growth

was calculated by the linear regression of the logarithm of Chl a values against time (as

shown in Fig. 3a) and consisted during the first 4-5 days, depending on the growth pattern.

Slight variations existed in phytoplankton growth rates among the bottles, being highest in

bottle 3 and 4 and lowest in the replicates of the high CO2 treatment (bottles 7, 8, 9) and in

bottle 1. Thus on day 4 after nutrient exhaustion (Fig. 2), Chl a levels of 35 µg Chl a L-1 were

observed in bottles 3 and 4, whereas 40 % less Chl a was found in bottles 1, 8 and 9. Total

phytoplankton growth rates varied among the bottles between 0.9-1.0 d-1, except for bottle 9

with µ=0.8 d-1. Despite silicate and nitrate depletion growth continued until day 6. On this

day, maximum Chl a concentrations from 65 µmol Chl a L-1 (bottle 3) to 85 µmol Chl a L-1

(bottle 9) were reached. Hereafter Chl a concentrations decreased about 20 µg L-1 in each

bottle on day 7 (not shown in Fig. 1a), indicating the incipient decline of the bloom.
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Nutrients, pH, CO2

The initial inorganic nutrients NO3
- and SiO4 concentrations (Fig. 2) decreased to detection

limit in each bottle until day 4, except NO3
- in bottle 9. Nitrate depletion varied markedly

within the bottles on day 3 reflecting inconsistent growth. Daily silicate consumption

however, succeeded more uniform. Phosphate concentrations did not fall into limitation

during the whole experiment, but were reduced by almost 2 µmol L-1 (data not shown).

Despite continuous bubbling CO2 concentrations began to decrease on day 3 due to

enhanced diatom production (Fig. 3). Reduction of CO2 caused a concomitant rise in pH.

Thus lowest CO2 levels of 3.8 (±0.3), 10.5 (±1.4), and 24.4 (±0.3) µmol L-1 were calculated

which corresponded to a rise in pH of 0.29 (±0.03), 0.17 (±0.05), and 0.1 (±0.0) for the low,

medium and high CO2 incubations, respectively.
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Fig. 1: Development of a) Chl a (µg L-1), b) POC (µmol L-1), and c) PON (µmol L-1) during
the incubation period for the different bottles. Numbers represent bottle # for the
different CO2 treatments. Bottles 1-3: low CO2 treatment, bottle 4-6: medium CO2

treatment and bottles 7-9: high CO2 treatment.
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Fig. 2: NO3
- and SiO4 concentrations (µmol L-1) determined during the time of incubation

(day 0-day 6). Numbers represent bottle # for the different CO2 treatments. Bottles
1-3: low CO2 treatment, bottle 4-6: medium CO2 treatment and bottles 7-9: high CO2

treatment.
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Fig. 3: Concentrations of CO2 (µmol L-1) and pH values (NBS scale) determined during the
time of incubation (day 0 - day 6). Numbers represent bottle # for the different CO2

treatments. Bottles 1-3: low CO2 treatment, bottle 4-6: medium CO2 treatment and
bottles 7-9: high CO2 treatment.
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Fig 4: Development of a) ln Chl a and b) daily NP (net production) per biomass
(µg C L-1 d-1 Chl a-1) for the different bottles over the incubation time (day 0-6).
(Different treatments: low CO2: bottles 1-3, medium CO2: bottles 4-6, high CO2:
bottles 7-9.) Note different scales for x-axis.
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Fig. 5: Biomass contribution of the most abundant diatom species in all bottles for a) day 0;
b) day 3 and c) day 5 of incubation. (Note the different scaling for day 0). Bottles 1-
3: low CO2; bottles 4-6 medium CO2 and bottles 7-9: high CO2 treatment. (On day 5
species composition in bottle 7 was not determined).
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Particulate organic carbon/particulate organic nitrogen (POC/PON)

During the bloom the decrease in inorganic NO3 corresponded to an increase in particulate

organic nitrogen (PON) of 25 µmol L-1 until day 4 in all bottles (Fig. 1c). Major variation in

the PON concentrations among the bottles was observed on day 3, as a contrary pattern of the

dissolved NO3 concentrations. No further increase in PON was observed until the end of the

study.

Initial POC concentrations (Fig. 1b) were about 10 µmol L-1 in all bottles. Two days later

POC concentrations already displayed distinct variations. With POC concentrations of 60 and

50 µmol L-1 in bottles 3 and 4, concentrations were about 40-50 % higher than in the rest of

the incubation bottles with an average of 33 µmol L-1. One day before exponential growth

ceased (day 4) a distinct pattern in POC accumulation had formed with highest concentrations

in bottle 3 and 4 and lowest in bottles 1 and 9. POC concentrations increased further until the

end of the study and almost doubled in bottles 3 and 4 to approximately

580 µmol L-1 and tripled in the bottles 1 and 9 to 400 µmol L-1. In the nutrient replete phase of

the incubation until day 3, C/N values ranged between 5.5 and 7.5 in each bottle. Depending

on the degree of nutrient depletion, considerable variation of the Redfield Ratio was displayed

in the C/N ratio among the different bottles. On day 6, C/N values between 15 and

23 (mol/mol) were reached.

Phytoplankton Particulate Carbon of diatoms (PPCdiatoms)

Initial PPCdiatoms (Fig. 5) was highest in bottle 3 and 4 with >75 µg L-1 and lowest in bottle 6, 8,

and 9 with 50 µmol L-1. Inconsistent growth affected further the development of

PPCdiatoms concentrations, causing high variations within individual bottles on day 3. Between

day 4 and day 5 maximum diatom abundances were obtained in each bottle resulting in

1600-2000 µg L-1 PPCdiatoms and showing no further significant variability among or within

different CO2 treatments.

Net production (NP)

Net production of the phytoplankton community (not shown) reflected the pattern of daily

POC increase in each bottle with initial community primary production rates about

60 µg C L-1 d-1. Within two days, marked variations became evident among different bottles

due to the variation in growth. To weaken the variations of biomass among the different

bottles and make it possible to compare NP, NP was standardised to Chl a concentrations
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(Fig. 4b). Initial values of approximately 100 µg C L-1 d-1 Chl a-1 were found in all bottles,

except for bottle 4 performing a twice as high primary production rate with

240 µg C L-1 d-1 Chl a-1. Highest values (except for bottle 4) were found on day 2, averaging

150-200 µg C L-1 d-1 Chl a-1, however high variability was found within the individual bottles.

Thereafter, values declined in all bottles - still varying considerably - until day 6. In the

terminal phase of the experiment (day 5-6) NP tended to be highest in the replicates of the

high CO2 incubation.

Species composition

At the beginning of the experiment about 20 diatom species were found, evenly distributed

among the bottles. The following became abundant or dominant during the bloom:

Thalassiosira spp . (T. rotula, T. nordensskioeldii, T. angulata), Chaetoceros spp.

(C. curvisetus, C. debilis, and C. socialis) and Lauderia cf. borealis, Ditylum cf. brightwellii,

Asterionella cf. glacialis, Thalassionema cf. nitzschiodes and Skeletonema costatum. Towards

the end of the experiment also one species of Phaeocystis, presumably P. globosa, became

abundant. Due to the formation of large colonies this species was highly patchy distributed

making a determination of abundances impossible.

At the beginning of the experiment T. rotula dominated the diatom assemblage by 80 %

(Fig. 3) with 4000 cells L-1 (cell numbers are not shown). Over the first 3 days, T. rotula grew

with a rate between 0.7 d-1 (bottle 9 and 1) and 0.9 d-1 (bottle 4 and 6). After day 3 growth of

this species considerably slowed down 0.1 d-1, but was still relatively high in bottles 8, 9

( 0.5 d-1). In all bottles, regardless of CO2 condition, T. rotula remained the dominant species

during this experiment with cell numbers rising up to 50-70.000 cells L-1, corresponding to

1200-1400 µg C L-1 of diatom biomass. However, its biomass contribution declined to

50-60 % until day 5. Approximately 4-5 % of initial diatom biomass were attributed by

Thalassiosira spp. (T. nordensskioeldii and T. angulata), L. borealis. and D. brightwellii, with

1.5-2 µg PPCdiatoms L
-1, respectively. T. nordensskioeldii, T. angulata, and L. borealis showed

slightly higher exponential growth rates than T. rotula. While growth of T. nordensskioeldii

and T. angulata varied between 0.9 d-1 (bottle 7 and 9) and 1.2 d-1 (bottle 4 and 5), L. borealis

performed highest growth rates of all diatoms with <1.2 d-1 (bottle 7 and 8) and >1.3 d-1

(bottle 5). Growth rates after nutrient depletion also decreased markedly to these species, but

were generelly higher compared to the dominant species T. rotula under this condition.

Growth of D. brightwellii varied between 0.6-0.7 d-1 (bottles 6, 8, 9) and 1 d-1 (bottles 1, 3, 4)
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until day 3. From day 3 to day 5 growth rates slowed down to 0.1 d-1 (bottle 2.3), but were

still >0.4 d-1 in bottles 1, 7, and 8. Until day 5, the contribution of T. nordensskioeldii,

T. angulata and D. brightwellii to bulk diatom biomass doubled to 3-4 %, respectively. By

displaying fastest growth rates, L. borealis finally became the second most abundant diatom

species with 10-15 % of diatom biomass.

Highest initial abundances were counted for the small centric diatom C. socialis with about

10.000 cells L-1 on day 0. With growth rates varying between 0.5 d-1 (bottle 9) and 1.2 d-1

(bottles 3, 9), cell numbers rose up to 0.3-1.7*106 cells L-1 on day 3. After nutrient depletion,

C. socialis further grew to 5.6-10*106 cells L-1 on day 5, resulting in a biomass contribution

from initially 2 % to 6-10 % of bulk PPCdiatoms at the end of the experiment.

Discussion

Our knowledge about potential CO2 effects on marine phytoplankton mostly originates

from controlled laboratory studies with unialgal cultures (Riebesell et al. 1993; 2000,

Zondervan et al. 2001), or physiological studies on carbon acquisition strategies of several

phytoplankton species, which are easy to culture (Rost et al. 2003). The results are then

applied to ecological conditions, but may not provide an appropriate picture of the response of

a mixed phytoplankton assemblage with many different species involved.

Only a handful of field studies concentrated on potential CO2 effects and were conducted

with natural marine phytoplankton assemblages (Hein & Sand-Jensen 1997, Chen & Durbin

1997, Tortell et al. 1997, 2000, 2002, Tortell & Morel 2002). Thereby, incubation studies

were usually conducted under nutrient-replete conditions. The current study - however -

focused on the response of fast-growing phytoplankton under decreasing nutrient supply and

varying CO2 concentrations. The different CO2 levels reflected ecological relevant

concentrations, as they have occurred during glacial times, are found in contemporary oceans,

or will occur in the future. To gain detailed insight how ambient CO2 concentrations might

affect an autotrophic community, species composition, primary production, POC/PON, and

Chl a concentrations were monitored until the decline of the bloom.

Growth of the phytoplankton community started immediately after inoculation under all

CO2 conditions tested, as was reflected by increasing concentrations of POC, PON, Chl a, and

PPC(diatoms) (Fig. 1, 4 and 5). Despite fairly similar community growth rates (calculated from
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regressions of the natural logarithm of phytoplankton biomass (Chl a) against time (Fig. 4 a))

variation within and among the different CO2 treatments in the build up of POC/PON/Chl a

and nutrient uptake became evident on day 2 and amplified during the further course of the

experiment. This differences in growth were presumably due to initial variation in the

abundance of the inoculated community among the bottles. This was particularly reflected in

the abundances of Thalassiosira rotula, which dominated the community with approximately

80 % at the beginning of the study. Slight differences in particulate biomass of T. rotula (see

Fig. 5) were observed at the beginning of incubation, on day 0, and turned into substantial

variability in abundances of this species on day 3. However, on day 5 the proportion of

T. rotula biomass to the whole community biomass (Fig. 5) was similar among all bottles.

Proceeding growth for another 3 days after nutrient - especially nitrate - depletion, gave

strong evidence that the phytoplankton assemblage consumed nitrate and silicate in 'luxury'

concentrations. The term refers to the excess uptake of nutrients with subsequent storage

within the cell. This physiological characteristic is found in fast-growing diatoms, when

exposed to high nutrient concentrations after a period of nutrient depletion.

The autotrophic community in this study was dominated by diatoms that are common

representative of spring bloom plankton in the coastal waters off Helgoland. Coastal waters

are highly productive, because high nutrient concentrations and sufficient light supply due to

intensified stratification of the water occur in spring. Hence a large percentage of global

marine primary production is omitted to coastal waters with rapidly growing phytoplankton.

Even slight changes in the carbon fixation of these phytoplankton assemblages as a response

to altered CO2 availability might therefore be of ecological relevance.

Community net production (NP) was determined by oxygen evolution during this

experiment. To minimise the effect of different growth pattern on community NP, primary

production was standardised to phytoplankton biomass (by Chl a) as presented in Fig. 4b.

When interpreting this parameter with respect to CO2 availability, two different growth phases

can be found. The first period comprised the nutrient-replete condition, which allowed

unconstrained primary production of the algae. Highest production values were found during

this period, ranging between 125 and 230 µg C L-1 d-1 Chl a-1. Since variation within the

replicates was equal or higher than among treatments, NP was not found to be affected by

CO2 availability. Regarding the degree of nitrate depletion, the end of this period varied

among the bottles between day 3 and day 4. In the succeeding period, nitrate and silicate were

already exhausted from the bottles, but phytoplankton growth still proceeded, as was reflected
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in a further increase of Chl a, POC, and PPC(diatoms) concentrations. However, primary

production per unit biomass declined to approximately 50 % of its maxima values before

declining further. Slightly higher net production under high CO2 levels were indicated with

45 and 22 µg L-1 d-1 Chl a-1 on day 5 and 6, compared to the other treatments. Yet, these

differences between treatments were not significant and might be partly attributed to the

variation in the growth pattern, e.g. lower initial growth under high CO2 conditions. However,

bottle 1 displayed a similar growth pattern as the high CO2 replicates, albeit NP was

considerably lower on  day 5 (34 µg L-1 d-1 Chl a-1) and slightly lower on day 6 with

21.5 µg L-1 d-1 Chl a-1, suggesting the higher NP under high CO2 concentrations might be

attributed to a higher availability of CO2. It might be suggested for the observed fast-growing

diatom assemblage that during nutrient-replete exponential growth, community NP did not

respond within the range of CO2 concentrations tested in this study. However, when nutrients,

including cellular stored 'luxury' concentrations, began to limit community growth rate and

net production, slightly higher rates of carbon fixation were indicated under enriched CO2

conditions.

Consistent results, as found in the present study under nutrient-replete conditions, were

recently reported by Tortell & Morel (2002) for diatom dominated phytoplankton

assemblages from subtropical Pacific waters. Primary productivity was measured by
14C incorporation over a 6 hours period in the assemblages, which were pre-conditioned to

CO2 concentrations from 3.5-27 µmol L-1. Average values of primary productivity were

approximately 11±2 µg C L-1 h-1 Chl a-1 regardless of the CO2 condition tested. This would

correspond to daily values of 176 µg C L-1 d-1 Chl a-1, when taking into account the 16 hours

of light used in the experimental set-up of this incubation study. This value fits perfectly in

the range from 125-230 µg C L-1 d-1 Chl a -1 determined under nutrient replete conditions for

the present study.

Chen & Durbin (1997) - however - presented evidence for CO2 limitation of short-term

photosynthesis of coastal diatoms during a mesocosm study. A 30-40 % decrease in primary

production was associated with a decline in pH values from ambient values of 7.9 to 8.2 to

elevated levels of 8.6, which the authors attributed to low CO2 availability at that alkaline pH.

However, a decrease in pH (an increase in CO2) of 0.7-1.0 pH units lead to a similar reduction

of up to 30 %. Furthermore Hein & Sand-Jensen (1997) reported a significant response in

primary productivity of several assemblages of the Atlantic Ocean, associated with different

CO2 levels. With elevating CO2 concentrations to 36 µmol L-1 primary production increased
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on average with 15 and 19 % in samples of surface waters and from the deep chlorophyll

maximum, respectively. Decreasing CO2 levels to ~3 µmol L-1, they found a 22-25 %

reduction in primary productivity for the assemblages from different water depths. However,

substantial variability (0 to 200 %) among the various assemblages existed, regarding the

increase in primary productivity. The authors attributed this to variable taxonomic

composition of the assemblages tested and suggested that the higher increases in primary

productivity resulted from an increased dominance of species without CO2 concentrating

mechanisms.

It might be concluded from these studies that phytoplankton assemblages might indeed

respond sensitive to either a rise or a decrease in CO2 condition, if an extensive CO2 gradient

is tested. Hein & Sand-Jensen (1997) applied a wide range with extremely high and low CO2

values. In contrast, the current study concentrated on the influence of an ecologically relevant

CO2 range on a phytoplankton community, which might have been not sufficient to impact on

algal carbon physiology.

Additionally, the sensitivity of an autotrophic community to varying CO2 conditions might

be closely related to its taxonomic composition. In two studies (Chen & Durbin 1997,

Hein & Sand-Jensen 1997) a decline of photosynthesis associated with low CO2 availability

was demonstrated in coastal and oceanic phytoplankton assemblages, while the phytoplankton

response to CO2 enrichment differed strongly between the assemblages tested. In both studies

the manipulation of the carbonate chemistry involved changes in pH and CO2 concentrations

and, as a consequence, the observed treatment effect cannot be exclusively attributed to one of

the factors. Recently, the effect of pH on growth of coastal marine phytoplankton was

reviewed by Hinga (2002). The author reports a high species specific response to this factor,

with some species responding highly sensitive to changes in seawater pH of 0.5 pH units,

while other species display constant growth rate over a wide range of pH conditions. Thus in

incubation experiments as conducted above, species tolerating slightly acidified conditions

might be stimulated in primary production by the increased availability of CO2, while pH

sensitive species respond primarily to the change in pH. Apart from a potential CO2 effect on

primary production there is evidence that CO2 might limit the growth rates of ecologically

important diatom species (Riebesell et al. 1993). For the large marine diatoms Ditylum

brightwellii, Thalassiosira punctigera and Rhizosolenia cf. alata a decrease in growth rates

with reducing CO2 concentrations below 10 µmol L-1 was demonstrated.
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In the current study, initial CO2 concentrations of the low CO2 treatment varied between

8 and 8.9 µmol L-1, and were further reduced with enhanced primary productivity to lowest

levels between 3.4 and 4.2 µmol L-1, varying between replicates. All diatom species studied,

also involving Ditylum cf. brightwellii, sustained their growth rates along the tested CO2

gradient and, consequently, taxonomic composition remained unaffected from CO2 condition.

Consistent with these results, Tortell et al. (2000) reported no apparent CO2 dependent

difference in species composition of mixed coastal assemblages, incubated under 3, 14, and

32 µmol L-1 CO2. These assemblages were dominated by the diatom genera Asterionella,

Chaetoceros, Thalassiosira, and Skeletonema, which are similar to the species prevalent in

the current study. From this it can be speculated that 'natural' bloom-forming coastal diatom

species respond relatively insensitive to changes in ambient CO2 concentrations with respect

to their growth rates, which in turn results in CO2 unaffected species composition of

phytoplankton assemblages.

As a further ecological relevant parameter the incorporation of particulate carbon to

particulate nitrogen, the C/N ratio, was observed with respect to CO2. Prior to nitrogen

limitation this ratio ranged between 5-7 (mol/mol) in all bottles without being influenced by

CO2 availability. After nitrate depletion, but proceeding photosynthesis, the C and N

dynamics began to decouple, increasing the C/N values to fairly high and variable ratios

(between 15 and >23) among the bottles, but revealed no sensitivity to ambient CO2

conditions. The very high C/N ratios found in this study might have resulted from the

experimental conditions due to high biomass concentrations. Gervais & Riebesell (2001)

demonstrated higher C/N ratios in Skeletonema costatum under low relative to the high CO2

treatment.

The absence of a CO2 related effect on the C/N ratios was further noted in a light saturated

coastal phytoplankton assemblage from the North Atlantic, incubated under varying pCO2

(study 3 of this thesis). With light limitation - however - a slight increase of community C/N

values were indicated under low CO2 . Yet, the physiological mechanism remained unknown.

The role of incubation time as a critical factor for a CO2 induced change in algal elemental

composition was discussed by Tortell et al. (2000). In one of two incubation studies the

authors observed a decrease in C/N under lowered CO2 conditions, which was associated with

a decrease in the carbohydrate to protein ratio of the phytoplankton community. The authors

argued, that the observed CO2 effect in only one of the assemblages was due to the longer
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incubation period (4.5 instead of 2 days for the other experiment),which resulted in an

effective physiological adjustment to experimental conditions. It cannot be entirely excluded

that the missing CO2 effect on the C/N ratio of the phytoplankton assemblage of this study is

due to a relatively short time under nutrient replete conditions, lasting only 3-4 days.

So far no study reported a significant alteration of the particulate C/N ratio in response to

CO2 enrichment, neither in the field (Tortell et al. 2000, study 3), nor in laboratory studies

(Burkardt & Riebesell 1997, Burkhardt et al. 1999). Given the biogeochemical relevance of

this issue, further studies are needed to elucidate the way how CO2 availability in combination

with other factors might affect phytoplankton assemblages. In this context light availability

might modulate the sensitivity of a phytoplankton community to changes in CO2

concentrations as well as the taxonomic composition of a community. There is further

evidence that the time period of incubation and thus the experimental set-up are likely to

modulate potential CO2 effects.
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3 GENERAL DISCUSSION

As a consequence of the progressively rising atmospheric pCO2 marine CO2 concentrations

will increase associated with a concomitant drop in seawater pH. Moreover, the average light

availability in the mixed layer will increase due to intensified stratification.

In this thesis, the influence of two components of climate change - CO2 concentration and

light availability - is tested on natural phytoplankton assemblages and on the coccolithophore

species Gephyrocapsa oceanica. An ecologically relevant range of CO2 mixing ratios of

approximately 180, 360 and 780 ppm were tested to simulate the CO2 conditions prevailed

during glacial times, encountered in todays oceans and expected for the end of this century

(according to the IPCC, Hougton et al. 2001). Main emphasis was placed on the response of

natural phytoplankton communities to varying CO2 (study 2 and 4) with respect to species

composition, primary production and/or bulk phytoplankton dynamics. The temporal

development of different parameters within a spring (study 4) and a summer plankton

community (study 2) were monitored. Study 1 and 3 focused on the interplay of irradiance

and CO2 variation within an unialgal culture (study 1) and a natural phytoplankton community

approach (study 3). Study 1 considered the response of photosynthesis and calcification in

G. oceanica to the factors CO2 and light. In study 3 the effect of variable irradiance and CO2

availability on the community structure of a mixed phytoplankton assemblage was

emphazised. In the following section the methods applied and the results obtained from these

studies are discussed in a wider ecological and biogeochemical context.

3.1. CO2 and light effect on the coccolithophores G. oceanica and E. huxleyi

Study 1 presents the response of the coccolithophore species G. oceanica to varying

CO2 conditions and light intensities, as was already demonstrated for the closely related

species E. huxleyi (Zondervan et al. 2001). Similar dependencies of photosynthesis and

calcification on CO2 availability, albeit slightly modified, were noted for the tested

coccolithophore species G. oceanica. Both species responded to elevated CO2 concentrations

with a decrease in calcification rate and an increase in cellular POC quota. The absolute

degree of calcification was positively correlated to light intensity in either coccolithophore

species. However the CO2 effect on calcification differed with the ambient light regime for

the two species. For G. oceanica calcification was enhanced with decreasing light availability,

while it was weakened for E. huxleyi. CO2 enrichment had a slight negative effect on

G. oceanica.
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Coccolithophores have a dual impact on the carbon cycle: they contribute to the carbon pump

via carbon-fixation by photosynthesis and the subsequent sinking of particulate carbon out of

surface waters. Through biogenic formation of CaCO3 they further drive the carbonate pump,

which ultimately releases CO2 to the atmosphere by changing the ocean's alkalinity. If the

biochemical responses observed in the current study can be applied to in situ conditions,

G. oceanica is likely to respond by increasing its cellular POC content and decreasing its

calcite quota in view of the progressively rising pCO2 in seawater. Thereby the degree of

these cellular biochemical alterations will strongly depend on the ambient light climate. For

E. huxleyi this cellular CO2 response has been demonstrated within a recently conducted

mesocosm study (Engel et al. subm.). As previously suggested by Riebesell et al. (2000) and

Zondervan et al. (2001) implications for the marine carbon cycle may imply the enhancement

of the carbon pump with a concomitant reduction of the carbonate pump. This would

ultimately stand for an increase in the CO2 storage capacity of the upper-ocean and serve as a

negative feedback to increasing atmospheric CO2 concentrations.

Controlled laboratory experiments - however - may give a rather inaccurate picture of the

conditions phytoplankton species experience within a natural community. A one to one

application from controlled culture studies to complex environmental conditions might thus

prove too simple. Previously conducted laboratory studies suggest growth of E. huxleyi rather

insensitive over a wide CO2 gradient unless very low concentrations <3 µmol L-1 were tested

(Rost et al. 2001). This is not consistent with studies on short-term photosynthesis of

E. huxleyi suggesting this microalga is not saturated under contemporary CO2 concentrations

(Turpin et al. 1984, Raven & Johnston 1991). Study 2 and 3 present the response of E. huxleyi

within a natural assemblage. In both studies a significant negative correlation of net growth

rates of E. huxleyi with CO2 availability was observed. It remains speculative whether the

observed CO2 effect on net growth rates of E. huxleyi was directly influenced via changes in

the carbonate chemistry or indirectly by altering the preceding diatom succession

(e.g. involving possible changes in the nutrient environment), which in turn affected growth

conditions for E. huxleyi. Recently, a consistent growth pattern - reduced net growth rate of

E. huxleyi with increasing CO2 availability - was observed within mono-specific blooms of

E. huxleyi in a large-scale mesocosm study (Engel et al. subm.). From these observations it

might be concluded that the alteration of seawater carbonate chemistry as a direct

consequence of climate change might not prove beneficial for the bloom-forming

coccolithophores.

Predicted alterations on the oceans physics with respect to climate change further involve

indirect repercussions. As a consequence of increasing sea surface temperature and enhanced
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precipitation, the upper-ocean stratification will increase resulting in elevated light intensities

in the mixed surface layer. Occurences of coccolithophore blooms have been reported to

highly correlate with well stratified waters (Nanninga & Tyrrell 1996), suggesting that the

projected change in the light regime might prove advantageous for the group of

coccolithophores (Bopp et al. 2001). Within study 3 further evidence for the strong light

dependence of E. huxleyi is provided, by demonstrating an increase in abundances with higher

irradiances and even restricted growth due to low light. A poleward shift in oceanic primary

production as a consequence of the extension of the growing season at high latitudes

(Bopp et al. 2001, Boyd & Doney 2002) might further imply a future advantage for the most

prominent coccolithophore species E. huxleyi, since it often blooms in subpolar waters. The

recently observed persistent coccolithophore bloom in the Bering Sea (Napp & Hunt Jr. 2001)

might be a first indication of the suggested floristic shift to increasing contribution of the

calcifying phytoplankton to overall primary production (Rost et al. 2003, Rost & Riebesell

accep.). The extension of coccolithophore blooms in space and time might compensate for the

decrease of global calcification with respect to an increasing seawater pCO2.

3.2. CO2 and light effect on phytoplankton Chl a, POC and PON dynamics

The relatively constant stoichiometry (C:N:P) in phytoplankton is known as the Redfield ratio

(Redfield 1934, Redfield et al. 1963): the elements C, N and P are sequestered in a ratio of

approximately 106:16:1 from the surface waters into the oceans interior (Broecker 1982).

Burkhardt & Riebesell (1997) and Burkhardt et al. (1999) demonstrated a clear dependence of

the C:N:P ratio on CO2 concentrations in marine phytoplankton under nutrient replete

conditions. For the marine diatom Skeletonema costatum the CO2 effect on its elemental

composition was offset, when growth deceased due to phosphorus limitation (Gervais &

Riebesell 2001).

In study 4 a fast-growing assemblage dominated by diatoms did not respond with a change

in its biochemical composition when incubated over a CO2 concentration range from

8-30 µmol L-1. This accounted under nutrient replete conditions as well as under subsequently

NO3
- and SiO4 depletion. There is evidence that a further lowering of the CO2 concentration

(3 µmol L-1) can influence the elemental stoichiometry of a natural community under nutrient

repletion. Tortell et al. (2000) demonstrated a decrease of the community C/N ratio induced

by a relative decline of carbohydrates to proteins for a phytoplankton assemblage with similar

taxa being dominant as in study 4. The lowest CO2 conditions applied in this study might have

been insufficient to affect algal physiology. A further decrease in CO2 concentrations to
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3 µmol L-1 may have resulted in a biochemical response of the community, but the ecological

relevance of such low CO2 condition over a longer time period remains questionable.

In study 3 a more complex pattern is observed regarding the effect of CO2 on the elemental

composition of phytoplankton communities. In this study the interplay of CO2 and light was

tested on a moderately growing summer phytoplankton assemblage. The C/N ratio of the

community responded more sensitive to the CO2 condition, when irradiance was reduced

below optimal intensities. Under these conditions the C/N ratio in this phytoplankton

assemblage slightly increased with decreasing CO2 conditions, - however - on the

physiological mechanism only speculations can be made.

It is assumed that in carbon limited cells the energy costs for carbon transport might

increase and they need to be compensated by the costs of other metabolic processes. Under

these conditions energetically expensive reactions such as the assimilation of nitrate may

compete with cellular carbon acquisition. Whichever metabolic pathway is most successful

might thus decide whether the cellular C/N ratio increases or decreases. Reduced ambient

light availability even imparts further energy restriction on the cell’s physiology by reducing

the quantity of available ATP and reduction equivalents and might thus intensify the

competition between different metabolic pathways. This might finally result in an enhanced

sensitivity to ambient CO2 within phytoplankton cells under low irradiance. In study 3 the

CO2 effect on elemental composition was exclusively related to low light conditions and

under increasing irradiances this effect was offset.

CO2 affected algal stoichiometry in monoculture studies as well as in field studies was only

associated with low CO2 conditions. As was already demonstrated by Burkhardt & Riebesell

(1997) and Burkhardt et al. (1999) a considerable species specific variability existed in the

response of algal C/N under low CO2. This might also prove relevant on a community level.

Since the cellular biochemical response of the dominating species is reflected in the

community elemental composition, the C/N ratio of a phytoplankton assemblage might vary

due to different taxonomic composition when exposed to different CO2 conditions. Neither

laboratory nor field manipulation studies under various experimental set-ups - including the

studies conducted within this thesis - revealed an effect of elevated CO2 levels on the

biochemical composition of marine microalgae.

It might be concluded from these observations that the biogeochemical relevance of a

CO2 related change in the Redfield Ratio of phytoplankton is rather insignificant. In regard to

the progressively increasing pCO2 it appears rather unlikely that changes in the Redfield Ratio

of phytoplankton might act as a considerable feedback mechanism via a strengthening of the

biological carbon pump (Burkhardt 1998). Even in times of low ambient CO2, the ecological
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relevance of a variable Redfield ratio should have been negligible. Without a consistent trend

among the species, increases in the C/N ratio of some species possibly counteracted decreases

in other species.

Furthermore, indications that CO2 availability might affect community chlorophyll a

(Chl a) concentrations are given in study 3. As it was demonstrated under three different light

regimes, enriched CO2 conditions had a slightly negative effect on the community Chl a

concentrations. Since POC concentrations did not decrease with CO2 elevation, it is unlikely

that the observed decrease in Chl a reflected lower biomass under higher CO2 levels. High

CO2 levels might have changed the taxonomic composition towards species with a lower

cellular Chl a content. On the other hand the observed trend might reflect a physiological

adaptation of phytoplankton cells to high CO2 levels by reducing cellular Chl a

concentrations. The latter possibility - however - needs implicitly further investigation,

considering the ecological relevance of this subject. Commonly, it is assumed that Chl a

synthesis should be independent from ambient CO2 concentrations and temporal increases in

Chl a concentrations were used to calculate community growth rates in CO2 manipulation

studies, without an additional determination of POC concentrations (Tortell et al. 1997, 2000).

Chl a is globally used as an index for phytoplankton abundance, as it can be remotely

determined by satellite (Lewis 1992). By a conversion of Chl a concentration to algal POC

content, the pigment concentration is used as an equivalent for biomass estimation. A CO2

induced decline in the ratio of Chl a to particulate carbon biomass in marine phytoplankton

communities might hence result in an underestimation of phytoplankton biomass.

3.3. CO2 and light effect on taxonomic composition and successional pattern

With respect to their role in biogeochemical cycling phytoplankton can be differentiated into

major functional groups. Within this concept, the silicifying diatoms, which dominate the

export production and the carbon drawdown out of surface waters, are separated from the

calcifying coccolithophores. Besides accumulating organic carbon, the coccolithophores

additionally drive the calcium carbonate pump, which ultimately releases CO2 to the

atmosphere. Thus, any factor causing a temporal or spatial shift of dominance among these

groups has an impact on the air - sea CO2 exchange and hence, in turn on the marine carbon

cycle.

From differences in the efficiency and regulative capacity of carbon acquisition within and

in between phytoplankton groups, an effect on their ecological competitiveness was inferred

(Raven & Johnston 1991, Badger et al. 1998, Tortell 2000). As a consequence, the taxonomic

composition and successional pattern within phytoplankton communities may be influenced
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by variable CO2 availability. Generally, a more efficient and stronger regulated carbon

acquisition is attributed to diatoms compared to coccolithophores (Tortell 2000, Rost et al.

2003). Moreover, photosynthesis of the most dominant coccolithophore species E. huxleyi is

not saturated under contemporary CO2 concentrations in seawater (as already stated above:

Turpin et al. 1984, Raven & Johnston 1991). Based on these considerations it was assumed,

that coccolithophores may profit stronger from a rise in seawater pCO2 than diatoms.

In study 2 the taxonomic composition of a diatom succession and abundances of E. huxleyi

varied in dependence of the CO2 treatment. Under low CO2 conditions reduced diatom

biomass build-up, a higher diversity in the diatom assemblage and higher abundances of

E. huxleyi were observed. Under elevated CO2 concentrations the diatom succession did not

significantly vary from that under present-day CO2 conditions, albeit the succeeding

E. huxleyi-'bloom' was even reduced compared to the ambient CO2 treatment. In study 3, the

same correlation between abundances of E. huxleyi and CO2 conconcentrations was

demonstrated. Whether growth conditions for E. huxleyi were directly affected by changes in

the carbonate chemistry or indirectly by treatment specific growth of the diatom community

remained unclear. If future changes in seawater chemistry prove disadvantageous for the

growth of coccolithophores, smaller blooms of these calcifying algae might be expected in the

future oceans. A reduction in the extent of coccolithophore blooms will have a similar

negative impact on both carbon pumps, as a PIC/POC ratio of 1 (meaning the carbonate

export is equal to the organic carbon export) is assumed for blooms of E. huxleyi.

Lower diatom biomass under low CO2 conditions would imply a lowering of the organic

carbon pump. This scenario might have accounted at times when seawater CO2 concentrations

were presumably low, e.g. in glacial times. A slight enhancement of diatom growth and

biomass as observed under CO2 enriched conditions, might result in a strengthening of the

organic carbon pump and hence serve as a negative feedback for atmospheric CO2

concentrations.

In study 3 the taxonomic composition of a phytoplankton assemblage was studied while

simultaneously two factors, namely CO2 concentration and light regime were varied. Almost

any species considered in this study responded sensitive to a shift in light intensity,

and - albeit to a minor extent - to CO2 variation. Evidence was also provided, that both factors

can interact and species responses to varying CO2 conditions depend on the prevailing light

regime (Fig. 1). Growth of the diatom Cerataulina pelagica, the coccolithophore E. huxleyi,

and a group of unidentified euglenophytes strongly profited from an increasing light intensity,

with growth being almost restricted in a low light environment. These species responded



GENERAL DISCUSSION                                                                                                                                         107

highly sensitive to varying CO2 concentrations, with reducing abundances towards enriched

CO2 conditions. However, the euglenophytes clearly profited from higher CO2 concentrations

in combination with increased light availability, suggesting these algal group might benefit

from changes in oceanographic conditions expected in future, whereas for the coccolithophore

E. huxleyi the negative CO2 effect on growth might be compensated by increasing light

availability. Growth of the diatom species Thalassiosira spp. and Skeletonema costatum was

barely affected by CO2 availability and they are apparently highly competitive under low light

intensities. A similar dependence, but less pronouned, was observed for the diatom

Rhizosolenia spp. These three diatoms are characteristic representatives of the early spring

bloom and hence dominate in waters, that are nutrient enriched, but rather deeply mixed and

highly turbulent. The resulting light climate for the algae is hence highly variable and most of

the time sub-saturating. Presumably only surface irradiance is sufficient to ensure maximum

photosynthesis. An efficient and highly regulative CCM has been suggested to be a premise

for algae performing optimal photosynthesis in such a constantly changing light climate (Rost

et al. 2003). The relative constant growth along the tested CO2 gradient of Thalassiosira spp.,

Skeletonema costatum and Rhizosolenia spp. indicates a good regulative capacity in acquiring

inorganic carbon. However, these species will presumably not benefit from the projected

increase in light intensity owing to an intolerence to high irradiances or reduced

competitiveness under these light conditions. The diatom species Leptocylindrus spp.,

Pseudonitzschia spp. and Chaetoceros spp. usually dominate the diatom community in early

summer, when enhanced stratification results in higher average light intensities. In contrast to

the spring bloom diatoms these species show a positive dependence for high irradiances and

growth is stimulated by higher CO2 availability. The projected increase in seawater

CO2 concentrations and light availability might therefore contribute to an increase in

abundances of these phytoplankton species within summer phytoplankton communities of

temperate coastal waters.

The spring bloom phytoplankton assemblage examined in study 4 did not respond to varying

CO2 by a change in its taxonomic composition. Compared to the summer assemblage

investigated within study 2 and 3, this community was characterised by almost twice as high

community net growth rates and did not comprise high abundances of autotrophic flagellates.

The comparatively larger diatoms such as several species of the genus Thalassiosira,

especially T. rotula, Lauderia borealis and Ditylum brightwellii, sustained their growth rate

insensitive of ambient CO2. Consistent results were provided by Tortell et al. (2000, 2002)
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Fig. 1: Cell abundances (105 cells L-1) of different species or species groups in dependence of

light intensity (PFD) and pCO2 (ppm). (Altered presentation of results from study 3).
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Fig. 1 continued.

asserting no effect on community and species specific growth of coastal phytoplankton

assemblages. However, it should be noted that the incubation time in study 4 (as well as in
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combined shift in carbonate chemistry and light regime might have a stronger impact on

community structure.

As was reported recently (Pedersen & Hanson 2003), elevated pH can also influence

species composition and abundance levels within a protozooplankton assemblages. If the

small fast-growing grazing community is affected by an alteration in seawater carbonate

chemistry, this might indirectly impact on the phytoplankton.

3.4. Perspectives for future research

This study showed in agreement with other investigations (Tortell et al. 2000; Tortell &

Morel 2002) that no major changes in bulk productivity, community growth rates and nutrient

uptake dynamics of coastal phytoplankton assemblages are expected due to increasing CO2

concentrations. CO2 availability, however, has the potential to shift the taxonomic

composition within assemblages (Tortell et al. 2002, study 2). These changes were

exclusively related to low CO2 conditions owing to a replacement of diatoms by other diatom

species or by Phaeocystis sp. Under CO2 enrichment no major shifts took place. Occurences

of dinoflagellate blooms are usually associated with high pH (>8.5) conditions (Hinga 1992,

Yoo 1991) after high diatom productivity. With the predicted drop in seawater pH of 0.4 units

until the end of 2100 the frequency of elevated pH events >8.5 - a possible requirement for

the onset of dinoflagellete blooms - will become less likely. Toxic blooms ('Red Tides') are

caused by flagellate species. It might be speculated that these blooming events may be

reduced in the future. Culture experiments should be run to further investigate the influence of

pH on growth of toxic flagellate species.

In study 3 a decrease in community Chl a concentrations under CO2 elevation was

indicated. If these results are applicable to natural environment, this may lead to an

underestimation of phytoplankton biomass in future oceans, if Chl a is used as an indicator

thereof (as ocean color from satellite). As this subject is of high ecological significance

laboratory studies are needed to further investigate the observed CO2 effect.

A change in the carbonate chemistry, particularly a dropping of seawater pH, might further

affect the second trophic level, the microzooplankton. These small grazing fraction is tightly

coupled to the phytoplankton and changes on both levels will affect each other. Pedersen &

Hanson (2003) gave first indications that the taxonomic composition within the

protozooplankton community can be affected by changes in pH.

As already stated above, rising seawater CO2 levels is only one component of the changes

in oceanographic conditions predicted for the future. To address the multivariate

consequences of climate change more experiments designed to investigate the interactive
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effects are needed. This involves further increases in temperature, a reduction in nutrient

availability, and an increase in light intensity. To understand the interaction of these factors

on single species monocultures should be run. Additionally, experiments with natural

assemblages are neceassary to test if observed effects under controlled laboratory conditions

are as well occuring in natural communities.
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4 SUMMARY

This thesis investigated the influence of the carbonate chemistry on natural phytoplankton

assemblages with respect to ecological relevant parameters and with special emphasis on

species composition.

In incubation experiments essentially the influence of different CO2 concentrations were

tested on taxonomic composition of the diatom community, bulk productivity and dynamics

of particulate organic carbon (POC), particulate organic nitrogen (PON) and chlorophyll a

(Chl a) of phytoplankton communities typical for different seasons. Furthermore the effect of

variable CO2 concentrations and light intensities on production and calcification of the

coccolithophore Gephyrocapsa oceanica was studied under laboratory conditions. The main

goal of this thesis was to assess potential responses of phytoplankton to an altered seawater

carbonate chemistry due to the increase in atmospheric CO2 concentrations and different light

levels due to a stronger stratification.

POC production and calcification showed a strong CO2 dependence slightly modified by

the ambient light climate (study 1). Whereas the cellular POC content increased with CO2

enrichment and increasing light intensity, the calcification grade per cell decreased with

increasing CO2 availability. This CO2 effect on cellular calcification was thereby weakened

under increased light intensity. Growth rate of G. oceanica generally declined with an

enrichment or decrease of CO2 condition in dependence of light intensity. These results imply

that the projected alteration of seawater carbonate chemistry as a direct effect of the rising

atmospheric pCO2 might not prove beneficial for the growth conditions of coccolithophores.

An increase in average light intensity due to enhanced seawater stratification, however, might

favour coccolithophores.

A decrease in the ratio of particulate inorganic carbon (PIC)/POC associated with

CO2 enrichment would imply a negative feedback on atmospheric CO2 levels if the quantity

of export production is not affected by this altered ratio.

In study 2 - an incubation experiments with a moderately growing summer phytoplankton

assemblage from the North Atlantic - a CO2 effect on net community growth rate and species

composition within the diatom community and the succeeding coccolithophore-‘bloom’ was

demonstrated. Under enriched and 'present-day' CO2 levels the induced diatom-bloom

developed similarly. In contrast, under low CO2 conditions community growth was

decelerated and a floristic shift within the diatom community to larger diatom species
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occured. The diatom species Leptocylindrus spp. dominating in all CO2 treatments, showed

slightly higher abundances under CO2 enrichment. Abundances of the dominant

coccolithophore Emiliania huxleyi were strongly negative correlated along the entire

CO2 gradient tested. The results of this study suggest that growth conditions for the

coccolithophore E. huxleyi will not profit from a rise in seawater CO2 concentrations,

although it is assumed owing to its inefficient carbon acquisition.

Study 3 indicated that a CO2 effect on the taxonomic composition of a moderately growing

phytoplankton assemblage was further affected by the ambient light availability. Within the

phytoplankton different preferences for CO2/light conditions were found. The diatom

Cerataulina  pelagica, the coccolithophore E. huxleyi and a group of euglenophytes

developed highest abundances under low CO2 concentrations and high light intensities,

whereas growth of the diatoms Leptocy l indrus  spp., Pseudonitzschia spp and

Chaetoceros spp. profited strongly from CO2 enrichment under high light. If representative

for natural enviroment an enhanced contribution of these diatoms within a boreal summer

phytoplankton community may be expected as a consequence of the direct and indirect effects

of a rising atmospheric pCO2. Community POC and Chl a concentrations were only slightly

affected by varying CO2 concentrations and were partly depending on the surrounding light

climate. Increasing dominance of the autotrophic nannoplankton was exclusively related to

low light conditions.

In contrast community growth pattern, POC/Chl a dynamics, maximum productivity,

nutrient uptake kinetics and species composition of a fast-growing diatom-dominated

phytoplankton assemblage was not affected by varying CO2 availability. Slightly higher

autotrophic productivity in the nutrient depleted post-bloom phase was observed under high

CO2 conditions. However, this was not reflected in the POC concentrations, suggesting  a

higher exudation of the phytoplankton under CO2 enrichment.

The results of this thesis indicate that moderately growing phytoplankton might respond

more sensitive to CO2 induced environmental changes as the fast-growing diatom-dominated

phytoplankton. Significant changes in productivity and taxonomic composition within

diatom-dominated communities - irrespective of growth rate - seem rather improbable as a

response to rising seawater CO2 concentrations. Consistent results were found in other bottle

incubation studies, in which natural phytoplankton assemblages were tested to corresponding

CO2 ranges. The additional change of the light climate in the water column however will

presumably have a stronger effect on the taxomonic composition of the phytoplankton and

even modify the sensitivity of marine microalgae to changes in the carbonate chemistry.
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5 ZUSAMMENFASSUNG

Gegenstand dieser Arbeit waren Untersuchungen zum Einfluss der Karbonatchemie auf

natürliche Phytoplanktongemeinschaften hinsichtlich ökologisch relevanter Parameter mit

dem Schwerpunkt der Artenzusammensetzung. Die hierzu durchgeführten Inkubationsstudien

untersuchten im wesentlichen den Effekt unterschiedlicher CO2-Konzentrationen (8, 15 und

25 µmol L-1) auf die Artenzusammensetzung, Produktivität und Konzentrationen von

partikulärem organischen Kohlenstoff (POC), partikulärem organischen Stickstoff (PON) und

Chlorophyll a (Chl a). Getestet wurden eine sommerliche Phytoplanktongesellschaft aus

einem norwegischen Fjord und Frühjahrsblütenplankton aus dem Küstengewässer von

Helgoland. Eine Studie beschäftigte sich darüberhinaus mit dem CO2-Effekt unter

variierenden Lichtbedingungen auf die oben genannte Parameter. Des Weiteren wurde in

einem Laborexperiment der Einfluss unterschiedlicher CO2-Konzentrationen auf POC und

PIC der Coccolithophoridenart Gephyrocapsa oceanica in Abhängigkeit verschiedener

Lichtintensitäten untersucht. Die Ergebnisse der Studien wurden insbesondere unter dem

Gesichtspunkt des atmosphärischen CO2-Anstiegs betrachtet, um mögliche Veränderungen im

Phytoplankton als Reaktion auf eine veränderte marine Karbonatchemie abschätzen zu

können.

POC-Produktion und Kalzifizierung der Coccolithophoridenart Gephyrocapsa oceanica

zeigten eine ausgeprägte CO2-Abhängigkeit, die unter verschiedenen Lichtbedingungen leicht

modifiziert wurde (Studie 1). Mit einer Erhöhung der CO2-Konzentration und Lichtintensität

nahm der zelluläre POC Gehalt zu, während der Kalzifizierungsgrad der Zelle mit erhöhten

CO2-Konzentrationen abnahm. Die CO2-bedingte Abnahme der zellulären Kalzifizierung

wurde bei G. oceanica mit steigenden Lichtintensitäten abgeschwächt, während dieser bei

Emiliania huxleyi, einer nahe verwandten Art, unter höheren Lichtintensitäten verstärkt

wurde. Das Wachstum von G. oceanica reagierte unterschiedlich auf eine Veränderung in den

CO2-Bedingungen in Abhängigkeit der umgebenden Lichtintensität. Erhöhte oder erniedrigte

CO2-Konzentrationen wirkten sich dabei leicht negativ auf die Wachstumsrate aus.

Die Ergebnisse dieser Studie legen nahe, dass eine Veränderung der Karbonatchemie, wie

sie im Zuge der globalen CO2-Erhöhung zu erwarten ist, sich als nicht förderlich für das

Wachstum dieser Coccolithophoridenart erweisen könnte. Indirekte Folgen des globalen

CO2-Anstieges, wie z.B. eine Erhöhung der durchschnittlichen Lichtintensität infolge

zunehmender Stratifizierung in der Wassersäule, könnten sich dagegen positiv auf die

Produktivität und Wachstumsrate der Coccolithophoriden auswirken.
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Eine Abnahme im Verhältnis von partikulären inorganischen Kohlenstoff (PIC) zu POC unter

erhöhten CO2-Bedingungen hätte eine negative Rückkopplung auf die atmosphärischen CO2-

Konzentrationen zur Folge. Dies setzt voraus, daß die Quantität des Partikelflusses durch eine

ebensolche Änderung unbeeinflusst bliebe.

In einem Inkubationsexperiment (Studie 2) mit einer sommerlichen Phytoplankton-

gesellschaft wurde ein CO2-Effekt auf die Nettowachstumsrate sowie auf die

Artenzusammensetzung innerhalb der Diatomeengemeinschaft und der anschließenden

Coccolithophoridensukzession nachgewiesen. Während unter erhöhten und 'heutigen'

CO2-Bedingungen eine induzierte Diatomeenblüte hinsichtlich ihres Wachstums und der

Artenzusammensetzung ähnlich verlief, wuchsen die Diatomeen im Niedrig-CO2-Ansatz

deutlich langsamer und es kam zu einem höheren relativen Anteil von größeren Arten zum

Ende der Diatomeensukzession. Lediglich die in allen CO2-Ansätzen dominierende

Diatomeenart Leptocylindrus spp. zeigte einen leichten Anstieg in der Abundanz unter

erhöhter CO2-Konzentration. Die Abundanzen der dominierenden Coccolithophoridenart

Emiliania huxleyi hingegen zeigten über den gesamten untersuchten CO2-Bereich eine

deutlich negative Korrelation. Das Ergebnis dieser Studie legt nahe, daß die Wachstumrate

der Coccolithophoride E. huxleyi durch einen Anstieg im marinen CO2 nicht profitiert,

obwohl dies aufgrund ihrer gering effizienten inorganischen Kohlenstoffakquisition vielfach

vermutet wird.

In Studie 3 deutete sich an, dass der Effekt von CO2 auf die taxonomische

Zusammensetzung einer moderat wachsenden borealen Phytoplanktongemeinschaft leicht von

den herrschenden Lichtverhältnissen beeinflusst wird. So zeigten sich im Phytoplankton

verschiedene Präferenzen für unterschiedliche CO2/Lichtkombinationen. Die Diatomee

Cerataulina pelagica, die Coccolithophoride Emiliania huxleyi sowie die Gruppe der

Euglenophyceen zeigten höchste Abundanzen unter niedrigen CO2-Konzentrationen, wenn

hohe Lichtintensitäten herrschten. Dagegen profitierten die Diatomeen Leptocylindrus spp.,

Pseudonitzschia spp. and Chaetoceros spp. von erhöhten CO2-Konzentrationen besonders

unter gesättigten Lichtbedingungen. Sollten diese Ergebnisse auch unter natürlichen

Bedingungen zutreffend sein, könnte der prognostizierte Anstieg der Lichtintensität in der

Oberflächenschicht der Ozeane sowie des CO2 im Meerwasser zu einer verstärkten Präsenz

dieser Diatomeen führen.

Deutlich schwächer wurden POC und Chl a Konzentrationen der

Phytoplanktongemeinschaft  von veränderten CO2-Bedingungen beeinflusst. Diese waren zum

Teil abhängig von der umgebenden Lichtintensität. So zeigte sich eine Zunahme in der
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Dominanz des autotrophen Nannoplanktons unter erhöhter CO2-Konzentration ausschliesslich

unter niedrigen Lichtintensitäten.

Im Gegensatz hierzu wurde das Wachstum, die POC/Chl a Dynamik,

Produktionsmaximum sowie die Artenzusammensetzung und Nährstoffaufnahme in einer von

Diatomeen dominierte “Frühlingsblüten”- Phytoplanktongemeinschaft von der gelösten CO2-

Konzentration nicht beeinflusst (Studie 4). In der nährstofflimitierten Phase wurde eine leicht,

aber nicht signifikant erhöhte autotrophe Produktivität unter erhöhten CO2-Bedingungen

gemessen. Diese manifestierte sich jedoch nicht im partikulären organischem Kohlenstoff und

läßt somit eine erhöhte Exudation der Phytoplankter unter hohen CO2-Konzentrationen

vermuten.

Die Ergebnisse dieser Arbeit weisen darauf hin, daß moderat wachsendes Phytoplankton

stärker auf CO2 bedingte Umweltänderungen reagieren könnte, als das schnell wachsende von

Diatomeen dominierte Frühjahrsplankton. Signifikante Veränderungen in der Produktivität

oder der Artenzusammensetzung von Diatomeen dominierten Planktongemeinschaften -

unabhängig ihres Wachstumverhaltens - sind infolge erhöhter CO2-Konzentrationen nicht zu

erwarten. Dies wurde auch in anderen Untersuchungen, in denen Phytoplankton-

gemeinschaften in Flaschen unter variierendem pCO2 inkubiert wurden, beobachtet. Dennoch

könnte eine zusätzliche Veränderung der Lichtintensität in der durchmischten

Oberflächenschicht des Ozeans die taxonomische Zusammensetzung des Phytoplanktons

beeinflussen und die Sensitivität der marinen Mikroalgen gegenüber Veränderungen in der

Karbonatchemie modifizieren.





DANKSAGUNG                                                                                                                                                        121

6 DANKSAGUNG

Ich möchte mich bei allen bedanken, die zum Gelingen dieser Arbeit beigetragen haben.

So gilt mein herzlicher Dank meinem Doktorvater Dieter Wolf-Gladrow. Ebenso bedanken

möchte ich mich bei meiner Betreuerin Evi Nöthig.

Mein ganz besonderer Dank gilt den vielen helfenden Händen und Köpfen, die mir während

meiner Arbeit zur Seite standen: Anja, Björn, Carmen, Claudia, Christel, Christiane, Erika,

Georgia, Gerald, Joachim, Irini, Heiko, Kai, Karen, Markus, Mauricio, Philipp, Sabine,

Sandra, Silke, Frau Schwarz und Sören. Ihr habt mit eurer Hilfsbereitschaft und eurem Humor

zu einer guten Arbeitsatmosphäre beigetragen.

Ein lieber Dank auch an die online-Unterstützung aus Utrecht -vielen Dank, Diana!

Letzendlich möchte ich mich auch bei meiner Familie und Freunden bedanken für die große

Geduld und Unterstützung in den letzten Jahren.


