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1 GENERAL INTRODUCTION 

1.1 Phytoplankton and the global carbon cycle 

Carbon dioxide is the most important greenhouse gas after water vapor in the 

atmosphere and contributes significantly to the warming of our planet. Variations in 

global temperatures as they occur between glacial and interglacial times have thus been 

partly ascribed to the variability in atmospheric CO2 levels (Barnola et al. 1987, Petit et al. 

1999). The ocean represents the largest reservoir of exchangeable carbon, storing about 50 

times as much carbon as the atmosphere. Understanding the dynamics in atmospheric CO2 

levels requires the knowledge of processes that alter the CO2 storage capacity of the 

ocean.  

The uptake of atmospheric CO2 by the ocean is mediated by so-called carbon pumps. 

These pumps generally describe processes that lead to the depletion of dissolved inorganic 

carbon (DIC) in the surface ocean relative to the deep ocean. Based on whether 

physicochemical or biological processes are responsible for the vertical carbon flux, Volk 

and Hoffert (1985) defined a physical and a biological carbon pump. The physical pump 

describes the vertical carbon flux resulting from differences in CO2 solubility of warm and 

cold water. As warm surface water moves from low to high latitudes, subsequent cooling 

results in an increasing solubility for CO2. Owing to deep-water formation in high 

latitudes, this cold DIC-rich water is then transported to the deep ocean. The biological 

pump is driven by the fixation of DIC into biogenic compounds in the surface ocean and 

subsequent sinking to the deep ocean where the material is remineralized or dissolved. 

Approximately 75% of the vertical DIC gradient is thought to be caused by biological 

activity (Sarmiento et al. 1995). If all marine biogenic production was ceased instantly, 

atmospheric pCO2 would nearly double (Maier-Reimer et al. 1996). This model’s result 

underlines the central role of the biological pump in the CO2 uptake capacity of the ocean. 

Depending on whether organic or inorganic particles are formed, two types of 

biological pumps can be distinguished, each having different effects on the ocean-

atmosphere CO2 exchange (Fig. 1). The organic carbon pump, also called soft-tissue 

pump, is driven by the photosynthetic carbon fixation of phytoplankton, causing a draw 

down of CO2 in the surface ocean. Particulate organic carbon (POC) sinks out of the 

photic zone and is subsequently remineralized on its way to the deep ocean, thereby 
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causing high DIC concentrations in intermediate waters. Less than 1% of POC reaches the 

deep-sea floor and is buried in the sediments for geological timescales. The carbonate 

pump, also termed carbonate counter pump, is driven by the biogenic formation of CaCO3 

skeletons. Due to the consumption of calcium and carbonate ions during calcification, 

alkalinity in ambient seawater is reduced, causing a shift in the carbonate system towards 

higher pCO2. In deeper waters, where the ocean gets under-saturated with respect to 

CaCO3 due to the pressure-dependent increase in solubility, calcareous shells dissolve and 

release alkalinity. In summary, the formation of particulate inorganic carbon (PIC) in 

surface waters represents a potential source of CO2, which counteracts the effect of POC 

production. The relative importance of the two biological carbon pumps, represented by 

the so-called rain ratio (the ratio of particulate inorganic to organic carbon in exported 

biogenic matter), to a large extent determines the flux of CO2 between the surface ocean 

and the overlying atmosphere. In the present ocean, about four times as much carbon is 

transported by the organic carbon pump than by the carbonate pump (Broecker and Peng 

1982, Tsunogai and Noriki 1991).  
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Fig. 1: Schematic diagram of the biological carbon pumps (modified after Heinze et al. 
1991): Photosynthetic production of POC in the surface layer and its subsequent transport 
to depth generates a CO2 sink in the ocean. In contrast, CaCO3 production and its transport 
to depth release CO2 in the surface layer. As the counterpart of POC and CaCO3 downward 
flux, DIC and Alkalinity are transported from deeper layers to the surface by upwelling 
and mixing. 
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Over geological timescales earth’s climate has undergone major changes, influencing 

the structure and productivity of ecosystems and the proliferation or disappearance of 

organisms. As outlined above, biological activity also influences the climate by driving 

many of the global elemental cycles. These feedback-effects may mitigate, amplify or 

contribute, as suggested by the Gaia hypothesis (Lovelock 1979), to stabilize the climate. 

We are currently observing an exceptional increase in atmospheric CO2 caused by human-

induced activities such as fossil fuel burning and changes in land use. The invasion of 

‘anthropogenic’ CO2 into the ocean has already caused changes in the carbonate chemistry 

since the year 1800. By the end of this century, the expected increase in the atmospheric 

CO2 will cause surface water CO2 concentrations to have approximately tripled relative to 

pre-industrial values (Fig. 2). Concomitantly, seawater pH and CO3
2- concentrations will 

have dropped by 0.4 units and 50%, respectively. These changes are likely to affect 

phytoplankton and hence their relative contribution in the carbon cycle.  
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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). 
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1.2 Seawater carbonate system 

To understand the marine carbon cycle as well as processes involved in carbon 

acquisition and fractionation, some background in seawater carbonate chemistry is 

required. Gaseous CO2 dissolves in seawater following Henry’s law:  

 
22 pCO   =  ][CO ×α          (1) 

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

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

atmosphere. The relative amount of dissolved inorganic carbon (DIC) is many times 

greater compared to other gases like oxygen or nitrogen, since CO2 chemically reacts with 

water. Dissolved CO2 is hydrated to carbonic acid (H2CO3), which subsequently 

dissociates to bicarbonate (HCO3
-), carbonate (CO3

2-) and protons (H+): 

 
++ +↔+↔↔+ 2H    CO   H    HCO    COH      OH  CO -2

3
 -

3322 2    (2) 
 

Owing to the low concentration of [H2CO3] in seawater, the sum of aqueous [CO2] and 

[H2CO3] will be approximated as [CO2] hereafter. The sum of all dissolved inorganic 

carbon species is thus defined as: 

 
 ][CO    ][HCO    ][CO     DIC 2

332
−− ++=       (3) 

 

While the DIC concentration in the surface ocean is relatively constant (~2200 µmol L-1), 

the proportion of carbon species varies as a function of pH (Fig. 3). In typical seawater 

with a pH of 8.2, about 90% of DIC is in the form of HCO3
- (~2000 µmol L-1) while CO2 

accounts for only 1% (~13 µmol L-1). With increasing pH the chemical equilibrium shifts 

to a lower proportion of CO2 and a higher proportion of CO3
2- and vice versa. 

For an accurate description of the carbonate system total alkalinity (TA) is required, a 

parameter which can be considered as an electrochemical charge balance. The surplus of 

strong cations (Na+, Mg2-, Ca2+, K+, Sr+) over strong anions (Cl-, SO4
2-, NO3

-, F-) in 

seawater is balanced by the charge of weak ions, which is defined as TA:  

 
 [X]    ][H  -  ][OH    ][B(OH)    ]2[CO    ][HCO    TA  -

4
2

33 ++++= +−−−   (4) 
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Most of the charge difference is compensated by HCO3
- and CO3

2- while X represents 

minor constituents such as Si(OH)3
-, HPO4

2- or PO4
3-. Analytically, TA is determined by 

the titration of seawater with a strong acid and thus can also be regarded as a measure for 

the buffer capacity of seawater. Further details on the carbonate system, such as 

equilibrium concentrations for [CO2], pKa values of carbonic acid, diffusion coefficients 

and conversion rate constants are given in Table 1. 
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Fig. 3: Relative proportion of the inorganic carbon species CO2, HCO3

- and CO3
2- in 

seawater as a function of pH (15°C, S=35). At typical seawater pH of 8.2, HCO3
- is the 

predominant species. 
 

The parameters describing the carbonate system, [CO2], [HCO3
-], [CO3

2-], DIC, TA and 

pH, are interdependent and thus one cannot be altered without affecting at least one other. 

In the following examples are given where the carbonate system is altered by biological 

activity or manipulated in laboratory experiments. During photosynthesis CO2 is fixed 

which causes [CO2] and DIC to decrease while pH increases. Respiration represents the 

reverse reaction, yielding higher [CO2] and DIC while pH decreases. During calcification 

calcium carbonate is precipitated, hereby reducing DIC and TA. Since TA is more strongly 

affected than DIC (as a double charged ion, CO3
2- contributes twice as much to TA than to 

DIC), the chemical equilibrium shifts towards higher [CO2] and a lower pH. Carbonate 

dissolution represents the reverse reaction, increasing TA, DIC and pH while [CO2] 

decreases. To adjust different CO2 concentrations in laboratory experiments, the carbonate 
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system can be manipulated in various ways. By the addition of HCl or NaOH to a closed 

system, [CO2], pH and TA are affected while DIC remains constant. In an open system, 

different atmospheric pCO2 will cause changes in [CO2], pH, DIC while TA is not 

affected. Changes in [CO2] without affecting the pH require equal changes in DIC and TA 

or the use of buffers. 

 
Table 1: Some physicochemical attributes of carbon dioxide and other inorganic carbon 
species relevant to photosynthesis and carbon acquisition of aquatic photoautotrophs. This 
table was adopted from Raven (1997) containing values from Johnson (1982), Goyet and 
Poisson (1989), Kigoshi and Hashitani (1963) and Skirrow (1975). 

 
Parameter Values in freshwater Values in seawater (S=35) 

Equilibrium concentration of CO2   22.4   (5°C)  18.8   (5°C) 
35 Pa CO2 in the gas phase  16.0   (15°C)  13.5   (15°C) 
(mmol m-3)  11.9   (25°C)  10.2   (25°C) 
    9.3   (35°C)    8.1    (35°C) 
 
pKa1 of carbonic acid  6.42   (15°C)  6.05   (15°C) 
= -log10 [HCO3

-]/[CO2+H2CO3]   6.35   (25°C)  6.00    (25°C) 
   
pKa2 of carbonic acid  10.43 (15°C)  9.23   (15°C) 
= -log10 [CO3

2-]/[HCO3
-]   10.33 (25°C)  9.10    (25°C) 

   
DCO2   (m2 s-1)   1.94 · 10-9  (25°C)  cf. gas phase 1.04 ·10-5 
DHCO3-   (m2 s-1)   1.09 · 10-9  (25°C) 
 
Rate constant for  
CO2 + H2O →  H2CO3   (m3 mol-1 s-1) 9.4 · 10-7  (25°C)   9.4 · 10-7  (25°C)   
CO2 + OH- →  HCO3

-   (m3 mol-1 s-1) 8.5 · 10-7  (25°C)   14.1·10-7  (25°C)   
 
Rate constant for  
H2CO3 → CO2 + H2O    (s-1)   14            (25°C)   8              (25°C)   
HCO3

- → CO2 + OH-    (s-1)   1.9 · 10-4  (25°C)   15 · 10-4   (25°C)   
 

1.3 Carbon isotope fractionation 

The stable carbon isotope composition of microalgae (δ13CPOC) potentially provides 

information about the environmental conditions under which they grew. It has been 

suggested that δ13CPOC of bulk organic matter or specific biomarkers in the sediment may 

be used as a proxy for ancient CO2 concentrations (Rau et al. 1989) and/or growth rates 

(Laws et al. 1995). On the other hand, isotope data can be employed as a diagnostic tool 

for studying mechanisms of carbon acquisition. The interpretation of such data requires 
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knowledge of the underlying processes of isotope fractionation, which will be outlined in 

the following.  

The stable isotopes of carbon are 12C and 13C with natural abundances of approximately 

98.9% and 1.1%, respectively. The isotopic composition of a sample is often expressed as 

a delta notation relative to the isotopic composition of a standard (δ13C in ‰): 

 
( )
( ) 1000    1

 CC/
 CC/

Cδ
Standard

1213
Sample

1213

Sample
13 ×












−=       (5) 

 

The standard typically used for carbon is the PDB (Pee-Dee Belemnite). This limestone of 

the Cretaceous Pee-Dee formation in South Carolina has a relatively high 13C/12C ratio of 

0.01124 (Craig 1957). Consequently, δ13C values of inorganic or organic carbon are 

mostly negative or in other words isotopically lighter than the PDB standard. 

The isotopic composition of a compound can undergo changes during physical, 

chemical or biological processes that favor one isotope over the other. This so-called 

fractionation process is caused by different properties of the isotopes due to their mass 

difference. For instance, the molecular collision frequency of the lighter isotope is slightly 

larger than that of the heavier isotope. In a chemical reaction 12C is therefore more likely to 

undergo a reaction than 13C. The fractionation (ε) between a source and product of such a 

reaction is defined as: 

 

1000 /Cδ    1
Cδ  Cδ

ε
product

13
product

13
source

13

+
−

=        (6) 

 

where δ13C source and δ13C product are the isotopic compositions of the carbon source and 

product, respectively. Positive ε values denote a 13C depletion in the product compared to 

the source, hence the product is isotopically lighter than the source. If the reaction has 

reached a chemical equilibrium, the fractionation is called equilibrium fractionation. In 

contrast, the kinetic fractionation describes the fractionation associated with the 

unidirectional conversion of a source into the product. While equilibrium fractionation 

often occurs during phase transitions or diffusion, kinetic fractionation typically occurs 

during biological processes. In Table 2, different examples for equilibrium and kinetic 

fractionation are given. 



8  GENERAL INTRODUCTION 

Table 2: Examples for equilibrium fractionation (εeq) and kinetic fractionation (εkin) for 
processes involved in the assimilation of inorganic carbon into phytoplankton material. 
Fractionation values in excess of one indicate accumulation of 13C on the right-hand side of 
the equation. If not stated otherwise, CO2 denotes dissolved CO2 (aq), CO2 (g) refers to 
molecular carbon dioxide in the gas phase. Values for εkin were obtained at ~25°C. This 
table was modified after Raven (1997).  
 

Process or Enzyme  εeq [‰]  Reference 

CO2 + H2O ↔ HCO3
- + H+     9.0  (25°C) 

   10.7  (10°C) 
CO2 + H2O ↔ CO3

2- + 2H+     7.0  (25°C)  Mook et al. 1974 
     7.8  (10°C)  Zhang et al. 1995 
CO2 (aq) ↔ CO2 (g)      1.1  (25°C)  
     1.1  (10°C)  
 
 εkin [‰] 

CO2 (g) →  CO2 (aq)   1.0 Knox et al. 1993 
CO2 diffusion in solution   0.7 O’Leary 1984 
   0.9 Jähne et al. 1997 
CO2  →  HCO3

- (uncatalyzed)   13 O’Leary et al. 1992 
HCO3

-  →  CO2  (uncatalyzed)    22 O’Leary et al. 1992 
 
CO2  →  HCO3

- (CA catalyzed)   0.1 O’Leary et al. 1992 
HCO3

-  →  CO2  (CA catalyzed)    10 O’Leary et al. 1992 
 
Fixation of CO2 by    29 Roeske and O’Leary 1984 
eukaryotic RubisCO    Raven and Johnston 1991 
     Raven et al. 1994  
      
Fixation of CO2 by    22 Guy et al. 1993 
cyanobacterial RubisCO   25 Raven et al. 1994 
 
Fixation of CO2 by    18 Roeske and O’Leary 1985 
β-proteobacterial RubisCO 
 
Fixation of HCO3

- by PEPC   4.7 O’Leary et al. 1992 
(expressed in terms of CO2) 

 

Photosynthetic carbon fixation discriminates against the heavier 13CO2 causing the 

isotopic composition of organic material to be depleted in 13C compared to the inorganic 

carbon source. This isotope fractionation (εp) is calculated according to: 

 

1000 /Cδ    1
Cδ  Cδ

ε
POC

13
POC

13
CO

13

p
2

+
−

=         (7) 
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where δ13CCO2 and δ13CPOC are the isotopic composition of CO2 and POC, respectively. 

Since the denominator in Eq. 7 is close to one, εp is well approximated by the difference in 

the isotopic composition between CO2 and POC:  

 
POC

13
CO

13
p Cδ  Cδ  ε

2
−≈         (8) 

 

Most of the fractionation occurs during enzymatic CO2 fixation by ribulose-1,5-

bisphosphate carboxylase/oxygenase (RubisCO). All C3 plants and most likely the majority 

of microalgae possess a RubisCO with an intrinsic fractionation of about 29 ‰ (Raven  

and Johnston 1991). In C4 plants the first carboxylation step is catalyzed by 

phosphoenolpyruvate carboxylase (PEPC), an enzyme with a much smaller intrinsic 

fractionation (4.7 ‰ expressed relative to CO2, O’Leary et al. 1992). The latter metabolic 

pathway has recently been suggested to play a role in diatoms under certain conditions 

(Reinfelder et al. 2001). 

Several studies demonstrated that isotope fractionation of phytoplankton varies over a 

wide range as a function of the environmental conditions and physiological characteristics 

of the algal species. Degens et al. (1968) were the first to provide experimental evidence 

for a positive correlation between CO2 concentration and εp in marine phytoplankton. More 

recently, isotope fractionation was shown to be inversely correlated with growth rate (µ) 

(Fry and Wainright 1991). To account for the combined effects of µ and [CO2], various 

authors used the εp versus µ/[CO2]-relationship to interpret isotope data. In case of entirely 

diffusive CO2 uptake, an inverse linear correlation between εp and µ/[CO2] would be 

expected (Francois et al. 1993, Laws et al. 1995, Rau et al. 1996). Any deviation from 

linearity strongly suggests that processes other than un-catalyzed diffusive CO2 influx are 

involved in carbon acquisition (Laws et al. 1997, Burkhardt et al. 1999a). 

The relationship between [CO2] and isotope fractionation prompted the idea that the 

isotopic composition (δ13Corg) of sedimentary organic matter may be used as a proxy for 

ancient [CO2] (Jasper and Hayes 1990). The applicability of δ13Corg for paleo-CO2 

reconstruction strongly relies on the relative impact of factors other than [CO2] on isotope 

fractionation. Species-specific differences in εp responses are known to complicate the 

interpretation of isotope data in the field (e.g. Popp et al. 1998, Burkhardt et al. 1999a). 

The use of species- or group-specific marine biomarkers can help to circumvent these 

complications and to exclude the influence of terrestrial input on sedimentary δ13Corg. For 
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instance, alkenones are synthesized exclusively by haptophytes and are well preserved in 

sediments. Hence they have been applied in paleo-pCO2 reconstruction (Jasper and Hayes 

1990, Pagani 2002). Recent studies, however, found isotope fractionation to be rather 

insensitive to changes in CO2 concentrations in laboratory experiments (Burkhardt et al. 

1999a) and in the field (Benthien et al. 2001). Moreover, differences in irradiance as well 

as daylength were found to influence isotope fractionation of microalgae (Thompson and 

Calvert 1995, Leboulanger et al. 1995, Burkhardt et al. 1999a). This light-dependence in εp 

and the non-linear relationship between εP and µ/[CO2] observed in some experiments 

indicate active regulation of carbon acquisition in phytoplankton.  

Modes of carbon acquisition potentially have a large influence on the fractionation of 

phytoplankton. Sharkey and Berry (1985) developed a model in which the variation in εp is 

ultimately determined by the isotopic composition of the inorganic carbon source and the 

leakage, defined as the ratio of carbon efflux (Fout) to total carbon influx (Fin):  

 

in

out
fSp F

Fε  ε ε += a          (9) 

 

where εS represents the equilibrium discrimination between the carbon sources CO2 and 

HCO3
- (ca. -10 ‰) and εf is the kinetic fractionation by RubisCO (ca. 29 ‰). Burkhardt et 

al. (1999b) extended the model by including a factor a, which is the fractional contribution 

of HCO3
- to total carbon uptake. Since HCO3

- is enriched in 13C relative to CO2, an 

increasing proportion of HCO3
- uptake decreases the apparent isotope fractionation εp, 

which is defined relative to CO2 as the carbon source. Assuming no change in the 

inorganic carbon source, εp rises with increasing leakage. In case of CO2 as the only carbon 

source and leakage being high (Fout/Fin approaching 1), εp approaches εf. At low leakage 

most of the CO2 entering the cell is fixed into organic compounds and εp approaches the 

isotopic composition of the inorganic carbon source. Based on these considerations, 

however, only extreme εp values allow precluding one carbon source. If εp values are 

negative (δ13CPOC > -10 ‰) CO2 can be excluded as the carbon source and εp values higher 

than 20 ‰ (δ13CPOC < -30 ‰) cannot be achieved with HCO3
- as the carbon source. With 

the help of such models, responses in fractionation can be used to gain information about 

the carbon acquisition of a species.  
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1.4 Photosynthesis and carbon acquisition  

Photosynthesis involves a series of reactions that start with capturing light energy, 

transferring it into the energy-conserving compounds NADPH and ATP, and using these 

compounds to fix CO2 in the Calvin cycle: 

 
 O    OH    O)(CH    CO    O2H 222

Light
22 ++ →+      (10) 

 

For microalgae about 95% of the NADPH and more than 60% of the ATP is allocated for 

assimilation of inorganic carbon (Ci) and subsequent reduction (Falkowski and Raven 

1997). The primary carboxylating enzyme RubisCO plays a central role in this pathway. 

This highly conserved enzyme is characterized by a low affinity for its substrate CO2, a 

slow maximum specific turnover rate as well as the susceptibility to a competing reaction 

with O2. The latter reaction initiates the process of photorespiration, which further lowers 

the rate of carbon fixation. Under present atmospheric conditions, i.e. low CO2 and high O2 

level, the catalytic inefficiency of RubisCO causes limitations in carbon assimilation. To 

avoid carbon limitation, plants and algae have developed mechanisms that enhance the 

intracellular CO2 concentration at the site of carboxylation. In higher plants we find the C4-

dicarbonacid-metabolism (C4) and crassulacean-acid-metabolism (CAM) while algae 

possess so-called CO2 concentrating mechanisms (CCMs).  

In C4 and CAM plants CO2 is fixed by phosphoenolpyruvate-carboxylase (PEPC) into a 

C4-acid prior to the final fixation by RubisCO. In C4 plants such as sugar cane or maize 

both processes are spatially separated since they occur in different cell types (cell 

dimorphism). CO2 diffuses into the mesophyll cells, where it is converted to HCO3
- by 

carbonic anhydrase (CA) and subsequently fixed by PEPC into oxalacetate (OAA). Owing 

to its high affinity to its substrate HCO3
- and the lack of an oxygenase activity, PEPC is far 

more efficient in carbon fixation than RubisCO. OAA is subsequently reduced to malate 

and transported to the chloroplast of the bundle sheath cells. Here, malate is 

decarboxylated to pyruvate and CO2, the latter then being fixed by RubisCO. In CAM 

plants like succulents the carbon fixation by PEPC and RubisCO is separated in time. Their 

stomata only open at night when the loss of water is lowest. PEPC fixes HCO3
- in the 

cytoplasm, OAA is reduced to malate and then stored in the vacuole. During the day 

malate is transported back into the cytoplasm to be decarboxylated. Subsequently, CO2 

diffuses into the chloroplast where it is fixed by RubisCO. In C4 and CAM plants the rate 
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of PEP carboxylation and malate decarboxylation is higher than the activity of RubisCO, 

causing a CO2 enrichment at RubisCO. Hence, the physiological phenotype of C4 and 

CAM plants is characterized by high apparent affinities for CO2, very low CO2 

compensation points and the lack of measurable photorespiration.  

In the marine environment, CO2 concentrations range between 8 and 20 µmol CO2 L-1. 

Owing to the slow CO2 diffusion in water and the slow rate of conversion between HCO3
- 

and CO2 (Table 1), the availability for CO2 is further reduced in the close vicinity of the 

microalgae. In addition to these constraints, their RubisCO has generally a very low CO2 

affinity with half-saturation concentrations (KM) between 20 and 70 µmol CO2 L-1 (Badger 

et al. 1998). Consequently, photosynthetic carbon fixation in microalgae without a CCM 

would usually be severely limited under present conditions in the ocean. In vivo 

measurements in microalgae, however, yielded far higher affinities for inorganic carbon 

with apparent K1/2 (CO2) values of <1 to 10 µmol L-1 (Fig. 4, Raven and Johnston 1991).  
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Fig. 4: Comparison of CO2-fixation between RubisCO and microalgal cells. Apparent half 
saturation constants (K1/2) for photosynthetic CO2 fixation are generally lower than could 
be expected from half-saturation constant (KM) of RubisCO alone, which indicates the 
operation of a CCM.  
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In addition to this indirect evidence for a CO2 concentrating mechanism, the intracellular 

accumulation of Ci was compared to the external concentrations by means of silicone-oil 

centrifugation (Badger et al. 1980, Kaplan et al. 1980). Ci accumulation varies between 

more than 1000-fold in cyanobacteria (Badger 1987) and only 1 to 10-fold in 

coccolithophores (Nimer and Merrett 1992, Sekino and Shiraiwa 1994).  

In principle CCMs of microalgae involve active uptake of CO2 and/or HCO3
- into the 

algal cell and/or the chloroplast (Fig. 5). Carbonic anhydrase, which accelerates the 

otherwise slow rate of conversion between HCO3
- and CO2, is also involved in most 

CCMs. With these basic components microalgae seem to have developed a large diversity 

of CCMs. Most investigated species can take up both CO2 and HCO3
-, while some depend 

on a single carbon uptake system (Colman et al. 2002). The location of the transporters 

within the cell remains unclear although in some cases active Ci uptake could be detected 

at the chloroplast envelope (Amoroso et al. 1998, Moroney and Chen 1998).  
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Fig. 5: Model with potential elements of a microalgal CCM (modified after Sültemeyer 
1998): extracellular CA maintains equilibrium between CO2 and HCO3

- at the plasma 
membrane. In addition to diffusive CO2 uptake, CO2 and HCO3

- can be actively pumped 
into the cell. In the cytosol an intracellular CA accelerates equilibration between CO2 and 
HCO3

-. Both carbon species can then actively be pumped into the chloroplast, where CO2 
is subsequently fixed by RubisCO into phosphoglycerate (PGA). The dashed arrows 
indicate diffusive uptake or loss of CO2 via leakage.  
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Extracellular CA (eCA) activity maintains equilibrium concentration of CO2 at the plasma 

membrane and herewith favors CO2 uptake. This CA-mediated HCO3
- utilization has been 

observed in many species (e.g. Elzenga et al. 2000, Burkhardt et al. 2001). The role of 

intracellular CA (iCA) in carbon acquisition, which can be located in the chloroplast, the 

mitochondria or cytosol, is less clear (Sültemeyer 1998).  

For coccolithophores it has been hypothesized that they were able to use HCO3
- for 

photosynthesis through the process of calcification (Sikes et al. 1980, Nimer and Merret 

1993). This functional coupling between both processes potentially represents a cost-

effective alternative to the classical CCM (Anning et al. 1996). Provided that HCO3
- is the 

carbon source for calcification (Paasche 1964, Sikes et al. 1980), one possible benefit for 

photosynthesis could be the release of CO2 or protons in the course of calcification 

according to the following reactions: 

 
 OH    CO    CaCO   HCO 2    Ca 223

 -
3

2 ++→++      (11) 

 H    CaCO   HCO    Ca 3
 -

3
2 ++ +→+       (12) 

 

Either CO2 could be used directly in photosynthesis or protons could be used in the 

conversion of HCO3
- to CO2. In either case this would provide the calcifying cell with a 

mechanism to access HCO3
-, which represents the largest pool of inorganic carbon in 

seawater. While photosynthesis obviously drives calcification by providing the energy 

required for transport processes, it is still under debate whether calcification is beneficial 

for photosynthesis (Paasche 2002).  

To investigate the diversity of CCMs, a range of different methods is available. While 

some are simply indicative for the operation of a CCM, other methods provide more details 

about the underlying mechanisms. The presence of a CCM can easily be tested by 

measuring photosynthetic O2 evolution as a function of Ci concentrations (Raven and 

Johnston 1991, Badger 1997). By comparing the affinity of photosynthesis for external 

[CO2] with the affinity of RubisCO, the presence as well as the efficiency of the employed 

CCM can be assessed. The Ci accumulation relative to ambient concentrations can be 

measured by 14C silicone-oil centrifugation techniques (Badger et al. 1980, Kaplan et al. 

1980). The lack of measurable Ci accumulation in some algae, however, does not mean the 

absence of a CCM and may in fact be a characteristic of a particular CCM employed 

(Badger et al. 1998). To investigate the role of CA in the CCM functioning various 
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approaches can be used. By monitoring the 18O loss of labeled 13C18O2 to water, caused by 

several hydration and dehydration steps of CO2 and HCO3
-, the activity of CA can be 

measured (Silvermann 1982, Tu et al. 1986, Sültemeyer et al. 1990, Palmqvist et al. 1994). 

This mass spectrometric procedure allows the determination of CA activity from intact 

cells under conditions similar to those during growth and distinguishes between eCA and 

iCA activity. The function of CA in carbon acquisition can be further assessed by the effect 

of different CA inhibitors on photosynthesis (Sültemeyer et al. 1989, Badger et al. 1998, 

Elzenga et al. 2000). Active Ci uptake can be examined for instance by monitoring the 18O 

exchange of labeled Ci. If illumination is accompanied by increasing 18O depletion 

compared to the rate in the dark, active Ci pumping has caused a higher influx of 18O 

labeled Ci into the cell where the 18O label is quickly lost due to iCA activity (Badger and 

Price 1989, Palmqvist et al. 1994). Techniques that distinguish between CO2 and HCO3
- 

uptake make use of the relative slow conversion rate between CO2 and HCO3
-, hence they 

all require the lack of eCA activity. The 14C disequilibrium technique uses the transient 

isotopic disequilibrium upon a 14CO2 spike to determine whether CO2 or HCO3
- is the 

preferred carbon species for photosynthesis (Miller 1985, Elzenga et al. 2000, Tortell and 

Morell 2002). Mass spectrometric techniques utilize the disequilibrium between CO2 and 

HCO3
-, which develops during photosynthesis. By simultaneous measurements of O2 and 

CO2 during consecutive light and dark intervals, fluxes of CO2 and HCO3
- can be estimated 

(Badger et al. 1994, Amoroso et al. 1998, Burkhardt et al. 2001). 

Phytoplankton differ in efficiency and regulation of their carbon acquisition (Badger et 

al. 1998, Beardall and Giordano 2002). Species relying on diffusive CO2 uptake or those 

with inefficient CCMs are CO2-sensitive in their photosynthesis whereas species with 

highly efficient CCMs are rate-saturated even under low ambient CO2 concentrations. The 

capability of regulation allows phytoplankton to adjust the CCM efficiency to their actual 

need and hereby optimize the allocation of resources. CO2 supply was among the first of 

these factors to be identified and has since then been frequently used to investigate the 

properties of CCMs (Badger et al. 1980, Kaplan et al. 1980). While most studies compare 

unnaturally high (2-5% CO2) with ambient CO2 levels (0.035%), suggesting complete 

repression or induction of the CCM, latest findings indicate that under the natural range of 

CO2 concentrations there is a fine-scale tuning of the degree to which the CCM is 

expressed (Berman-Frank et al. 1998, Burkhardt et al. 2001). Besides [CO2], photon flux 

density (PFD) also influences CCM efficiency in microalgae. Increasing light-limitation 
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yielded a decrease in DIC affinities, which has been ascribed to the reduced supply of 

energy (Beardall 1991, Berman-Frank et al. 1998).  

Differences in carbon acquisition are likely to affect the relative fitness of 

phytoplankton species partly due to the fact that carbon is by far the single most abundant 

component of algal biomass (Tortell 2000). Moreover, differences in carbon acquisition 

were suggested to impose other resource requirements (Raven and Johnston 1991, Raven 

1997). A better understanding of species-specific differences in efficiency and regulation 

of carbon acquisition may help to improve our predictive capabilities of the responses of 

marine phytoplankton to future environmental changes.  

 

1.5 Outline of the thesis 

This thesis investigates various aspects of carbon acquisition and isotope fractionation 

in marine phytoplankton with emphasis on the coccolithophore Emiliania huxleyi. In dilute 

batch cultures the effect of CO2 concentration and light regime on growth rate, 

photosynthesis, calcification and carbon isotope fractionation in E. huxleyi is investigated. 

Data of this kind provide information on the CO2-dependence of photosynthesis and 

calcification. Together with the responses in isotope fractionation this can be used to 

elucidate mechanisms of carbon acquisition. In another approach, membrane inlet mass 

spectrometry is used to investigate aspects of carbon acquisition in more detail, such as the 

activity of carbonic anhydrase or the kinetics of CO2 and HCO3
- uptake. The main focus 

herein is on species-specific differences in the efficiency and regulation of carbon 

acquisition. Based on the results obtained, the role of carbon acquisition in phytoplankton 

ecology and biogeochemistry as well as its effect on carbon isotope fractionation is 

assessed. 

Publication I reports rates of photosynthesis and calcification in response to increased 

CO2 concentration in cultures of two dominant coccolithophores and in natural plankton 

assemblages. The observed CO2-sensitivity in organic carbon to calcite production is 

discussed in view of potential climatic feedbacks.  

Publication II investigates the isotope fractionation of E. huxleyi in relation to CO2 

concentration, light intensities and daylength. The primary aim was to test whether the 

light conditions during growth directly affect isotope fractionation and how this is related 
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to the effect of CO2 and growth rate. In addition to the information on carbon acquisition, 

the potential of δ13C data as a proxy for reconstructing ancient CO2 levels is discussed. 

Publication III investigates the carbon acquisition in relation to CO2 supply in three 

bloom-forming microalgae, the coccolithophore E. huxleyi, the diatom Skeletonema 

costatum, and the flagellate Phaeocystis globosa. Large differences were obtained between 

species both with regard to the efficiency and regulation of carbon acquisition.  

Publication IV investigates the effect of photoperiodic length on carbon acquisition of 

microalgae. In addition, cellular leakage was determined as a function of ambient CO2 

concentrations under different irradiance cycles. Results are used to verify observations on 

the species-specific differences and to identify other factors aside from CO2 supply 

influencing carbon acquisition. 

Publication V considers the role of coccolithophores in the biological pump and 

assesses possible responses with regard to expected environmental changes. This article 

reviews the literature on the physiology and ecology of this group. Moreover, the function 

of calcification in carbon acquisition is investigated by comparing a calcifying and non-

calcifying strain of E. huxleyi. 

In a concluding discussion main results of this study are summarized and evaluated in 

the context of ecology, biogeochemistry and carbon isotope fractionation. Finally, 

perspectives are given for future research. 
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The formation of calcareous skeletons by marine planktonic
organisms and their subsequent sinking to depth generates a
continuous rain of calcium carbonate to the deep ocean and
underlying sediments1. This is important in regulating marine
carbon cycling and ocean±atmosphere CO2 exchange2. The pre-
sent rise in atmospheric CO2 levels3 causes signi®cant changes in
surface ocean pH and carbonate chemistry4. Such changes have
been shown to slow down calci®cation in corals and coralline
macroalgae5,6, but the majority of marine calci®cation occurs in
planktonic organisms. Here we report reduced calcite production
at increased CO2 concentrations in monospeci®c cultures of two
dominant marine calcifying phytoplankton species, the cocco-
lithophorids Emiliania huxleyi and Gephyrocapsa oceanica. This
was accompanied by an increased proportion of malformed
coccoliths and incomplete coccospheres. Diminished calci®ca-
tion led to a reduction in the ratio of calcite precipitation to
organic matter production. Similar results were obtained in
incubations of natural plankton assemblages from the north
Paci®c ocean when exposed to experimentally elevated CO2

levels. We suggest that the progressive increase in atmospheric
CO2 concentrations may therefore slow down the production of
calcium carbonate in the surface ocean. As the process of calci®ca-
tion releases CO2 to the atmosphere, the response observed here
could potentially act as a negative feedback on atmospheric CO2

levels.
By the end of the next century, the expected increase in atmos-

pheric CO2 (ref. 3) will give rise to an almost threefold increase in
surface ocean CO2 concentrations relative to pre-industrial values.
This will cause CO2-

3 concentrations and surface water pH to drop
by about 50% and 0.35 units, respectively4. Changes of this magni-
tude have been shown to signi®cantly slow down calci®cation of
temperate and tropical corals and coralline macroalgae5,6. Although
coral reefs are the most conspicuous life-supporting calcareous
structures, the majority of biogenic carbonate precipitation
(.80%) is carried out by planktonic microorganisms1, particularly
coccolithophorids7. These unicellular microalgae are major con-
tributors to marine primary production and an important compo-
nent of open ocean and coastal marine ecosystems8. Two prominent

representatives of the coccolithophorids, Emiliania huxleyi and
Gephyrocapsa oceanica, are both bloom-forming and have a
world-wide distribution. G. oceanica is the dominant coccolitho-
phorid in neritic environments of tropical waters9, whereas
E. huxleyi, one of the most prominent producers of calcium
carbonate in the world ocean10, forms extensive blooms covering
large areas in temperate and subpolar latitudes9,11.

The response of these two species to CO2-related changes in
seawater carbonate chemistry was examined under controlled
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Figure 1 Response of organic and inorganic carbon production to CO2 concentration in

laboratory-cultured coccolithophorids. a, Particulate organic carbon (POC) production;

b, calci®cation; and c, the ratio of calci®cation to POC production (calcite/POC) of the

coccolithophorids Emiliania huxleyi (circles) and Gephyrocapsa oceanica (squares) as a

function of CO2 concentration, [CO2]. Bars denote 61 s.d. (n = 3); dotted lines represent

linear regressions. Also indicated are corresponding ranges of pH, pCO2
, and [CO2-

3 ]. We

note that DIC and total alkalinity differed slightly between experimental sets for the two

species; values for pH, pCO2
and [CO2-

3 ], therefore, are only approximations. Vertical lines

indicate pCO2
values of 280, 365 and 750 p.p.m.v., representing pre-industrial, present

day and future concentrations.
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laboratory conditions. The carbonate system of the growth medium
was manipulated by adding acid or base to cover a range from pre-
industrial CO2 levels (280 p.p.m.v.) to approximately triple pre-
industrial values (about 750 p.p.m.v.). Over this range, E. huxleyi
and G. oceanica experience a slight increase in photosynthetic
carbon ®xation of 8.5% and 18.6%, respectively (Fig. 1a), and a
comparatively larger decrease in the rate of calci®cation of 15.7%
and 44.7%, respectively (Fig. 1b). The ratio of calcite to organic
matter production (calcite/POC) for the two species decreased by
21.0% and 52.5%, respectively, between 280 and 750 p.p.m.v. (Fig.
1c). Since calcite production has been shown to vary with ambient
light conditions12, we have grown E. huxleyi under different light/
dark cycles and photon ¯ux densities. A similar decrease in the
calcite/POC ratio in response to CO2-related changes in carbonate
chemistry was obtained over a ®vefold range in photon ¯ux
densities (Fig. 2).

Scanning electron microscopy indicated that malformed cocco-
liths and incomplete coccospheres increased in relative numbers

with increasing CO2 concentrations (Fig. 3). Coccolith under-
calci®cation and malformation is a common phenomenon
frequently observed both in natural environments and under
laboratory conditions13. The systematic trend in the relative abun-
dance of malformed coccoliths and coccospheres observed here,
however, suggests a direct effect of seawater carbonate chemistry on
the regulatory mechanisms controlling coccolith production inside
the cell. Based on light microscopic analysis, no consistent trend
was obtained in the number of attached or free coccoliths per
coccosphere.

Our laboratory results are consistent with CO2-related responses
of natural plankton assemblages collected in the subarctic north
Paci®c, a region where coccolithophorids are major contributors to
primary production14. After incubation of replicate samples at pCO2

levels of about 250 p.p.m.v. and about 800 p.p.m.v. for 1.5 to 9 days,
the rate of calci®cation was reduced by 36% to 83% in high-CO2

relative to low-CO2 treatments in four independent experiments
(Fig. 4). A similar CO2-dependent response was obtained under
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Figure 3 Scanning electron microscopy (SEM) photographs of coccolithophorids under

different CO2 concentrations. a, b, d, e, Emiliania huxleyi; and c, f, Gephyrocapsa

oceanica collected from cultures incubated at [CO2] < 12 mmol l-1 (a±c) and at

[CO2] < 30±33 mmol l-1 (d±f), corresponding to pCO2
levels of about 300 p.p.m.v. and

780±850 p.p.m.v., respectively. Scale bars represent 1 mm. Note the difference in the

coccolith structure (including distinct malformations) and in the degree of calci®cation of

cells grown at normal and elevated CO2 levels. Pictures are selected from a large set of

SEM photographs to depict the general trend in coccolith calci®cation. As the culture

medium was super-saturated with respect to calcium carbonate under all experimental

conditions, post-formation calcite dissolution is not expected to have occurred.
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reduced light intensities (10% surface irradiance, data not shown).
No signi®cant differences were obtained between short and longer-
term incubations of the natural assemblages. As short-term incuba-
tions are not likely to experience large changes in species composi-
tion, the observed response most probably re¯ects a reduction in
carbonate precipitation of the calcifying organisms in the plankton
assemblage.

The observed decrease in calci®cation with increasing pCO2
, if

representative of biogenic calci®cation in the world's ocean, has
signi®cant implications for the marine carbon cycle. Owing to its
effect on carbonate system equilibria, calci®cation is a source of CO2

to the surrounding water15, whereby the increase in CO2 concen-

tration, due to calci®cation is a function of the buffer capacity of sea
water. Theoretically, the buffer state of pre-industrial sea water
resulted in 0.63 mole CO2 released per mole CaCO3 precipitated16

(assuming temperature T = 15 8C, and salinity S = 35). Following
the predictions of future atmospheric CO2 rise, this value will
increase to 0.79 in 2100 (assuming Intergovernmental Panel on
Climate Change (IPCC) scenario IS92a, ref. 3). At constant global
ocean calci®cation this results in an additional source of CO2 to the
atmosphere. In the case of reduced calci®cation, this positive feed-
back is reversed. Assuming a pre-industrial pelagic inorganic carbon
production of 0.86 Gt C y-1 (ref. 17) and a CO2-related decrease in
planktonic calci®cation as observed in our laboratory and ®eld
experiments (ranging between 16% and 83%), model calculations
yield an additional storage capacity of the surface ocean for CO2

between 6.2 Gt C and 32.3 Gt C for the period of 1950 to 2100.
Our results indicate that the ratio of calcite to organic matter

production in cultured coccolithophorids and in oceanic phyto-
plankton assemblages is highly sensitive to the seawater pCO2

.
Although it is presently not clear what the physiological and
ecological role of coccolith formation is18, we propose that CO2-
dependent changes in calci®cation may affect cellular processes such
as acquisition of inorganic carbon19 and nutrients20 as well as
trophic interactions, and particle sinking rate21,22. These, in turn,
may in¯uence the structure and regulation of marine ecosystems in
which coccolithophorids are dominant. From a geochemical view-
point, a decrease in global ocean calci®cation would enhance CO2

storage in the upper ocean3,15,23, thus providing a negative feedback
for changes in atmospheric pCO2

. Such a feedback should be taken
into account when predicting the role of the ocean in mitigating
future anthropogenic CO2 increases or in reconstructing the rela-
tion between ocean productivity and glacial±interglacial variations
in pCO2

. M

Methods
Laboratory

Monospeci®c cultures of the coccolithophorids Emiliania huxleyi (strain PML B92/11A)
and Gephyrocapsa oceanica (strain PC7/1) were grown in dilute batch cultures at 15 8C in
®ltered (0.2 mm) sea water enriched with nitrate and phosphate to concentrations of 100
and 6.25 mmol l-1, respectively, and with metals and vitamins according to the f/2 culture
medium (ref. 24). The carbonate system was adjusted through addition of 1 N HCl or 1 N
NaOH to the medium. Cells were acclimated to the experimental conditions for 7±9
generations and allowed to grow for about 8 cell divisions during experiments. Cultures
were incubated in triplicate at photon ¯ux densities of 150 mmol m-2 s-1, light/dark (L/D)
cycle = 16/8 h (Fig. 1) and of 150, 80 and 30 mmol m-2 s-1, L/D = 24/0 (Fig. 2). Dissolved
inorganic carbon (DIC) was measured coulometrically in duplicate (UIC model 5012)25.
Alkalinity was determined in duplicate through potentiometric titration26. pH, CO2 and
CO2-

3 concentrations were calculated from alkalinity, DIC and phosphate concentrations
(T = 15 8C; S = 31) using the dissociation constants of ref. 27. Subsamples for total
particulate carbon (TPC) and particulate organic carbon (POC), which in
L/D = 16/8 were taken at the end of the dark phase, were ®ltered onto pre-combusted
(12 h, 500 8C) QM-A ®lters (pore width is about 0.6 mm) and stored at -25 8C. Before
analysis, POC ®lters were fumed for 2 h with saturated HCl solution in order to remove all
inorganic carbon. TPC and POC were subsequently measured on a mass spectrometer
(ANCA-SL 20-20 Europa Scienti®c). Particulate inorganic carbon (PIC) was calculated as
the difference between TPC and POC. Cell counts obtained with a Coulter Multisizer at
the beginning and the end of incubations were used to calculate speci®c growth rates. PIC
and POC production rates were calculated from cellular inorganic and organic carbon
contents and speci®c growth rates.

Field

Ship-board productivity and calci®cation experiments were conducted at three stations in
the subarctic North Paci®c Ocean in June of 1998 (one experiment) and September of
1999 (four experiments). Station locations are given in the legend of Fig. 4. Surface
seawater (10±20 m) was collected using a trace-metal-clean in situ pumping system and
dispensed into acid-soaked polycarbonate bottles (3±4 replicate bottles per treatment).
Samples were incubated on deck at about 30% surface irradiance levels in a ¯ow-through
incubator at in situ temperatures (13 6 1 8C). CO2 concentrations in samples were
manipulated by either bubbling with commercially prepared CO2/air mixtures (Station
P26, 1998/1999) or by the addition of high-purity (trace-metal-clean) HCl/NaOH. Low
CO2 samples contained about 10 mM CO2 (,250 p.p.m.v.) with a pH of about 8.20 while
high CO2 treatments contained approximately 33 mM CO2 (,800 p.p.m.v.) with a pH of
about 7.75. Total alkalinity (,2180 mEq l-1) was unaffected by CO2 bubbling while HCl
and NaOH additions changed alkalinity by -6.4% and +3.4%, respectively. CO2
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calci®cation to POC production (calcite/POC) in subarctic North Paci®c phytoplankton

assemblages. a, POC production; b, calci®cation; and c, the calcite/POC ratio. Station

P26 (50 8N, 145 8W) 1998, 6.8-day CO2 pre-conditioning (®lled circles). Station P26

1999, 2-day CO2 pre-conditioning (squares). Station P26 1999, 9-day CO2 pre-

conditioning (®lled triangles). Station P20 (438 309 N, 1388 409 W) 1999, 1.5-day CO2

pre-conditioning (open triangles). Station Z9 (558 N, 1458 W) 1999, 1.5-day pre-

conditioning (open circles). In all ®ve experiments, POC production did not differ

signi®cantly between CO2 treatments (t-test, p $ 0.4). The statistical signi®cance of

calci®cation rate differences (t-test) is as follows: P26, all experiments and measurements

(p , 0.05); P20, calci®cation (p = 0.056); calcite/POC (p = 0.074); Z9, calci®cation (p =

0.135); calcite/POC (p = 0.11). Error bars represent standard errors of means.
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concentrations in samples were calculated from measurements of pH and alkalinity using
the algorithm developed by ref. 28. After a pre-conditioning period ranging from 1.5±9
days, samples were incubated with 40 mCi 14C (50 mCi mmol-1) for 6±9 hours, harvested
onto 0.4-mm polycarbonate ®lters, and immediately frozen in scintillation vials at -20 8C.
In the laboratory, ®lter samples were acidi®ed with either 10% HCl or H3PO4 to measure
acid-stable (organic) carbon. The liberated acid-labile (particulate inorganic) carbon was
trapped in NaOH solution contained either in small vials suspended in the primary vials or
soaked into small GF/D glass ®bre ®lters stuck onto the caps of the primary vials. Samples
were measured on a liquid scintillation counter and corrected for 14C uptake in dark
control bottles as well as ®ltered seawater blanks.
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Concentrations of dissolved oxygen in the ocean seem to correlate
well with climate instabilities over the past 100,000 years. For
example, the concentration of dissolved oxygen in Paci®c inter-
mediate waters was considerably higher during Pleistocene glacial
periods than it is today1±4. This has been inferred from the
presence of bioturbated sediments, implying that oxygen levels
were suf®cient for burrowing organisms to live. Today, basins in
the northeastern Paci®c Ocean are ¯oored by laminated sedi-
ments implying lower oxygen levels, which may be explained by
reduced ventilation2±4. Here we report a recent return to biotur-
bated sediments in the northeastern Paci®c Ocean since the late
1970s. From the carbon isotope composition of benthic foramini-
fers living in the sediment, we infer a twofold decrease in the
carbon oxidation rate occurring within sediments, equivalent to
an increase in dissolved oxygen concentration of 15±20 micro-
moles per litre. These changes, at the edges of the Santa Barbara,
Santa Monica and Alfonso basins, are coincident with a change in
North Paci®c climate which has reduced upwelling by 20±30%
and increased sea surface temperatures by 1.5±3 8C. This suggests
that climate effects on surface productivity, reducing the supply
organic matter to sediments, may have had a greater effect on
benthic oxygen levels than changes in ocean circulation patterns.

Laminated sediments have been accumulating in the Santa
Barbara and Santa Monica basins, and basins within the Gulf of
California, for the past few centuries. However, the spatial extent of
laminated sediments within these basins has been changing5. In
Santa Monica basin, a study of Holocene sediment patterns revealed
that between AD 1600 and the 1970s, laminated sediments spread
systematically outwards and upwards into shallower waters from
the centre of the basin, so as to encompass the entire basin ¯oor by
the 1970s (ref. 5). During this same period, laminated sediments
were also forming in Santa Barbara basin and in the basins along the
margins of the Gulf of California6±11. The temporal record of
expanding laminated sediments in Santa Monica basin suggests
that there are factors operating on centennial timescales that affect
bottom-water oxygen levels, which probably control the distribu-
tion of bioturbating organisms. It is also now clear that there are
shorter-timescale environmental changes that also affect the North
Paci®c marine environment, and that these are superimposed on the
longer-scale patterns of variability. In particular, the mean climate
state of the North Paci®c, as measured by a number of different
variables, has varied between a warm and a cold phase with a quasi-
regular decadal oscillation12±19. This decadal pattern has been
referred to as the Paci®c Decadal Oscillation19 (PDO). In the
ocean, the PDO is characterized by a shift in the bifurcation point
of the Sub-arctic Current as it approaches North America. This
point of bifurcation strongly in¯uences oceanographic, as well as
weather patterns along the coast of the western USA15±18. The last
clear PDO shift was coincident with a 1976±77 El NinÄo event. Since
that time, the average sea surface temperatures within the southern
California Current during the months of upwelling (spring/
summer) have increased by 1.5±3 8C (Fig. 1). Upwelling along the
coast at the latitude of Santa Monica basin during the spring has also
decreased (Fig. 1). The result of these changes has been a systematic
decline in marine ®sheries in the southern California Current,
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Light-dependent carbon isotope fractionation in the coccolithophorid Emiliania huxleyi

Björn Rost,1 Ingrid Zondervan, and Ulf Riebesell
Alfred Wegener Institute for Polar and Marine Research, P.O. Box 120161, D-27515 Bremerhaven, Germany

Abstract

The carbon isotopic composition of marine phytoplankton varies significantly with growth conditions. Aqueous
CO2 concentration [CO2] and algal growth rate (m) have been suggested to be important factors determining isotope
fractionation («p). Here we examine «p of the coccolithophorid Emiliania huxleyi in relation to CO2 concentration
and light conditions in dilute batch cultures. Cells were incubated at different irradiance cycles, photon flux densities
(PFDs), and [CO2]. Isotope fractionation varied between 6.7 and 12.3‰ under 16 : 8 h light : dark cycle (L : D) and
between 14.7 and 17.8‰ at continuous light. «p was largely independent of ambient [CO2], varying generally by
less than 2‰ over a range of [CO2] from 5 to 34 mmol L21. Instantaneous carbon-specific growth rates (mC) and
PFDs, ranging from 15 to 150 mmol m22 s21, positively correlated with «p. This result is inconsistent with theoretical
considerations and experimental results obtained under constant light conditions, suggesting an inverse relationship
between «p and m. In the present study the effect of PFDs on «p was stronger than that of m and thus resulted in a
positive relationship between m and «p. In addition, the L : D cycle of 16 : 8 h resulted in significantly lower «p

values compared to continuous light. Since the observed offset of about 8‰ could not be related to daylength-
dependent changes in mC, this implies a direct influence of the irradiance cycle on «p. These findings are best
explained by invoking active carbon uptake in E. huxleyi. If representative for the natural environment, these results
complicate the interpretation of carbon isotope data in geochemical and paleoceanographic applications.

Photosynthetic carbon fixation discriminates against the
heavier 13CO2, causing the isotopic composition of organic
material to be depleted in 13C compared to the inorganic
carbon source. Most of this isotope fractionation occurs dur-
ing enzymatic CO2 fixation by ribulose-1,5-bisphosphate-
carboxylase/oxygenase (RubisCO). Several studies demon-
strated that isotope fractionation of phytoplankton varies
over a wide range as a function of the environmental con-
ditions and physiological characteristics of the algal species.
Degens et al. (1968) were the first to provide experimental
evidence for a positive correlation between aqueous CO2

concentration [CO2] and carbon isotope fractionation («p) in
marine phytoplankton. More recently isotope fractionation
was shown to be inversely correlated with growth rate (m)
(Fry and Wainright 1991). To account for the combined ef-
fects of m and [CO2], various authors used the «p versus
m/[CO2] relationship for interpreting isotope data. In case of
entirely diffusive CO2 uptake, an inverse linear correlation
between «p and m/[CO2] would be expected (Francois et al.
1993; Laws et al. 1995; Rau et al. 1996). Any deviation from
linearity strongly suggests that processes other than uncata-
lyzed diffusive CO2 influx are involved in carbon acquisition
(Laws et al. 1997; Burkhardt et al. 1999a).

The relationship between [CO2] and isotope fractionation
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suggests that the isotopic composition (d13Corg) of sedimen-
tary organic matter may be used as a proxy for ancient [CO2]
(Jasper and Hayes 1990). The applicability of d13Corg for pa-
leo-CO2 reconstruction strongly depends on the relative im-
pact of factors other than [CO2] on isotope fractionation.
Species-specific differences in «p responses are known to
complicate the interpretation of isotope data in the field (e.g.,
Popp et al. 1998; Burkhardt et al. 1999a). The use of species-
or group-specific marine biomarkers instead of bulk organic
matter can help to circumvent these complications and to
exclude the influence of terrestrial input on sedimentary
d13Corg. Alkenones, a class of long-chain unsaturated ketones,
are exclusively synthesized by haptophytes and are well pre-
served in sediments. They have been successfully applied in
reconstructing paleo–sea surface temperatures (Müller et al.
1998 and references therein) and may also serve as a potent
biomarker in paleo-pCO2 reconstruction (Jasper and Hayes
1990).

In laboratory experiments isotope fractionation of phyto-
plankton cultures yielded inconsistent results with respect to
m and [CO2]. Although a linear dependence between «p and
m/[CO2] was obtained in some studies (e.g., Laws et al.
1995; Bidigare et al. 1997), others indicated relationships
deviating from linearity (e.g., Laws et al. 1997; Burkhardt
et al. 1999a). Comparison of results obtained in chemostat
and batch cultures reveal significant differences in absolute
«p responses (Riebesell et al. 2000b). While growth in a di-
lute batch culture can be controlled by light intensity, cells
in a chemostat grow under nutrient limitation and are com-
monly light saturated. Differences in light conditions were
found to influence isotope fractionation of microalgae
(Thompson and Calvert 1995; Leboulanger et al. 1995). De-
viation from a linear relationship between «p and m/[CO2]
and light dependence in «p indicate active regulation of car-
bon acquisition in phytoplankton.

Here we investigate the isotope fractionation of the alke-
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none-producing coccolithophorid Emiliania huxleyi in rela-
tion to CO2 concentration and light conditions. This marine
phytoplankton species has a global distribution and regularly
forms extensive blooms over large areas of the ocean
(Brown and Yoder 1994). In addition to its importance for
the oceanic carbon cycle (Westbroek et al. 1993), E. huxleyi
is thought to be the predominant producer of alkenones
(Volkman et al. 1980). The primary aim of this study is to
investigate whether the light conditions during growth, i.e.,
photon flux density and irradiance cycle, have a direct effect
on isotope fractionation of E. huxleyi and how this is related
to the effect of CO2 and m.

Material and methods

Experimental setup—The coccolith-bearing strain E. hux-
leyi (PML B92/11) was grown in dilute batch cultures under
different incident photon flux densities (PFDs), irradiance
cycles (continuous light and light : dark [L : D] cycle of 16 :
8 h), and [CO2] at a constant temperature of 158C. The
growth medium consisted of 0.2-mm filtered natural seawater
enriched with metals and vitamins according to f/2 medium
(Guillard and Ryther 1962) and nitrate and phosphate con-
centrations of 100 and 6.25 mmol L21, respectively. The sa-
linity of the seawater batches was 31.5 (at continuous light)
and 29.7 (at L : D cycle 16 : 8 h).

In the experiments five different CO2 concentrations, rang-
ing from 5 to 34 mmol L21, were adjusted by addition of
HCl or NaOH. The pH was measured potentiometrically
with a pH meter (WTW-pH-3000), which was calibrated pri-
or to each experiment. Immediately after pH adjustment, the
2.4-liter borosilicate bottles were closed with Teflon-lined
screw caps to avoid further CO2 exchange. Each treatment
was incubated in triplicate. Photon flux density and irradi-
ance cycles were controlled by a Rumed 1200 light ther-
mostat with daylight fluorescent lamps providing a spectrum
similar to that of sunlight. In the first experiment the cells
were incubated in continuous light at four different PFDs
(15, 30, 80, and 150 mmol photons m22 s21). In the second
experiment we investigated the effect of an L : D cycle (16 :
8 h) at three different PFDs (30, 80, and 150 mmol photons
m22 s21).

During the experiments the cells were allowed to divide
7–9 times. To avoid large changes in the carbonate system
due to cellular carbon uptake, the cells were inoculated at
low concentrations (,300 cells ml21) and harvested at cell
concentrations of 30,000 6 10,000 cells ml21. The drift in
dissolved inorganic carbon (DIC) over the course of the ex-
periment was generally ,3%, ensuring only small changes
in pH, [CO2], nutrient concentrations, and d13C of DIC. Low
cell densities also minimized changes in light intensity due
to self-shading. To keep the cells in suspension, the culture
bottles were gently rotated three times a day.

Sampling and analysis—The carbonate system was cal-
culated from alkalinity, DIC, phosphate, temperature, and
salinity using the dissociation constants of Goyet and Pois-
son (1989). Alkalinity samples were taken from the filtrate
(0.6 mm; QMA filter) and subsequently fixed with HgCl2

solution (140 mg L21 final concentration), stored at 48C, and

measured within 4 weeks. Alkalinity was determined by po-
tentiometric titration in duplicate with 0.05 N HCl solution
(Brewer et al. 1986) and subsequent calculation from linear
Gran plots (Gran 1952). The precision of the measurement
was 63 mmol L21. DIC samples were fixed with HgCl2 so-
lution (140 mg L21 final concentration), tightly closed with-
out headspace, and stored at 48C. Shortly before extraction
and measurements, the samples were gently filtered (0.45-
mm; cellulose acetate filter). Subsequently, all forms of DIC
were converted to CO2 by acidification with H3PO4 and
purged with N2 carrier gas. CO2 was detected coulometri-
cally and titrated potentiometrically (UIC CM 5012). DIC
was measured in duplicate at a precision of 63 mmol L21.
To determine isotopic composition of DIC (d13CDIC), 100 ml
were fixed, stored, and filtered like the DIC samples and
were subsequently extracted in a vacuum line, as described
by Mackensen et al. (1996). Measurements of d13CDIC were
performed with a mass spectrometer (Finnigan MAT 252) at
a precision of 60.03‰. The isotopic composition of CO2

(d13C ) was calculated from d13CDIC using the equation byCO2

Rau et al. (1996) based on Mook et al. (1974):

d13C 5 d13CDIC 1 23.644 2 (9701.5/TK)CO2
(1)

Samples for particulate organic carbon (POC) and total par-
ticulate carbon (TPC) were filtered onto precombusted QMA
filters (5008C; 12 h) and stored at 2258C in precombusted
Petri dishes (5008C; 12 h). Prior to the measurement, POC
filters were fumed with HCl for 2 h to remove all inorganic
carbon. TPC, POC, and relating d13C values were subse-
quently measured in duplicate on a mass spectrometer
(ANCA-SL 20-20), with a precision of 60.5 mg C and
60.5‰, respectively. The isotopic composition is reported
relative to the PeeDee belemnite standard (PDB):

13 12( C/ C)Sample13d C 5 2 1 3 1000 (2)Sample 13 12[ ]( C/ C)PDB

Isotope fractionation during POC formation («p) was calcu-
lated relative to the isotopic composition of CO2 in the me-
dium (Freeman and Hayes 1992):

13 13d C 2 d CCO POC2« 5 (3)p 13d CPOC1 1
1000

Particulate inorganic carbon (PIC) was calculated as the dif-
ference between TPC and POC. d13CPIC was determined ac-
cording to

13 13d C 3 TPC 2 d C 3 POCTPC POC13d C 5 (4)PIC PIC

Isotope fractionation during calcite precipitation («calcite) is
reported relative to the isotopic composition of DIC in the
medium

13 13d C 2 d CDIC PIC« 5 (5)calcite 13d CPIC1 1
1000

Samples for cell counts were fixed with formalin (0.4% final
concentration, buffered with hexamethylenetetramine). At
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low cell densities (101–103 cells ml23), cell concentrations
were determined with an inverted microscope. At higher cell
densities at the end of the experiment (103 cells ml21) a
Coulter Multiziser was used for cell enumerations. The 24-
h specific growth rate (m) was calculated according to Eq.
6, where N0 and Nfin represent the cell concentrations at the
beginning and the end of the experiments, respectively, and
Dt is the corresponding duration of incubation in days:

ln N 2 ln Nfin 0m 5 (6)
Dt

The preadaptation of the cells to the experimental conditions
for at least seven divisions ensured logarithmic growth after
inoculation, which was confirmed by daily cell counts in
control bottles. The sampling during the L : D cycle was con-
ducted at the onset of the light period. Since carbon fixation
only takes place during light, m was corrected for the du-
ration of the photoperiod. This instantaneous growth rate (mi)
represents growth during the photoperiod, enabling us to
compare growth rates at different L : D cycles.

m 3 (L 1 D)
m 5 (7)i L 2 D 3 r

L and D represent the length of the light and dark period,
respectively, and r accounts for the respiratory carbon loss
during the dark period, assuming r equals 0.15 (Laws and
Bannister 1980). As long as the cellular organic carbon con-
tent (POC cell21) remains constant, mi can be directly com-
pared between different treatments. In the case of varying
carbon cell quota, mi should be expressed as carbon-specific
growth rate (mC) representing carbon fixation during the pho-
toperiod.

mC 5 (POC cell21) 3 mi (8)

Results

Growth rates—Growth rates (m) of E. huxleyi ranged from
0.5 to 1.2 d21 (Table 1). Over the investigated range of
[CO2], m was largely independent of [CO2] within PFD treat-
ments. Light intensity had a strong effect on growth rate. At
both irradiance cycles m increased with increasing PFDs and
appeared to level off above PFD 80 mmol m22 s21 at con-
tinuous light. Growth rates obtained under the L : D cycle
were only slightly below those at continuous light.

Carbon-specific growth rates (mC) varied between 3.5 and
22.8 pg C cell21 d21 (Fig. 1). Since cellular organic carbon
content (POC cell21) generally increased with increasing
[CO2] (Table 1), the same trend is observed between mC and
[CO2]. PFD-dependent variation in POC cell21 was more
than twofold and caused the largest variation in mC. Since
24-h growth rates (m) differed only slightly between irradi-
ance cycles, carbon-specific growth rates during the photo-
period at the L : D cycle generally exceeded those under con-
tinuous light at comparable [CO2].

The inorganic carbon (calcite) content per cell (PIC cell21)
increased with PFDs and decreased with increasing [CO2] in
all treatments but at PFD 15 mmol m22 s21 (Table 1). Owing
to the concomitant increase in POC cell21, the PIC/POC ratio

significantly decreased with [CO2] in all treatments (P ,
0.001 ANOVA, F-test).

Carbon isotope fractionation—Values of «p varied be-
tween 14.7 and 17.8‰ under continuous light and between
6.7 and 12.3‰ at the L : D cycle (Fig. 2). Isotope fraction-
ation was largely independent of the ambient CO2 concen-
tration, i.e., variations in «p were generally less than 2‰ and
showed no clear trend over the investigated [CO2] range.
Only at PFD 150 mmol m22 s21 under the L : D cycle was a
positive trend of «p with [CO2] obtained at concentrations
,15 mmol CO2 L21.

Considering each PFD treatment separately yields no con-
sistent relationship between «p and mC (Fig. 3). Combining
all PFD treatments of the same irradiance cycle, a positive
correlation between mC and «p is observed (P , 0.001). In
other words, E. huxleyi discriminates against 13C more
strongly at high compared to low light intensities, despite its
higher rate of carbon fixation under high PFDs. Compared
to continuous light, the L : D cycle of 16 : 8 h caused sub-
stantially lower «p values of about 8‰. This offset in «p

between irradiance cycles cannot be explained by the day-
length-dependent differences in mC, since for the same PFD
treatment mC differences are comparatively small and their
ranges partly overlap.

To examine the combined effects of [CO2] and mC we
plotted «p versus mC/[CO2] (Fig. 4). Although the «p versus
mC/[CO2] relationships of individual PFD treatments show
no consistent trend, the slopes seem to change with light
intensity. At high PFDs, the relationship was inversely cor-
related, whereas at low PFDs no clear dependence between
«p and mC/[CO2] existed. Moreover, the data of the different
irradiance cycles still show a significant offset in «p and thus
cannot be described by the same regression. Consequently,
most of the variance in the data cannot be explained by
changes in [CO2] and mC.

In addition to the effect of the irradiance cycle on isotope
fractionation, a PFD effect is indicated, i.e., at high PFDs
the isotope fractionation is higher than at low PFDs. In view
of the small variability of «p within each PFD treatment, we
pooled the data and plotted «p versus PFD (Fig. 5). In both
irradiance cycles «p and PFDs were positively correlated (P
, 0.001). At continuous light, the increase in «p with in-
creasing light intensity leveled off above PFD 80 mmol m22

s21.
The carbon isotope composition of the coccolith calcite

(d13C-PIC) increased by 3 to 4‰ with increasing PFDs (Ta-
ble 1). Owing to the large variability in the data, however,
this trend is statistically not significant (P . 0.05). «calcite

values (expressed relative to d13C-DIC) varied between 21.5
and 4.2‰ and showed no trend with [CO2], «p, and PIC/
POC.

Discussion

CO2 concentration and growth rates—Phytoplankton car-
bon isotope fractionation («p) has been a subject of consid-
erable research over the last decade. Although a number of
factors could be identified to influence «p, their relative im-
portance to the overall isotopic signal is still uncertain.
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Table 1. Experimental conditions, carbon quota, growth rates, and isotope measurements in dilute batch culture incubation: irradiance
cycle (L:D; in h:h), PFD (mmol m22 s21), [CO2] (mmol L21), pH, POC/cell (pg C cell21), PIC/cell (pg C cell21), PIC/POC, m (d21), mi (d21),
mc (pg C cell21 d21), d13CDIC (‰), d13C (‰), d13CPOC (‰), d13CPIC (‰), «p (‰), and «calcite (‰) (see text for definition of variables). ValuesCO2

represent the mean of triplicate incubations (n 5 3).

L:D PFD [CO2] pH
POC/
cell

PIC/
cell

PIC/
POC m mi mc d13CDIC d13CCO2

d13CPOC d13CPIC «p «calcite

24:0 15
15
15
15
15

33.8
30.4
19.2
19.9
13.2

7.84
7.89
8.07
8.06
8.23

7.23
6.60
6.73
6.74
6.63

2.46
2.57
2.95
2.73
2.79

0.34
0.39
0.44
0.41
0.42

0.54
0.54
0.53
0.54
0.53

0.54
0.54
0.53
0.54
0.53

3.89
3.58
3.54
3.63
3.51

0.17
20.45
20.42
20.32
20.18

29.85
210.47
210.44
210.35
210.21

224.66
224.97
224.76
224.57
225.69

20.95
22.14
24.24
22.97
24.40

15.18
14.87
14.68
14.58
15.89

1.13
1.71
3.84
2.65
4.24

30
30
30
30
30

27.3
23.2
18.6
16.9
11.9

7.92
7.99
8.08
8.12
8.27

9.91
9.18
7.79
8.16
7.21

5.02
5.43
5.25
5.62
5.65

0.51
0.59
0.67
0.69
0.78

0.81
0.76
0.81
0.83
0.77

0.81
0.76
0.81
0.83
0.77

8.02
7.02
6.28
6.80
5.52

0.01
0.05

20.34
20.15
20.44

210.01
29.98

210.36
210.17
210.46

224.95
225.54
225.51
225.60
226.30

0.10
20.48
20.85
22.67
23.13

15.32
15.97
15.55
15.84
16.27

20.08
0.53
0.51
2.53
2.70

80
80
80
80
80

29.2
27.3
19.5
19.3
11.7

7.90
7.93
8.07
8.07
8.27

14.55
12.27
12.65
10.63
10.30

7.62
8.03
8.85
8.42
8.55

0.52
0.65
0.70
0.79
0.83

1.16
1.12
1.03
1.08
1.02

1.16
1.12
1.03
1.08
1.02

16.92
13.72
12.98
11.50
10.53

20.16
0.05
0.55

20.42
20.70

210.18
29.98
29.47

210.45
210.73

226.60
226.61
226.78
226.80
226.56

0.18
0.00

20.34
0.04
0.04

16.87
17.09
17.78
16.81
16.27

20.34
0.05
0.90

20.46
20.75

150
150
150
150
150

30.0
22.6
17.9
16.8
11.7

7.88
8.00
8.09
8.12
8.27

14.30
12.04
12.81
10.99
10.20

7.96
8.02
8.61
8.00
8.98

0.56
0.67
0.67
0.73
0.88

0.93
0.98
1.10
1.15
1.09

0.93
0.98
1.10
1.15
1.09

13.26
11.76
14.03
12.59
11.08

0.02
0.37

20.36
20.24
20.11

210.01
29.65

210.38
210.26
210.14

227.20
226.31
227.03
227.30
226.58

0.58
1.70
1.76
0.92
0.48

17.67
17.11
17.11
17.51
16.89

20.56
21.32
22.11
21.15
20.60

16:8 30
30
30
30
30

32.1
23.8
16.2
10.9
5.3

7.84
7.97
8.13
8.29
8.57

5.90
5.66
9.15
7.48
6.29

3.70
3.71
5.73
5.07
5.14

0.63
0.66
0.63
0.68
0.82

0.66
0.66
0.74
0.68
0.65

1.07
1.08
1.20
1.10
1.06

6.34
6.10

10.99
8.23
6.67

0.45
0.31
0.18
0.14
0.10

29.58
29.71
29.85
29.88
29.92

217.19
216.29
217.28
216.43
217.45

21.39
20.15
21.73
21.14
21.74

7.74
6.68
7.56
6.66
7.66

1.84
0.46
1.91
1.28
1.84

80
80
80
80
80

32.2
24.2
16.3
12.5
5.5

7.84
7.96
8.12
8.23
8.55

13.42
14.67
10.74
11.03
8.29

8.51
8.75
8.39
8.18
8.50

0.64
0.60
0.78
0.74
1.03

0.94
0.96
1.06
0.99
0.98

1.52
1.55
1.71
1.61
1.59

20.41
22.75
18.39
17.72
13.19

0.43
0.16

20.22
0.14
0.82

29.60
29.86

210.24
29.89
29.21

219.15
219.93
218.01
219.43
217.74

20.34
23.36

0.09
21.15
20.23

9.74
10.27

7.91
9.73
8.69

0.77
3.54

20.31
1.29
1.05

150
150
150
150
150

27.2
21.3
18.4
12.4
5.6

7.93
8.03
8.09
8.25
8.56

9.07
9.69
8.59
8.48
8.28

7.01
7.76
7.28
8.08
8.49

0.77
0.80
0.85
0.95
1.02

1.08
1.10
1.10
1.15
1.09

1.75
1.78
1.78
1.86
1.77

15.86
17.29
15.32
15.82
14.63

20.30
20.32
20.20
20.24
20.70

210.32
210.35
210.22
210.27
210.72

221.99
222.05
221.86
220.85
219.73

22.17
21.53
20.78
21.15
20.92

11.93
11.97
11.90
10.81

9.19

1.88
1.21
0.58
0.91
0.22

While some authors attributed much of the variation in car-
bon isotopic composition of phytoplankton to ambient [CO2]
(e.g., Deuser et al. 1968; Popp et al. 1998), more recent
investigations indicate only a weak dependence of «p on
[CO2]. Burkhardt et al. (1999a) investigated isotope frac-
tionation of various microalgae under high PFDs and nutri-
ent replete conditions and found the CO2-dependent respons-
es in «p to be smaller than 3‰ over a range of 3 to 25 mmol
CO2 L21. In the present study, variations in «p were generally
smaller than 2‰ and showed no systematic trend over the
investigated range of 5 to 35 mmol CO2 L21 (Fig. 2).

Several authors have emphasized an effect of growth rate
on isotope fractionation (e.g., Fry and Wainright 1991; Laws
et al. 1995, 1997; Rau et al. 1996). In this study, «p was
positively correlated with carbon-specific growth rates (mC)
in both irradiance cycles (Fig. 3). This result contradicts the
inverse correlation between «p and growth rate as proposed

in various models of isotope fractionation (e.g., Francois et
al. 1993; Laws et al. 1995; Rau et al. 1996). Since both mC

and [CO2] varied in our experiments, their combined effects
may be responsible for some of the variations in «p. If these
two parameters are the dominant factors determining isotope
fractionation, the different treatments should follow more or
less the same «p versus mC/[CO2] relationship. This, however,
is not indicated by the data of our study, which yield dif-
ferent trends between PFD treatments and a significant offset
between irradiance cycles (Fig. 4). These results demonstrate
that in addition to [CO2] and mC, other factors must be re-
sponsible for much of the variation in «p.

Light intensity and irradiance cycles—Isotope fraction-
ation positively correlated with photon flux density (Fig. 5).
Since growth rates increased with PFDs, this finding is in-
consistent with theoretical considerations and experimental
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Fig. 1. Carbon-specific growth rates (mC) as a function of [CO2]
at different light conditions. Open symbols and closed symbols rep-
resent the incubation at (a) continuous light and (b) the 16 : 8 h
light : dark cycle. Symbols denote for light intensities PFD 15, PFD
30, PFD 80, and PFD 150. Error bars represent 61 standard devi-
ation of triplicate incubations (n 5 3).

Fig. 3. Isotope fractionation («p) as a function of carbon-specific
growth rate (mC). Symbols and error bars as in Fig. 1.

Fig. 2. Isotope fractionation («p) as a function of [CO2]. Sym-
bols and error bars as in Fig. 1.

Fig. 4. Relationship between mC/[CO2] and isotope fractionation
(«p). Symbols and error bars as in Fig. 1.

results obtained under constant light conditions, suggesting
an inverse relationship between «p and m (e.g., Laws et al.
1995, 1997; Bidigare et al. 1997). A direct effect of PFDs
on «p is also indicated in Fig. 3, showing «p values increasing
with PFDs, despite a concomitant increase in growth rate.
Thus, light intensity has a stronger effect on «p than growth
rate under these experimental conditions. Thompson and
Calvert (1995) investigated the effect of PFDs and daylength
on the isotope fractionation of E. huxleyi. In accordance with
their data we found that variations in «p were more closely
related to irradiance than to growth rate.

Burkhardt et al. (1999b) investigated the effect of different
irradiance cycles on instantaneous growth rates (mi) and «p.
One group of diatoms showed up to 6‰ lower «p values in
an L : D cycle of 16 : 8 h compared to algae growing under
continuous light. In our investigation the effect of the irra-
diance cycle was even stronger, yielding approximately 8‰
lower «p values for the L : D cycle compared to continuous
light. Burkhardt et al. (1999b) attributed this response in «p
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Fig. 5. Isotope fractionation («p) as a function of photon flux
density (PFD). Symbols as in Fig. 1, error bars represent 61 stan-
dard deviation of the pooled data (n 5 15).

Fig. 6. Comparison of the relationship between mC/(CO2 3 S)
and isotope fractionation («p) obtained by Bidigare et al. (1997) and
in the present study. Chemostat data of the calcifying strain B92/
11 (3) and noncalcifying strain BT6 (1) incubated under contin-
uous light at ca. 250 mmol photons m22 s21. Symbols of the dilute
batch culture as in Fig. 1.to an increase in instantaneous growth rates with decreasing

daylength. In our study, however, daylength-dependent
changes in mC cannot explain the magnitude of this differ-
ence in «p because carbon-specific growth rates largely over-
lap between irradiance cycles (Fig. 3). This is partly due to
the lower cellular carbon quota at the L : D cycle (Table 1).
The offset in «p between continuous light and the L : D cycle
still persists in a «p versus mC/[CO2] plot (Fig. 4). Conse-
quently, our results suggest an effect of irradiance cycle on
isotope fractionation, which is independent of its effect on
growth rate.

If this effect is representative for the natural environment,
it may explain some of the variability in d13C of suspended
organic matter in the ocean. For instance, distinct latitudinal
differences in d13Corg were previously attributed to the tem-
perature-dependent increase in CO2 concentration (Rau et al.
1989). Based on the results of this study it may also be
related to the dependence of «p on the duration of the pho-
toperiod, which increases with latitude during the phyto-
plankton growth season. This could be due to the effect of
both daylength-dependent differences in instantaneous
growth rate (Burkhardt et al. 1999b) and the direct effect of
the irradiance cycle on «p as found in this study.

Nitrate- versus light-controlled growth—Various studies
using different experimental approaches yielded inconsistent
«p responses in relation to [CO2] and/or growth rate. Isotope
fractionation by the calcifying strain (B92/11) and a naked
strain (BT 6) of E. huxleyi was previously investigated by
Bidigare et al. (1997). In their experiments cells were in-
cubated in nitrate-limited chemostats under continuous light
with PFDs of ca. 250 mmol m22 s21 and a constant temper-
ature of 188C. According to our results isotope fractionation
of E. huxleyi strongly depends on the light conditions during
growth. A comparison of our results with those of Bidigare
et al. (1997), therefore, should encompass only data obtained
at high PFDs and continuous light. Direct comparison of
these two data sets indicates higher «p values and a consid-
erably steeper slope in «p versus mC/[CO2] in the study of

Bidigare et al. (1997) (not shown). Significant differences in
«p responses of various algal species were related to differ-
ences in the ratio of cellular organic carbon content to sur-
face area (Rau et al. 1996; Popp et al. 1998). Although the
same algal species was used, cellular carbon content varied
nearly threefold in our experiments and was reported to re-
main constant in the study of Bidigare et al. (1997). We
therefore calculated the surface area (S) of E. huxleyi by
using the relationship between carbon cell quota and cell
volume (Montagnes et al. 1994) and compared the two data
sets in an «p versus mC/(CO23 S) plot (Fig. 6). Accounting
for cell size, however, did not significantly reduce the dif-
ferences in «p responses between Bidigare et al. (1997) and
our study.

If the factors [CO2], mC, irradiance, and cell size do not
explain the apparent differences in «p responses between ni-
trate-limited chemostat and light-controlled batch cultures,
other factors associated to the culture conditions may be re-
sponsible. In a chemostat, algal cells usually grow under
light saturation and continuous light. Growth rates in che-
mostat incubations of Bidigare et al. (1997) were controlled
by nutrient supply, i.e., by the dilution rate, and ranged from
0.2 to 0.6 d21. Higher growth rates could not be attained in
their experiments as higher dilution rates apparently resulted
in wash out of the cells. In our light-controlled batch cultures
nutrients were replete and high PFDs consequently led to
high growth rates. Owing to these differences in growth
rates, the mC/(CO2 3 S) values of the chemostat incubations
were generally smaller than in the comparable PFD treat-
ment of our batch cultures (Fig. 6). It cannot be ruled out
that the trends converge and thus may be described by the
same function. In that case, the resulting nonlinear relation-
ship between «p and mC/(CO2 3 S) would indicate a change
in inorganic carbon acquisition of E. huxleyi over the range
of mC/(CO2 3 S) values covered by these two studies.
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Mechanisms of isotope fractionation—Isotope fraction-
ation models based on diffusive CO2 supply predict a neg-
ative linear correlation between «p and mC/[CO2] with a y-
intercept close to the isotope fractionation of RubisCO
(Francois et al. 1993; Laws et al. 1995; Rau et al. 1996).
Since our data show significant deviations from these pre-
dictions, an exclusive CO2 uptake by diffusion is not indi-
cated for E. huxleyi. In fact, increasing isotope fractionation
with increasing growth rates requires active carbon uptake,
suggesting the operation of a carbon concentrating mecha-
nism (CCM) in E. huxleyi (Nimer and Merret 1996; Laws
et al. 1998). Light has been suggested to influence the CCM
of microalgae (e.g., Badger and Price 1992; Sültemeyer et
al. 1993). The mechanism underlying the observed light ef-
fect on «p is therefore most likely related to the CCM of E.
huxleyi. According to theoretical considerations, active car-
bon uptake can affect isotope fractionation in different ways,
as will be discussed below.

Sharkey and Berry (1985) developed a model in which
isotope fractionation is ultimately determined by the isotopic
composition of the inorganic carbon source and the leakage,
defined as the ratio of carbon efflux (Fout) to carbon influx
(Fin):

Fout« 5 a« 1 « (9)p S f Fin

where «S represents the equilibrium discrimination between
the carbon sources CO2 and HCO (ca. 210‰; Mook et al.2

3

1974) and «f is the kinetic fractionation by RubisCO (ca.
28‰; see review by Raven and Johnston 1991). Since the
original model allowed for only one inorganic carbon source,
Burkhardt et al. (1999b) extended the model by including a
factor a, which is the fractional contribution of HCO to2

3

total carbon uptake. Since HCO is enriched in 13C relative2
3

to CO2, an increasing proportion of HCO uptake decreases2
3

the apparent isotope fractionation «p, which is defined rela-
tive to CO2 as the carbon source. Assuming no change in
the inorganic carbon source, «p increases with increasing
leakage. In case of CO2 as the only carbon source and leak-
age being high (Fout/Fin approaching 1) «p approaches «f. At
low leakage most of the CO2 entering the cell is fixed into
organic compounds, and «p approaches the isotopic compo-
sition of the inorganic carbon source.

If inorganic carbon is taken up in an energy-dependent
process, the observed effect of PFDs and irradiance cycle on
«p of E. huxleyi reflects changes in leakage and/or in the
inorganic carbon source. The PFD dependence on «p could
be the result of Fin increasing with PFDs at a rate higher
than carbon fixation. Alternatively, it could indicate a change
from CO2 to HCO uptake at low PFDs. Based on results2

3

of Thompson and Calvert (1995), Laws et al. (1998) con-
cluded that E. huxleyi uses HCO as the primary carbon2

3

source at low growth rates (i.e., low PFDs) and changes to
active CO2 uptake at high growth rates (i.e., high PFDs).
However, an increasing proportion of HCO uptake at low2

3

growth rate seems unlikely since the relative contribution of
diffusive CO2 uptake to overall carbon acquisition should be
highest under conditions of reduced ‘‘carbon demand.’’
Moreover, energy limitation at low PFDs may restrain en-
ergy-dependent uptake of HCO .2

3

Owing to its high apparent half-saturation (K1/2) values for
photosynthetic CO2 fixation, E. huxleyi is thought to rely on
diffusive CO2 uptake (Raven and Johnston 1991). In this
regard it is noteworthy that CO2 had little effect on growth
rates within each PFD treatment, i.e., cell division was not
stimulated by increasing [CO2] (Table 1). Carbon-specific
growth rates, however, showed a CO2-dependent increase
under high PFDs (Fig. 1). It seems that although E. huxleyi
is able to control its carbon acquisition to some extent, this
mechanism is not efficient enough to reach carbon saturation
under high PFDs. These results are consistent with Nimer
and Merret (1993), who showed that at PFDs of 50 mmol
m22 s21 photosynthetic 14CO2 fixation of E. huxleyi was car-
bon saturated at 1 mM DIC, but at PFDs of 300 mmol m22

s21 it was not saturated at DIC concentrations of 2 mM (see
also Paasche 1964).

The dependence of «p on the irradiance cycle could be
caused by a higher proportion of HCO uptake at the L : D2

3

cycle compared to continuous light and/or lower leakage due
to daylength-dependent increase in mC. The latter process can
only account for part of the observed offset due to the small
difference in mC between irradiance cycles (see above). How-
ever, this finding supports the alternative explanation that E.
huxleyi increasingly uses HCO with decreasing daylength.2

3

HCO can either be used by direct uptake or by extracellular2
3

conversion by carbonic anhydrase (CA) followed by diffu-
sion or active uptake of CO2. In the latter case the isotope
fractionation associated with the conversion by CA would
eliminate the isotopic difference between HCO and CO2

2
3

and make the two carbon sources isotopically indistinguish-
able (Riebesell and Wolf-Gladrow 1995). Hence the lower
«p values in our study are therefore consistent with a direct
rather than a CA-mediated uptake of HCO . This interpre-2

3

tation is in accordance with the results of previous studies,
finding little or no external CA activity for E. huxleyi (Sikes
and Wheeler 1982; Nimer et al. 1994).

The apparent difference in HCO use of E. huxleyi as a2
3

function of daylength bears an interesting resemblance to
macroalgae growing in different areas of the tidal zone. Ow-
ing to the tidal cycle, intertidal species are restricted in the
length of time they can photosynthesize. To overcome this
shortcoming they seem to have developed a very efficient
form of photosynthesis based on HCO use with high affin-2

3

ities for CO2 and HCO and low «p values (Johnston et al.2
3

1992). In contrast, subtidal species tend to rely on CO2 and
consequently have higher «p values.

It has been proposed that E. huxleyi is able to use
HCO through the process of calcification, suggesting a cou-2

3

pling between calcification and photosynthesis (Sikes et al.
1980; Nimer and Merret 1993). In that case, the ratio of
inorganic to organic carbon production (PIC/POC) should
have an effect on «p. HCO was shown to be the main car-2

3

bon source for calcification (Sikes et al. 1980). This is also
indicated by d13C-PIC values in our study (Table 1), which
are close to the d13C of DIC (and hence HCO ). At increas-2

3

ing PIC/POC ratios the impact of calcification-mediated
HCO use on photosynthetic CO2 fixation should increase2

3

and therefore cause a decrease in «p. In our experiments,
however, «p values rather increased with PIC/POC (Table 1).
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Based on the present data, a close coupling between calci-
fication and photosynthetic CO2 fixation cannot be verified.

Implications for paleoreconstructions—The use of the
carbon isotope signal in bulk and compound-specific marine
organic matter for geochemical and paleoceanographic ap-
plications strongly relies on the premise that isotope frac-
tionation in phytoplankton is largely determined by a small
number of environmental and cellular parameters. If repre-
sentative for the natural environment, the results of this study
severely compromise this premise. They suggest that the ef-
fect of light intensity and the irradiance cycle on carbon
isotope fractionation in Emiliania huxleyi is equally strong
or stronger than that of CO2 concentration and algal growth
rate. This finding further complicates the use of alkenone
isotope data for reconstructing paleo-CO2 (Rau et al. 1989;
Jasper and Hayes 1990) and/or paleogrowth rates (Laws et
al. 1995). The interpretation of marine carbon isotope data
thus requires knowledge of the light conditions prevailing
during organic matter production.

Light levels in the ocean’s upper mixed layer differ strong-
ly on both temporal and spatial scales due to seasonal as
well as latitudinal/regional differences in vertical mixing, in-
cident light intensities, and duration of the photoperiod. This
precludes the use of a single «p versus m/[CO2] relationship
for the entire ocean but necessitates an account of regional
differences in light conditions for «p calibrations. A further
complication may arise from «p dependence on the growth-
limiting resource, i.e., the factor ultimately controlling phy-
toplankton growth rate. Such an effect has been suggested
by Riebesell et al. (2000a) for the marine diatom Phaeo-
dactylum tricornutum and may also be present in E. huxleyi
as indicated by a comparison of «p responses obtained in
nutrient-limited chemostat and light-controlled batch cul-
tures (Fig. 6). Algal growth conditions may also influence
the isotopic offset between total cell material and individual
cellular compounds such as alkenones (Riebesell et al.
2000b). If applicable to the natural environment, these find-
ings imply that explaining the observed variability in organic
matter d13C in the modern ocean as well as in marine sedi-
ments requires extensive knowledge of the environmental
conditions determining phytoplankton growth.

The physical forcing controlling surface ocean nutrient
and mixing regimes, and hence phytoplankton growth con-
ditions, shows large-scale geographical patterns. This has led
Longhurst (1998) to partition the ocean into biogeochemical
provinces, areas that share a common physical forcing. The
environmental conditions controlling phytoplankton growth
dynamics strongly differ between these provinces, support-
ing a wide range of pelagic ecosystems from high-biomass
new production systems to low-biomass recycling systems.
Within provinces, growth conditions are more or less uni-
form in space and to a certain degree predictable in time
with respect to seasonal variations. Once a solid understand-
ing of the multiple factors and processes determining isotope
fractionation in key phytoplankton species has been
achieved, it may become feasible to develop and apply «p

calibrations for individual Longhurst provinces. Since the
geographical boundaries between biogeochemical provinces
are expected to have shifted over geological time, however,

applying this approach in paleoreconstructions may still
prove difficult. Variation in the carbon isotope signature in
down-core records at any given location may therefore re-
flect shifts in the geographical distribution of biogeochemi-
cal provinces as well as large-scale changes in environmental
conditions. The above discussion implies that any sensible
application of this proxy requires a much better understand-
ing of the relevant factors and processes involved in phy-
toplankton carbon isotope fractionation.

This study indicates that a single uniform relationship for
«p versus m/[CO2] does not exist in the alkenone-producing
coccolithophorid Emiliania huxleyi, even if differences in
cellular carbon content and cell surface area are accounted
for. Highest sensitivity in «p was obtained in response to
changes in photon flux densities and irradiance cycles. These
«p responses were independent of the associated changes in
growth rates and imply active carbon acquisition in E. hux-
leyi. These findings may compromise the use of alkenone
d13C as a proxy in paleoreconstructions.
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Carbon acquisition of bloom-forming marine phytoplankton
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Abstract

Carbon acquisition in relation to CO2 supply was investigated in three marine bloom-forming microalgae, the
diatom Skeletonema costatum, the flagellate Phaeocystis globosa, and the coccolithophorid Emiliania huxleyi. In
vivo activities of extracellular (eCA) and intracellular (iCA) carbonic anhydrase activity, photosynthetic O2 evolu-
tion, CO2 and HCO uptake rates were measured by membrane inlet mass spectrometry in cells acclimated to pCO2

2
3

levels of 36, 180, 360, and 1,800 ppmv. Large differences were obtained between species both with regard to the
efficiency and regulation of carbon acquisition. While eCA activity increased with decreasing CO2 concentration in
S. costatum and P. globosa, consistently low values were obtained for E. huxleyi. No clear trends with pCO2 were
observed in iCA activity for any of the species tested. Half saturation concentrations (K1/2) for photosynthetic O2

evolution, which were highest for E. huxleyi and lowest for S. costatum, generally decreased with decreasing CO2

concentration. In contrast, K1/2 values for P. globosa remained unaffected by pCO2 of the incubation. CO2 and
HCO were taken up simultaneously by all species. The relative contribution of HCO to total carbon uptake2 2

3 3

generally increased with decreasing CO2, yet strongly differed between species. Whereas K1/2 for CO2 and HCO2
3

uptake was lowest at the lowest pCO2 for S. costatum and E. huxleyi, it did not change as a function of pCO2 in
P. globosa. The observed taxon-specific differences in CO2 sensitivity, if representative for the natural environment,
suggest that changes in CO2 availability may influence phytoplankton species succession and distribution. By mod-
ifying the relative contribution of different functional groups, e.g., diatomaceous versus calcareous phytoplankton,
to the overall primary production this could potentially affect marine biogeochemical cycling and air–sea gas
exchange.

Marine phytoplankton account for approximately 50% of
global primary production (Falkowski et al. 1998). Changes
in the oceanic primary production over geological timescales
have influenced biogeochemical cycles and thus atmospheric
pCO2 levels. Of the approximately 20,000 phytoplankton
species (Falkowski and Raven 1997), however, only a rela-
tively small number of key species control the cycling of
carbon and other bioelements. Among these, bloom-forming
phytoplankton play a major role in determining vertical flux-
es of particulate material. With respect to their specific ef-
fects on biogeochemical cycling, phytoplankton can be sep-
arated into so-called functional groups (Falkowski et al.
1998), such as silicifying and calcifying phytoplankton, fla-
gellates, and N2-fixating cyanobacteria. The relative contri-
bution of each of these groups to marine primary production
largely determines biogeochemical cycling in the ocean and
the interplay between the various bioelements. What deter-
mines the distribution and succession of phytoplankton in
space and time, especially with respect to the different func-

1 Corresponding author (brost@awi-bremerhaven.de).
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tional groups, remains one of the central but still unresolved
questions in biological oceanography.

Until recently, the potential role of inorganic carbon ac-
quisition in marine phytoplankton ecology and evolution has
largely been ignored, particularly since dissolved inorganic
carbon in seawater is always in excess relative to other plant
nutrients. The primary carboxylating enzyme, Ribulose-1,5
bisphosphate carboxylase/oxygenase (RubisCO), however, is
restricted to CO2 for carbon fixation. Owing to the low con-
centrations of aqueous CO2 present in seawater (5–25 mmol
L21) and the poor substrate affinity of RubisCO for CO2 (KM

of 20–70 mmol L21, Badger et al. 1998) photosynthesis of
phytoplankton may suffer from CO2 limitation. To overcome
the low CO2 affinity of their main carboxylating enzyme,
most microalgae have developed mechanisms to enhance
their intracellular CO2 concentration relative to external con-
centrations. These CO2 concentrating mechanisms (CCMs)
comprise active uptake of CO2 and/or HCO into the algal2

3

cell and/or the chloroplast (e.g., Amoroso et al. 1998). The
enzyme carbonic anhydrase (CA), which accelerates the oth-
erwise slow rate of conversion between HCO and CO2, is2

3

also involved in most CCMs. Significant differences in the
catalytic efficiency of RubisCO exist between major algal
and cyanobacterial taxa (Badger et al. 1998). These taxo-
nomic differences seem to be reflected in the efficiency of
their CCMs, i.e., with decreasing CO2 affinity of RubisCO
the capacity of cells to concentrate inorganic carbon increas-
es (Tortell 2000). Raven (1997) suggested that differences
in inorganic carbon acquisition could also impose other re-
source requirements. After all, differences in the efficiency
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and regulation of carbon acquisition between phytoplankton
species as well as taxonomic groups may well affect their
relative fitness in a resource-limited environment.

In the present study we investigated the changes in carbon
acquisition of marine microalgae in response to changes in
CO2 supply. Our test organisms, the diatom Skeletonema
costatum, the flagellate Phaeocystis globosa, and the coc-
colithophorid Emiliania huxleyi, representatives of three
phytoplankton functional groups, are all bloom forming and
have a worldwide distribution. In each of these species we
examined photosynthetic O2 evolution and quantified CO2

and HCO fluxes across the plasmalemma during steady-2
3

state photosynthesis by the use of membrane inlet mass spec-
trometry (Badger et al. 1994). Moreover, activities of extra-
cellular and intracellular CA were determined by monitoring
18O exchange from doubly labeled 13C18O2 (Palmqvist et al.
1994). The results of this study are discussed with respect
to the considerable variability in CO2 availability, both on
glacial–interglacial time scales and in view of the present
rise in atmospheric pCO2. A better understanding of the
mechanisms determining the efficiency and regulation of
carbon acquisition may help to improve our ability to predict
the responses of marine phytoplankton to future environ-
mental changes.

Material and methods

Culture conditions and sampling—Skeletonema costatum,
Phaeocystis globosa (both strains collected in the North Sea
and maintained in stock culture for some years), and a cal-
cifying strain of Emiliania huxleyi (B92/11) were grown at
158C in 0.2-mm-filtered and unbuffered seawater (salinity
32), which was enriched with nutrients according to f/2 me-
dium (Guillard and Ryther 1962). Batch cultures were grown
in 1-liter glass tubes under continuous light and an incident
photon flux density (PFD) of 180 mmol photons m22 s21. Air
containing CO2 partial pressures (pCO2) of 36, 180, 360, and
1,800 ppmv was sparged continuously through the cultures,
which resulted in a range of pH values between 9.1 and 7.6
(Burkhardt et al. 2001). Prior to mass spectrometric analysis
cells were acclimated to the respective conditions for at least
3 d. Cultures in which the pH has shifted significantly in
comparison to the cell-free medium at the respective pCO2

(pH drift . 0.05) were excluded from further analysis.
Prior to the measurements, 800 ml of culture were har-

vested by centrifugation (500–1,000 3 g, 158C, 4 min) and
the pellet was subsequently washed in CO2-free f/2 medium,
buffered with 2-[4-(2-Hydroxyethyl)-1-piperazinyl]-ethane-
sulfonic acid (HEPES, 50 mmol L21, pH 8.0). A subsample
of the culture was used for potentiometric pH measurements.
Samples for the determination of chlorophyll a (Chl a) con-
centration were taken after the measurements by centrifuging
2 ml of the cell suspension (4,500 3 g, 4 min). Chl a was
subsequently extracted in 1 ml of methanol (1 h in darkness,
at 48C) and determined spectrophotometrically at 652 and
665 nm. Chl a concentrations in the cultures ranged from 4
to 35 mg L21 at the time of sampling.

Cell-free samples from each pCO2 incubation were taken
for measurements of dissolved inorganic carbon (Ci) and

alkalinity (Alk) in order to determine the carbonate system.
Ci and Alk were determined by coulometry (Johnson et al.
1993) and Gran titration (Gran 1952), respectively. The car-
bonate system was then calculated from Ci, Alk, tempera-
ture, salinity, and concentrations of phosphate and silicate
using the dissociation constants of Goyet and Poisson
(1989).

Determination of CA activity—CA activity was deter-
mined from the 18O depletion of doubly labeled 13C18O2 in
water caused by several hydration and dehydration steps of
CO2 and HCO (Silverman 1982). This mass spectrometric2

3

procedure allows the determination of CA activity from in-
tact cells under conditions similar to those during growth
and differentiates between extracellular CA (eCA) and intra-
cellular CA (iCA) activity (Silverman 1982; Burkhardt et al.
2001). All measurements were carried out in an 8-ml ther-
mostated cuvette, which was attached to a quadrupole mass
spectrometer (MSD 5970; Hewlett Packard) via a semiper-
meable membrane inlet system. Changes in the concentra-
tions of the CO2 isotopes 13C18O18O (m/z 5 49), 13C18O16O
(m/z 5 47) and 13C16O16O (m/z 5 45) were recorded contin-
uously and calculated as

13 18( C O ) 3 100218O log(enrichment) 5 log
13CO2

(49) 3 100
5 log (1)

45 1 47 1 49

Measurements of eCA and iCA activities were performed
in CO2-free f/2 medium buffered with 50 mmol L21 HEPES
(pH 8.0) at 158C. If not stated otherwise, all assays were
carried out in the dark. 1 mmol L21 NaH13C18O3 was added
and the uncatalyzed rate of 18O loss was recorded for about
8 min followed by the addition of 50–150 ml of the resus-
pended cells to yield a final Chl a concentration of 0.4–3
mg ml21. Examples for the change in log (enrichment) upon
the addition of algal cells to the cuvette in the dark are given
in Fig. 1. For calculation of eCA activity, the linear decrease
in 18O atom fraction after the addition of the sample (S2) was
compared to the noncatalyzed decline (S1) and normalized
on a Chl a basis (Badger and Price 1989):

(S 2 S ) 3 1002 1U 5 (2)
S 3 mg Chl a1

iCA activity was estimated from the rapid decline in log
(enrichment) upon the injection of cells and calculated ac-
cording to Palmqvist et al. (1994). In the latter experiments
dextran-bound sulfonamide (DBS; Synthelec AB), an inhib-
itor of eCA, was added prior to the injection of cells to a
final concentration of 100 mmol L21. In the presence of DBS
the final slope equals the initial slope (S1 5 S ), indicating92
a complete inhibition of external CA.

Subsequent to the iCA measurements, light was switched
on (300 mmol photons m22 s21) for 3 min. Light-induced
changes in the 18O exchange can be indicative for active
transport of Ci since there will be an enhanced influx of CO2

and HCO into the cell to the active site of iCA, resulting2
3

in an increase of the 18O loss (Badger and Price 1989).
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Fig. 1. Changes in the 18O log (enrichment) of doubly labeled
13C18O2 for in vivo measurements of (a) eCA and (b) iCA activities.
In both experiments the initial linear decline in log(enrichment) (S1)
represents the uncatalyzed rate of 18O exchange. (a) A higher final
linear rate of 18O depletion (S2) is indicative for the presence of
eCA activity, which is calculated according to Eq. 2. (b) Intracel-
lular CA activities were determined in the presence of 100 mmol
L21 DBS. The drop (D) in the log (enrichment) was determined by
extrapolating the final slope (S ) back to the addition of the cells.92
The data show measurements for P. globosa acclimated to 36 ppmv
CO2. For direct comparison the same amount of cells (Chl a con-
centration 0.45 mg ml21) from the same culture was added in these
assays.

Fig. 2. Chl a–specific activities of (a) eCA and (b) iCA for S.
costatum, P. globosa, and E. huxleyi as a function of pCO2 in the
culture medium. Values represent the mean of at least three inde-
pendent measurements (6SD).

Effect of eCA on net photosynthesis—To investigate the
potential effect of eCA on net photosynthesis, O2 evolution
was monitored in the absence and presence of DBS (100
mmol L21). The measurements were performed with cells
acclimated to 360 and 180 ppmv CO2 at concentrations of
3 and 27 mmol CO2 L21. The assay conditions were the same
as for the carbon flux measurements (see below).

Determination of net photosynthesis, CO2 and HCO up-2
3

take—To investigate inorganic carbon fluxes during steady-
state photosynthesis, the same membrane inlet system was
used as for the CA measurements. The method established
by Badger et al. (1994) is based on simultaneous measure-
ments of O2 and CO2 during consecutive light and dark in-
tervals. It has been applied in several studies of cyanobac-
teria and freshwater microalgae (Palmqvist et al. 1994;
Tchernov et al. 1997; Amoroso et al. 1998) and recently also
of marine diatoms (Burkhardt et al. 2001).

In the present study we followed largely the protocol de-
scribed by Burkhardt et al. (2001). All measurements were
performed in f/2 medium, buffered with 50 mmol L21 HE-
PES (pH 8.0) at 158C. DBS concentration in the cuvette was
100 mmol L21. Chl a concentration ranged between 1 and 3
mg ml21. Light and dark intervals during the assay lasted 6
and 7 min, respectively. The incident photon flux density
was 300 mmol m22 s21. For further details on the method
and calculation we refer to Badger et al. (1994) and Burk-
hardt et al. (2001).

Results

CA activity—Determination of carbonic anhydrase (CA)
activity using membrane inlet mass spectrometry distin-

guishes between extracellular (eCA) and intracellular (iCA)
activity, yet the obtained values are of different denotation.
Values for eCA activity are a direct measure for the accel-
eration in the rate of conversion between CO2 and HCO2

3

(Fig. 1a) and thus can be used for the comparison of species
and different treatments. In S. costatum, we observed an al-
most 60-fold increase in Chl a–specific activity of eCA with
decreasing CO2 concentrations (Fig. 2a). The eCA activity
in P. globosa remained high in all incubations and increased
only about twofold from 180 to 36 pCO2, whereas eCA ac-
tivity in E. huxleyi was low and remained unaffected by
pCO2 in the incubation.

Determination of iCA activity (D) in this approach is de-
pendent on the rate of diffusive CO2 entry into the cell and
the rate of intracellular and extracellular 18O depletion (Fig.
1b). Owing to the presence of DBS, the influence of eCA
activity was excluded. Factors influencing the diffusive
properties of the membranes, such as cell size and shape or
intracellular pH potentially affect estimates of iCA activity.
Thus D values have arbitrary units, which allows the com-
parison of iCA activities between treatments but not between
species. All species tested contained intracellular CA re-
gardless of the growth conditions. The activity of iCA in P.
globosa and E. huxleyi showed no trend with CO2 in the
incubation (Fig. 2b). In contrast, a two to threefold higher
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Table 1. Effect of DBS on net photosynthesis expressed as per-
centage change in the rate upon the addition of 100 mmol L21 DBS.
Cells were acclimated to 360 and 180 ppmv CO2 and tested at CO2

concentration of 3 and 27 mmol L21 (pH 8.0). Data represent the
mean values of three independent measurements (6SD). ND 5 not
determined.

pCO2

(ppmv)

Effect of DBS on net photosythesis (%)

3 mmol L21

CO2

27 mmol L21

CO2

S. costatum
360
180

247 6 6
258 6 12

14 6 4
12 6 5

P. globosa
360
180

26 6 1
219 6 1

14 6 4
15

E. huxleyi
360
180

21 6 3
ND

13 6 4
11 6 2

Fig. 4. Time course of changes in the relative concentrations of
the CO2 isotopes 13C18O2 (m/z 5 49), 13C16O18O (m/z 5 47), 13CO2

(m/z 5 45) and the log (enrichment) by cells of (a) S. costatum,
(b) P. globosa, and (c) E. huxleyi. The algae were either acclimated
to 1,800 ppmv CO2 (S. costatum, P. globosa) or 360 ppmv CO2 (E.
huxleyi). The eCA inhibitor DBS (100 mmol L21) was applied dur-
ing the assay. Black and white bars at the top indicate the dark and
light period, respectively. The figure shows representative data from
at least three independent experiments.

Fig. 3. Time course of photosynthetic O2 evolution at (a) 3
mmol L21 and (b) 27 mmol L21 CO2 in the absence and presence of
DBS (100 mmol L21) for S. costatum. Addition of the inhibitor is
indicated by arrows. Numbers close to the traces indicate the rate
of O2 evolution expressed as mmol (mg Chl a)21 h21.

enzyme activity was observed in cells of S. costatum grown
at 36 pCO2 compared to cells grown at higher pCO2 levels.

To test the effect of eCA on photosynthesis in cells ac-
climated to 180 and 360 ppmv CO2, we monitored the O2

evolution prior to and after the addition of DBS (100 mmol
L21) at CO2 concentrations of 3 and 27 mmol L21. At the
high CO2 concentration DBS did not inhibit net photosyn-
thesis in any of the investigated species (Table 1; Fig. 3). At
the low CO2 concentration, net photosynthesis of S. costatum
was inhibited by 47% and 58% in 360 and 180 ppmv ac-
climated cells, respectively. For P. globosa the inhibition of
net photosynthesis at the low CO2 concentration was 6% for
360 ppmv acclimated cells and increased to 19% (180 ppmv
acclimated cells). In E. huxleyi no inhibition of net photo-
synthesis by DBS was found.

The 18O exchange technique also indicates the presence of
light-dependent Ci transport systems. As shown in Fig. 4,
illumination of 1,800 ppmv CO2 grown cells of S. costatum
and P. globosa resulted in a rapid uptake of 18O-labeled
13CO2 (m/z 5 49 and 47) and a large efflux of unlabeled

13CO2 (m/z 5 45), leading to a light-dependent decrease in
log (enrichment) in both algae. In contrast, in E. huxleyi this
light-stimulated decline in log (enrichment) was only ob-
served in cells acclimated to 360 ppmv CO2 and below.

Photosynthesis, CO2 uptake, and HCO uptake—Net pho-2
3

tosynthesis was measured by monitoring the O2 evolution
over several light–dark intervals with increasing Ci concen-
trations at constant pH. Simultaneous measurements of the
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CO2 concentration enabled us to estimate gross CO2 uptake
and HCO uptake kinetics according to equations by Badger2

3

et al. (1994). Net photosynthesis, gross CO2 uptake, and
HCO uptake are shown as a function of CO2 and/or2

3

HCO concentration for S. costatum, P. globosa, and E. hux-2
3

leyi (Figs. 5–7) acclimated to different pCO2 levels. The cor-
responding kinetic parameters such as K1/2 values and max-
imum rates (Vmax) are summarized in Table 2. All species
were able to take up both CO2 and HCO during steady-2

3

state photosynthesis. However, large species-specific differ-
ences in the efficiency and regulation of carbon acquisition
and photosynthesis are apparent.

In S. costatum K1/2 values for photosynthetic O2 evolution
decreased from 2.7 to 0.3 mmol L21 CO2 (505 to 17 mmol
L21 HCO ) with decreasing pCO2 in the incubation, while2

3

Vmax was unaffected by pCO2 (Fig. 5; Table 2). The K1/2 of
gross CO2 uptake decreased from 3.2 to 0.4 mmol L21 CO2

with decreasing pCO2, and Vmax remained relatively constant.
The K1/2 of HCO uptake decreased to 5 mmol L21 HCO ,2 2

3 3

and Vmax strongly increased with decreasing pCO2 in the in-
cubation (48 to 239 mmol (mg Chl a)21 h21). In P. globosa
K1/2 values for photosynthetic O2 evolution showed no con-
sistent trend with pCO2 and varied between 1.5 and 2.4 mmol
L21 CO2 (122–175 mmol L21 HCO ), while the Vmax in-2

3

creased slightly with decreasing pCO2 in the incubation (Fig.
6; Table 2). The K1/2 and Vmax of gross CO2 uptake remained
unaffected by pCO2 in the incubation, with K1/2 showing val-
ues between 1.6 and 2.3 mmol L21 CO2. Likewise, HCO2

3

uptake kinetics did not change between the different pCO2

incubation, except for a somewhat higher Vmax at 36 ppmv
pCO2. In E. huxleyi K1/2 values for photosynthetic O2 evo-
lution were much higher than of the other two species and
decreased from 27.3 to 9.6 mmol L21 CO2 (1,646 to 581
mmol L21 HCO ) with decreasing pCO2 in the incubation2

3

(Fig. 7, Table 2). The Vmax of O2 evolution was unaffected
by pCO2. For gross CO2 uptake the K1/2 decreased from 13.4
to 4.6 mmol L21 CO2 with decreasing pCO2, while Vmax re-
mained relatively constant. The HCO uptake kinetics did2

3

not follow a Michaelis–Menten kinetic, but the HCO up-2
3

take rates relative to O2 evolution slightly increased with
decreasing pCO2 in the incubation.

Discussion

In this study we investigated several aspects of inorganic
carbon acquisition in ecologically relevant phytoplankton
species by means of membrane inlet mass spectrometry. Ac-
climation to different pCO2 levels was performed in unbuf-
fered seawater with fairly low cell densities to match the
natural environment as much as possible. The apparent K1/2

values for photosynthetic O2 evolution were significantly
lower than values known for RubisCO (Badger et al. 1998),
indicating the operation of a CCM. Moreover, all three spe-
cies were able to use both CO2 and HCO independently of2

3

the CO2 concentration provided during growth. Despite these
similarities, large differences in the efficiency and regulation
of carbon acquisition become evident between species.

Carbonic anhydrase activity—Extracellular CA, which
accelerates the conversion of HCO to CO2 at the cell sur-2

3

face (Sültemeyer 1998), was found to increase in response
to diminishing CO2 supply in many microalgae, underlining
the importance of eCA in carbon acquisition (e.g., Nimer et
al. 1997; Elzenga et al. 2000; Burkhardt et al. 2001). The
mass spectrometric measurement of eCA activity used in this
study has the advantage that highly reproducible results can
be obtained from living cells under growth temperature.
Since eCA is the only CA that has access to all labeled Ci
species in darkness, values for eCA activity indicate the ac-
celeration in the rate by which the isotopic equilibrium is
achieved and thus for changes in the rate of conversion be-
tween CO2 and HCO .2

3

In the present study S. costatum showed the strongest reg-
ulation and highest activity of eCA (Fig. 2). At 1,800 ppmv
CO2 activities of eCA were close to the detection limit but
strongly increased with decreasing pCO2 in the incubation.
These results are consistent with the pH-dependent trends in
eCA activity for S. costatum observed in other studies (Ni-
mer et al. 1997, 1998). Potential light activation of eCA, as
has been shown by Nimer et al. (1998), is not accounted for
in our assay. For S. costatum they observed an increase in
eCA activity at low CO2 concentrations in the light com-
pared to darkness, which was associated with higher redox
activity of the plasma membrane. According to their findings
the eCA activity obtained in our study could be higher at
low CO2 concentrations during illumination, which would
potentially increase changes in eCA activity over the inves-
tigated [CO2] range. For P. globosa we obtained high and
relatively constant activities for eCA, indicating a constitu-
tive rather than regulated system (Fig. 2). Elzenga et al.
(2000) investigated the role of eCA in inorganic carbon use
for P. globosa and found a gradual induction of eCA activity
with decreasing CO2 concentration over the duration of a
bloom. Strain-specific differences in eCA activity, as known
for example for Phaeodactylum tricornutum (John-McKay
and Colman 1997; Burkhardt et al. 2001) or differences in
carbon acquisition between single-celled flagellates (used in
this study) and colonies of P. globosa, could be reasons for
these apparent discrepancies. The eCA activities in E. hux-
leyi were very low and did not change with pCO2 of the
incubation (Fig. 2). Using an isotope disequilibrium method,
Elzenga et al. (2000) could not detect any eCA activity for
this strain of E. huxleyi. Nimer et al. (1994) investigated
eCA activities of another high-calcifying strain by an elec-
trometric method. They could not detect any eCA activity
until E. huxleyi had reached the stationary phase. In contrast
to the apparent role of eCA in carbon acquisition of S. cos-
tatum and P. globosa, eCA seems to play a minor role, if
any, in this strain of E. huxleyi.

To further investigate a possible function of eCA on pho-
tosynthesis, we monitored O2 evolution in the presence and
absence of the CA inhibitor DBS at low (3 mmol L21) and
high (27 mmol L21) CO2 concentrations (Table 1, Fig. 4).
DBS has previously been reported not to penetrate into the
cells and, therefore, should inhibit only eCA activity. At 3
mmol L21 CO2, addition of DBS caused a strong reduction
of O2 evolution in 180 ppmv CO2 acclimated cells of S.
costatum. No such inhibitory effect of DBS on O2 evolution
was observed when photosynthesis was measured under 27
mmol L21 CO2 (Fig. 4). Similar results were obtained for
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Fig. 5. S. costatum. Chl a–specific rates of net photosynthesis, gross CO2 uptake, and HCO2
3

uptake as a function of CO2 and HCO concentration in the assay medium. The cultures were2
3

acclimated to (a), (b) 1,800 ppmv, (c), (d) 360 ppmv, (e), (f) 180 ppmv, or (g), (h) 36 ppmv of
CO2 for at least 3 d. Curves were obtained from a Michaelis–Menten fit.

360 ppmv CO2 grown cells of S. costatum. In contrast, in P.
globosa significant DBS inhibition only occurred in 180
ppmv CO2 acclimated cells (Table 1). In E. huxleyi addition
of DBS had no effect on O2 production (Table 1), which is
consistent with the low eCA activities for this strain. The
observed inhibition of O2 evolution for S. costatum and P.
globosa underlines the important role of eCA in carbon ac-
quisition and supports earlier conclusions that eCA is essen-
tial for reaching maximum rates of photosynthesis under at
least subsaturating CO2 concentrations (Sültemeyer et al.
1990).

It is a common notion that eCA increases the CO2 con-
centration at the plasma membrane and herewith favors CO2

uptake. This only holds true, however, if low CO2 concen-
trations in the boundary layer are the consequence of a dis-
equilibrium in the carbonate system, as can occur during
intense photosynthetic CO2 fixation of large phytoplankton
cells (Wolf-Gladrow and Riebesell 1997). For small algal
cells, the expected disequilibrium due to photosynthetic CO2

fixation is too small for eCA to significantly enhance CO2

availability at the cell surface. For instance, assuming a 25-
fold enhancement in the conversion of HCO to CO2 (as2

3

determined by Elzenga et al. 2000) in the diffusive boundary
layer of a 5-mm diameter algal cell growing at a rate of 1
d21, Riebesell and Wolf-Gladrow (2002) calculated an in-
crease in the cell surface CO2 concentration due to CA-cat-
alyzed HCO conversion of only 0.04 mmol L21. Although2

3

this number increases to 0.25 mmol L21 for a cell of 10-mm
diameter, it is still small compared to the ambient CO2 con-
centrations of ;10 mmol L21. In view of these consider-
ations it is puzzling, however, that the addition of CA to a
culture of E. huxleyi (with a cell diameter of ca. 6 mm)
resulted in a nearly 30% stimulation of photosynthesis in 2
mmol L21 dissolved inorganic carbon and a pH of 8.1 (Sikes
and Wheeler 1982). One possible explanation for the wide-
spread occurrence of eCA in microalgae could be a direct
involvement of this enzyme in an uptake system for CO2 or
HCO as suggested for cyanobacteria by Kaplan and Rein-2

3

hold (1999).
The physiological role of intracellular CA, which can be
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Fig. 6. P. globosa. Chl a–specific rates of net photosynthesis, gross CO2 uptake, and HCO2
3

uptake as a function of CO2 and HCO concentration in the assay medium. The cultures were2
3

acclimated to (a), (b) 1,800 ppmv, (c), (d) 360 ppmv, (e), (f) 180 ppmv, or (g), (h) 36 ppmv of
CO2 for at least 3 d. Curves were obtained from a Michaelis–Menten fit.

located in the chloroplast and the mitochondria, as well as
the cytosol, remains unclear (Sültemeyer 1998). When in-
terpreting iCA activities according to Palmqvist et al. (1994),
one has to bear in mind that D values are dependent on the
rate of diffusive CO2 transport across cell membranes and
the rate of extracellular and intracellular 18O depletion. Fig-
ure 1 shows an example for the log (enrichment) of P. glo-
bosa acclimated to 36 ppmv CO2. Since the same amount
of cells were injected, the curves are directly comparable.
As shown in this example, significantly different D values
were obtained in the presence and absence of the eCA in-
hibitor DBS. In contrast with the results of Palmqvist et al.
(1994), we therefore conclude that the eCA activity alters
the estimates of and may even impose a trend on iCA activ-
ity. Although we used DBS in all iCA assays, D values re-
main arbitrary units, which allows direct comparison of dif-
ferent treatments but not between species. Results of
Burkhardt et al. (2001) indicate a gradual increase in iCA
activity of two marine diatoms in response to diminishing
CO2 supply. Our data do not confirm such a CO2 dependence

in iCA activity in the species tested since iCA activities in-
creased at very low pCO2 levels only for S. costatum. This
may indicate that the response of iCA activity to reduced
CO2 levels is species dependent.

Light-stimulated 18O exchange—Using the 18O exchange
technique, we examined the presence of light-dependent Ci
transport systems. A potential influence by light activation
of eCA (Nimer et al. 1998) was excluded by the presence
of DBS during the assay. In the case of active Ci uptake, a
large decline in log (enrichment) during illumination would
be expected, which is caused by an enhanced influx of 18O-
labeled CO2 and HCO into the cells to the active site of2

3

intracellular CA, increased 18O loss, and subsequent efflux
of 18O unlabeled CO2 (Badger and Price 1989; Palmqvist et
al. 1994). Such a net CO2 efflux from photosynthetically
active cells due to leakage through the cell membrane can
be explained by accumulation of CO2 inside the cell relative
to ambient CO2 concentration. As shown in Fig. 4, illumi-
nation of 1,800 ppmv CO2 grown cells of S. costatum and
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Fig. 7. E. huxleyi. Chl a–specific rates of net photosynthesis, gross CO2 uptake, and HCO2
3

uptake as a function of CO2 and HCO concentration in the assay medium. The cultures were2
3

acclimated to (a), (b) 1,800 ppmv, (c), (d) 360 ppmv, (e), (f) 180 ppmv, or (g), (h) 36 ppmv of
CO2 for at least 3 d. Curves were obtained from a Michaelis–Menten fit.

P. globosa resulted in a rapid uptake of 13C18O2 (m/z 5 49)
and a large efflux of 13CO2 (m/z 5 45), i.e., a light-dependent
decrease in log (enrichment). The involvement of a rapid
induction of eCA activity (Nimer et al. 1998) in this process
can be ruled out since we added DBS to the reaction assay
in order to inhibit eCA. A likely explanation of the observed
changes in 18O exchange therefore is the presence of CCM
associated Ci uptake systems even in cells grown under el-
evated CO2 concentrations. The apparently greater lag phase
for S. costatum could be explained by a lower leakage or
slower induction of the Ci uptake in this species. In E. hux-
leyi the light-stimulated 18O exchange is not present in 1,800
ppmv CO2 grown cells (not shown) and far less pronounced
in cells acclimated to 360 ppmv CO2 (Fig. 4), which indi-
cates that Ci transport in this species is only induced at lower
CO2 levels.

Photosynthetic O2 evolution—Monitoring photosynthetic
O2 evolution as a function of CO2 concentration provides
important information about the carbon acquisition of mi-

croalgae. CO2-induced changes and generally lower K1/2

(CO2) values than KM (CO2)RubisCO indicate the operation of
a CCM. S. costatum strongly regulates its CCM, which is
shown by the large changes in K1/2 for photosynthesis (Fig.
5; Table 2). According to our results P. globosa has a highly
efficient CCM but apparently does not regulate in response
to CO2 supply as indicated by more or less constant values
of K1/2 for O2 evolution over a wide range of pCO2 (Fig. 6,
Table 2). The high values of K1/2 for E. huxleyi (Fig. 7, Table
2) imply that photosynthesis in this species is not even car-
bon saturated under conditions commonly found in the
ocean. Nevertheless, E. huxleyi showed some degree of reg-
ulation in its carbon acquisition, which is shown by the CO2-
induced changes in the K1/2. The operation of a CCM in this
strain of E. huxleyi was previously predicted from d13C iso-
tope fractionation experiments by Rost et al. (2002). Another
highly calcifying strain of E. huxleyi was shown to induce
a CCM toward the stationary phase (Nimer and Merrett
1996).

The efficiency of a CCM may be assessed from the ratio
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Table 2. K½ and Vmax of photosynthesis, gross CO2 uptake, and HCO uptake for S. costatum, P. globosa, and E. huxleyi acclimated at2
3

different pCO2. Kinetic parameters were calculated from a Michaelis–Menten fit to the combined data of several independent measurements.
Values for K½ and Vmax are given in mmol L21 and mmol (mg Chl a)21 h21, respectively. Error bars denote 6SD.

pCO2

(ppmv)

Photosynthesis

K½

(CO2)
Vmax

(CO2)
K½

(HCO3)
Vmax

(HCO3)

CO2 uptake

K½

(CO2)
Vmax

(CO2)

HCO2
3

K½

(HCO3)
Vmax

(HCO3)

S. costatum
1800
360
180
36

2.7 6 0.4
2.3 6 0.5
1.4 6 0.1
0.3 6 0.1

322 6 13
341 6 21
369 6 9
314 6 13

505 6 87
246 6 40
138 6 29
17 6 5

347 6 19
353 6 16
374 6 18
316 6 10

2.3 6 0.4
3.2 6 0.9
1.8 6 0.3
0.4 6 0.1

283 6 14
299 6 23
271 6 12
259 6 15

—
38 6 14
24 6 14

5 6 2

48 6 11
115 6 6
164 6 13
239 6 6

P. globosa
1800
360
180
36

1.6 6 0.2
1.5 6 0.4
1.8 6 0.4
2.4 6 0.3

265 6 8
246 6 13
323 6 18
370 6 13

154 6 38
122 6 29
161 6 21
175 6 30

264 6 14
251 6 13
334 6 11
369 6 5

2.3 6 0.5
1.7 6 0.5
2.1 6 0.5
1.6 6 0.3

235 6 13
218 6 15
291 6 16
262 6 9

18 6 9
23 6 13
23 6 8
56 6 24

127 6 9
133 6 7
130 6 6
215 6 15

E. huxleyi
1800
360
180
36

21.7 6 3.3
27.3 6 2.4
18.2 6 1.7
9.6 6 1.2

225 6 16
250 6 11
298 6 11
257 6 11

1646 6 329
1562 6 147

958 6 108
581 6 87

220 6 14
245 6 13
291 6 11
257 6 15

7.9 6 2.1
13.4 6 1.9
7.0 6 1.1
4.6 6 0.8

204 6 20
260 6 14
235 6 11
197 6 10

—
—
—
—

43 6 8
58 6 15
79 6 10
67 6 14

between KM (CO2) of RubisCO and the apparent K1/2 (CO2)
of O2 evolution. This ratio approximates the enrichment in
internal [CO2] at the site of RubisCO compared to the am-
bient [CO2]. For our calculations we used previously report-
ed KM values for RubisCO (Badger et al. 1998) and K1/2 values
obtained in this study (Table 2). While the KM : K1/2 ratio
increased with decreasing CO2 concentrations in incubations
of S. costatum and E. huxleyi, it showed no trend for P.
globosa (Fig. 8a), again indicating that the latter species does
not regulate its CCM in relation to external CO2 concentra-
tions. S. costatum reached the highest values of up to 120,
whereas KM : K1/2 ratios of E. huxleyi ranged between 1 and
3. These results are consistent with the observed species-
specific patterns of light-stimulated 18O exchange. Although
the CO2 dependence in O2 evolution reveals information
about the efficiency and regulation of the CCM, it cannot
provide any details about the underlying mechanisms.

Carbon uptake kinetics—Various methods have been em-
ployed to distinguish between CO2 and HCO uptake in mi-2

3

croalgae. In this study estimates of CO2 and HCO uptake2
3

rates were obtained by a method of Badger et al. (1994),
which has the advantage that inorganic carbon fluxes can be
quantified at steady-state photosynthesis. While this method
has successfully been applied to cyanobacteria and several
freshwater microalgae (Badger et al. 1994; Tchernov et al.
1997; Amoroso et al. 1998), it has only recently been used
to examine two marine diatoms (Burkhardt et al. 2001). Our
observation of simultaneous CO2 and HCO uptake for ma-2

3

rine phytoplankton is consistent with the results of previous
studies (e.g., Colman and Rotatore 1995; Burkhardt et al.
2001). The uptake kinetics for both substrates differ strongly
between the investigated species (Table 2).

In S. costatum the CO2 and HCO uptake systems showed2
3

high affinities even at 1,800 ppmv CO2, which increased
even more with decreasing pCO2 in the incubation (Fig. 5).
Concomitantly, the contribution of HCO to the overall car-2

3

bon acquisition increased. A possible explanation for the in-
crease in substrate affinity could either be posttranslational
regulation (Sültemeyer et al. 1998) or an increasing expres-
sion of a high affinity uptake system, as has already been
suggested for cyanobacteria (Shibata et al. 2002). The larger
contribution of HCO is the result of an increasing number2

3

of transport components with decreasing CO2 concentrations.
Direct uptake of HCO has previously been suggested for2

3

S. costatum (Korb et al. 1997) but has hitherto not been
quantified.

In P. globosa, the affinities of the CO2 and HCO uptake2
3

system were high and showed no trend with pCO2 in the
incubation (Fig. 6), which is consistent with our results for
O2 evolution. Elzenga et al. (2000) concluded from their re-
sults that P. globosa uses HCO by means of CA-mediated2

3

conversion to CO2, which then diffuses across the mem-
brane. The high activities of eCA and the inhibition of O2

evolution by DBS observed in our study are generally con-
sistent with a CA-mediated use of HCO in addition to direct2

3

uptake of HCO . A preference for CO2 as the substrate of2
3

P. globosa is also indicated by the characteristics of CO2

and O2 changes during the measurement, showing a higher
rate of O2 evolution at the beginning of the light interval
when CO2 concentration is still higher (data not shown).
Nevertheless, it could be shown that P. globosa is able to
take up HCO directly, and this system contributes signifi-2

3

cantly to the overall carbon acquisition. One has to consider,
however, that a prerequisite of the carbon flux measurement
is the absence of eCA activity. In the presence of eCA ac-
tivity the proportion of direct HCO uptake to the overall2

3

carbon acquisition might be smaller because of an increasing
indirect use of HCO . In contrast to the results of Elzenga2

3

et al. (2000), we did not find a gradual induction in HCO2
3

use. Yet it seems that direct HCO uptake and eCA-mediated2
3

HCO use are more pronounced in the lowest pCO2 incu-2
3

bation.
The high K1/2 values for O2 evolution of E. huxleyi are
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Fig. 8. Ratios of (a) KM(CO2)Rubisco : K1/2 (CO2) for O2 evolution
and (b) gross CO2 : HCO uptake in S. costatum, P. globosa, and2

3

E. huxleyi, acclimated to different pCO2 in the culture medium.
KM(CO2)Rubisco was assumed to be 30 mmol L21 (Badger et al. 1998).

reflected in the relatively low affinities of the CO2 uptake
system. The uptake of HCO could not be described by Mi-2

3

chaelis–Menten kinetics, which is consistent with findings of
Nimer and Merrett (1992). While the CO2 uptake system
largely reflects the kinetics of the O2 evolution, the HCO2

3

uptake seems to provide a constant background flux of in-
organic carbon. The latter may point to an involvement of
the calcification process in HCO use of E. huxleyi. It has2

3

previously been suggested that calcifying strains of E. hux-
leyi are able to produce CO2 by the process of calcification,
which is then used for photosynthetic C fixation (e.g., Sikes
et al. 1980; Nimer and Merrett 1992). Coccolith formation
in E. huxleyi could thereby serve to partly compensate for
the low efficiency of its CCM. The extent to which photo-
synthesis and calcification are linked and whether calcifica-
tion supports photosynthetic carbon acquisition is still under
debate.

To mimic natural seawater carbonate chemistry we did not
add any artificial buffer to the culture media. As pointed out
by Burkhardt et al. (2001), buffers have a pronounced effect
on the carbonate system as they keep the ratio of [HCO ] :2

3

[CO2] constant despite changes in pCO2. In natural seawater,
changes in CO2 concentration are accompanied by respective
changes in pH and the [HCO ] : [CO2] ratio. In our experi-2

3

ments, changes in pCO2 from 36 to 1,800 ppmv resulted in
a decrease in pH from 9.1 to 7.6 and a decrease in [HCO ] :2

3

[CO2] ratio from 767 to 32, respectively. Using uptake ki-
netics obtained in this study and the corresponding carbonate
system speciation for each of the pCO2 incubations we cal-
culated the ratio of gross CO2 to HCO uptake (Fig. 8b).2

3

Values larger than 1 indicate a preference for CO2, values
below 1 a preference for HCO as carbon source. While the2

3

three species take up both CO2 and HCO over the entire2
3

range of CO2 concentrations tested, CO2 was the preferred
substrate in all but the lowest CO2 incubation. Under air-
equilibrated CO2 concentrations, the cells take up about
twice as much CO2 as HCO . A gradual induction of2

3

HCO uptake occurred with decreasing pCO2 in the incu-2
3

bation, with S. costatum showing the largest and P. globosa
the smallest changes between treatments.

The calculation of these uptake ratios is based on the as-
sumption that the CO2 and HCO uptake systems are regu-2

3

lated independently of each other and that changes in pH
have no significant effect on uptake kinetics. Unlike the con-
ditions in our pCO2 controlled incubations, the [HCO ] :2

3

[CO2] ratio in the assays remained constant. If this ratio has
an effect on the regulation of the different uptake systems,
the calculations would lead to erroneous estimates of uptake
kinetics in the culture. Microalgae with a preference for CO2,
for instance, might cover a larger proportion of their total
inorganic carbon uptake by CO2 at the low [HCO ] : [CO2]2

3

ratio of a high pCO2 culture (pH 7.6) than under the higher
[HCO ] : [CO2] ratio in the assay (pH 8.0). Another critical2

3

point is that the gross CO2 uptake might be underestimated
as a result of cell compartmentation (Badger et al. 1994).
An increased CA-mediated HCO use, which is inhibited in2

3

the assay by DBS, could decrease the direct uptake of
HCO . All of these factors would lead to an increase in the2

3

CO2 : HCO uptake rates compared to our calculated values.2
3

In other words, the calculation could underestimate the con-

tribution of CO2. The presence of HCO leakage, as sug-2
3

gested by Tchernov et al. (1997), however, would increase
HCO uptake rates and thus decrease the CO2 : HCO uptake2 2

3 3

ratio. For an in-depth assessment of these methodological
uncertainties we refer to Badger et al. (1994), Kaplan and
Reinhold (1999), and Burkhardt et al. (2001).

Ecological and biogeochemical implications—Although
most phytoplankton species reach photosynthetic saturation
under ambient CO2 levels (Raven and Johnston 1991), this
does not imply that species are equally efficient in their car-
bon acquisition. In fact, phytoplankton species differ signif-
icantly in the extent to which they actively transport
HCO and/or CO2 and accumulate inorganic C intracellu-2

3

larly (Raven 1997; Badger et al. 1998). As pointed out by
Tortell (2000), the efficiency of the CCM of different taxo-
nomic groups seems to be negatively correlated with the
catalytic efficiency of their RubisCO. Our results indicate
large differences in both efficiency and regulation of inor-
ganic carbon acquisition for representatives of three phyto-
plankton functional groups. These differences may affect the
relative fitness of the different groups and thus could help
to explain the distribution and succession of phytoplankton
in space and time.

Microalgae with regulated CCMs can optimize the allo-
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cation of resources for operating carbon acquisition mecha-
nisms in response to changing growth conditions. Part of this
regulation is the observed preference for CO2 under elevated
CO2 concentrations, since CO2 uptake is considered to be
less costly than HCO uptake (Raven 1990). Under severe2

3

CO2 limitation, however, HCO uptake becomes increasing-2
3

ly important despite presumably higher costs. Consistent
with the cost–benefit strategy is also the up-regulation of the
eCA activities as CO2 concentrations decrease. CCM activity
is also influenced by the energy (light) supply. For example,
light limitation was found to decrease the capacity of Ci
transport (Shiraiwa and Miyachi 1983; Beardall 1991).
Based on carbon isotope fractionation experiments, Rost et
al. (2002) proposed that both photon flux density and day-
length influence the regulation of active carbon uptake in E.
huxleyi, presumably by modulating the Ci demand of the
cell. In fact, the duration of the photoperiod was shown to
influence the operation of the CCM in the three species test-
ed in this study (Rost et al. unpubl.).

Despite the ability of most phytoplankton species to reg-
ulate their carbon acquisition, large differences exist in the
efficiencies. Owing to their highly efficient CCMs, photo-
synthetic carbon fixation rates of all diatom species tested
so far, as well as of P. globosa, are at or close to CO2 sat-
uration at present day CO2 levels (e.g., Raven and Johnston
1991; Burkhardt et al. 2001; this study). In contrast, coc-
colithophorids such as E. huxleyi seem to be well below
saturation at these levels (Paasche 1964; Nielsen 1995; Rie-
besell et al. 2000; this study) and thus are more CO2 sensi-
tive. In fact, although the cell division rate of E. huxleyi
remains more or less constant over a wide range of CO2

concentrations, carbon fixation rate and carbon-specific
growth rate are strongly CO2 dependent (Paasche et al. 1996;
Rost et al. 2002), reflecting the low efficiency of its CCM.

According to the ecological aspects discussed above, dif-
ferences in inorganic carbon acquisition may play a role for
the competitive advantage of marine phytoplankton. Bloom-
forming species should be especially dependent on a regu-
lated and efficient CCM, since they must maintain high
growth rates even under conditions in a bloom, when CO2

concentrations decrease due to photosynthetic carbon con-
sumption (down to ;5 mmol L21). By the end of this cen-
tury, the expected increase in the atmospheric CO2 will give
rise to an almost threefold increase in surface water CO2

concentrations relative to preindustrial values. This will
cause the [HCO ] : [CO2] ratio and seawater pH to decrease2

3

by ca. 65% and 0.35 units, respectively (Wolf-Gladrow et
al. 1999). These changes are likely to affect phytoplankton,
yet in different ways. Microalgae that react to ambient CO2

concentrations, as shown for S. costatum and E. huxleyi, may
have advantages in the future compared to preindustrial or
glacial times owing to the potential reduction in their CCMs.
Phytoplankton productivity based on carbon or energy con-
tent might therefore increase under typically resource-limit-
ing conditions in the ocean (Raven and Johnston 1991). CO2-
sensitive coccolithophorids such as E. huxleyi may benefit
even more from the present increase in atmospheric CO2

when compared to diatoms and Phaeocystis. Since coccol-
ithophorid blooms predominantly occur in well-stratified wa-
ters that are expected to extend and intensify in the future

(Sarmiento et al. 1998), projected climate-induced changes
in the marine environment may prove even more advanta-
geous for this group of phytoplankton.

According to the functional group concept (Falkowski et
al. 1998) diatoms, Phaeocystis, and coccolithophorids each
play a specific role in the marine ecosystem and have distinct
effects on elemental cycling. One of the most prominent ex-
amples is the differential impact of calcifying and noncal-
cifying phytoplankton on the CO2 air–sea exchange. While
the latter drive the organic carbon pump, which causes a
draw down of CO2 in the surface ocean, the former also
contribute to the calcium carbonate pump, which releases
CO2 into the environment (Robertson et al. 1994). As dis-
cussed above, rising CO2 levels and increasing stratification
might increase the contribution of the calcifying phytoplank-
ton to overall primary production, which consequently
would increase the ratio of calcification to organic carbon
production. An increase in this ratio, which might result
from an increased contribution of coccolithophorids, would
enhance the relative strength of the carbonate pump. This in
turn would lower the biologically mediated CO2 uptake from
the atmosphere. A basin-wide shift in the composition of
sediment particles, as indicated by a decrease of the opal :
carbonate ratio, has in fact been observed across the entire
North Atlantic and is suggested to be related to large-scale
changes in climate forcing (Antia et al. 2001). These findings
are consistent with high concentrations of coccoliths ob-
served in interglacial sediments, whereas glacial sediments
are poor in biogenic carbonate (e.g., Henrich 1989).

On the other hand, there are indications that rising at-
mospheric CO2 may affect marine biogenic calcification in
yet another way. Rates of calcification of dominant calcify-
ing organisms such as corals, foraminifera, and coccolitho-
phorids were shown to decrease under elevated CO2 concen-
trations (Kleypas et al. 1999; Bijma et al. 1999; Riebesell et
al. 2000). A CO2-related reduction in calcification decreases
the ratio of calcification to organic matter production. With
ca. 80% of the global CaCO3 production contributed by
planktonic organisms, reduced calcification decreases the
strength of the calcium carbonate pump and thereby increas-
es the biologically driven draw down of CO2 by the surface
ocean (Zondervan et al. 2001). The climate-induced increase
in the contribution of coccolithophorids to total primary pro-
duction and a CO2-related decrease in biogenic calcification
would have opposing effects on the marine carbon cycle.
Their net effect on carbon cycling will depend on their rel-
ative importance and sensitivity to global change. Changes
in marine production, phytoplankton species composition,
and succession will also impact other biogeochemical cycles,
such as nitrogen, opal, and sulfur cycles, which in turn is
bound to feed back on the climate.

In conclusion, the results of this study revealed species-
specific differences in CO2-dependent photosynthetic O2

evolution, substrate affinities, relative contribution of
HCO to total carbon uptake and eCA activity as well as2

3

differences in the degree of pCO2-dependent regulation. Our
results indicate a highly efficient and regulated carbon ac-
quisition for S. costatum, which can be ascribed to increasing
affinities in the CO2 and HCO uptake systems, an increas-2

3

ing contribution of HCO to the overall carbon acquisition,2
3
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and an increase in eCA activity with decreasing pCO2. P.
globosa showed a highly efficient but rather constitutive car-
bon acquisition, which was reflected in the high affinities of
the CO2 and HCO uptake systems, a constant contribution2

3

of HCO to the overall carbon acquisition, and high eCA2
3

activities independent of the pCO2. For E. huxleyi an inef-
ficient albeit regulated carbon acquisition was observed, with
low affinities in the inorganic carbon uptake systems and
low eCA activities. If observed differences between these
species are representative for the corresponding phytoplank-
ton functional groups in the natural environment, CO2-relat-
ed changes in seawater chemistry are expected to modify
phytoplankton species succession and distribution. Respons-
es in phytoplankton communities, especially shifts in the
dominance between functional groups, are likely to influence
biogeochemical cycling. Effects of elevated CO2 on the
physiology and ecology of phytoplankton have to be as-
sessed in more detail, especially with respect to their feed-
back on ecosystem regulation and global biogeochemical cy-
cles.
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SÜLTEMEYER, D. 1998. Carbonic anhydrase in eukaryotic algae:
Characterization, regulation, and possible function during pho-
tosynthesis. Can. J. Bot. 76: 962–972.

, H. P. FOCK, AND D. T. CANVIN. 1990. Mass spectrometric
measurement of intracellular carbonic anhydrase activity in
high and low Ci cells of Chlamydomonas. Plant Physiol. 94:
1250–1257.

, B. KLUGHAMMER, M. R. BADGER, AND G. D. PRICE. 1998.
Fast induction of high-affinity HCO transport in cyanobacte-2

3

ria. Plant Physiol. 116: 183–192.
TCHERNOV, D., M. HASSIDIM, B. LUZ, A. SUKENIK, L. REINHOLD,

AND A. KAPLAN. 1997. Sustained net CO2 evolution during
photosynthesis by marine microorganisms. Curr. Biol. 7: 723–
728.

TORTELL, P. D. 2000. Evolutionary and ecological perspectives on
carbon acquisition in phytoplankton. Limnol. Oceanogr. 45:
744–750.

WOLF-GLADROW, D. A., AND U. RIEBESELL. 1997. Diffusion and
reaction in the vicinity of plankton: A refined model for inor-
ganic carbon transport. Mar. Chem. 59: 17–34.

, , S. BURKHARDT, AND J. BIJMA. 1999. Direct effects
of CO2 concentration on growth and isotopic composition of
marine plankton. Tellus 51: 461–476.

ZONDERVAN, I., R. E. ZEEBE, B. ROST, AND U. RIEBESELL. 2001.
Decreasing marine biogenic calcification: A negative feedback
on rising atmospheric pCO2. Glob. Biogeochem. Cycles 15:
507–516.

Received: 21 June 2002
Amended: 30 August 2002

Accepted: 19 September 2002



 



 
 

Carbon acquisition in marine phytoplankton: 
Effect of the photoperiodic length 

 
 
 
 

Björn Rost, Ulf Riebesell and Dieter Sültemeyer 

 
 
 
 
 

To be submitted to Limnology and Oceanography 
 
 
 
 
Abstract 
 

Most microalgae operate CO2 concentrating mechanisms (CCMs), which are regulated by 

environmental factors such as the CO2 supply. Prompted by the strong effect of daylength on 

photophysiology and carbon isotope fractionation of microalgae, we investigated the 

inorganic carbon acquisition of three marine species, Skeletonema costatum, Phaeocystis 

globosa and Emiliania huxleyi in response to photoperiodic length. Rates of photosynthetic 

O2 evolution, CO2 and HCO3
- uptake during steady-state photosynthesis were measured by 

membrane inlet mass spectrometric disequilibrium technique in cells acclimated to light-dark 

(L:D) cycles of 16:8h and 12:12h and compared with those obtained under continuous light. 

In addition, the cellular leakage was estimated for different photoperiods and ambient CO2 

concentrations during growth. In all three species maximum rates (Vmax) of photosynthesis 

more or less doubled under L:D cycles compared to continuous light, an effect that was 

accompanied by generally higher rates of carbon uptake. In S. costatum and E. huxleyi a 

remarkably higher contribution of HCO3
- to the overall carbon uptake was observed under 

L:D cycles. In contrast, P. globosa did not change its CO2:HCO3
- uptake ratio in response to 

daylength. Half saturation concentrations (K1/2) for inorganic carbon were also influenced by 

the photoperiod. In E. huxleyi K1/2 values for O2 evolution and CO2 uptake were lower under 

L:D cycles while in S. costatum and P. globosa a shorter photoperiod yielded generally higher 

K1/2 values. Cellular leakage was highest for E. huxleyi and lowest for S. costatum and 



generally decreased with increasing CO2 concentration. The effect of the photoperiod on 

leakage was less pronounced. While this study confirms species-specific differences in CCM 

efficiency, the effect of daylength on CCM regulation has hitherto not been described. By 

influencing the carbon demand of phytoplankton, light conditions may impose a stronger 

control on the CCM regulation than CO2 supply in the natural environment. In view of the 

large differences in light regimes in the ocean, the observed differences in CCM efficiency 

and regulation may play a role for the distribution and succession of phytoplankton.  

 
 
Introduction 

 
Inorganic carbon acquisition has been suggested to play an important role in marine 

phytoplankton ecology and evolution (Raven and Johnston 1991, Badger et al. 1998, Tortell 

2000). Despite the relatively high concentrations of dissolved inorganic carbon in the ocean 

phytoplankton cells have to invest considerable resources in carbon acquisition to allow high 

rates of photosynthesis. This situation is mainly caused by the ‘imperfection’ of their primary 

carboxylating enzyme, Ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO), which 

is characterized by a low affinity for its substrate CO2, a slow maximum specific turnover rate 

as well as the susceptibility to a competing reaction with O2. To avoid the risk of carbon 

limitation most microalgae have thus developed different mechanisms that enhance the 

intracellular CO2 concentration at the site of carboxylation (Badger et al. 1998). These CO2 

concentrating mechanisms (CCMs) involve active uptake of CO2 and/or HCO3
- as well as the 

enzyme carbonic anhydrase (CA), which accelerates the otherwise slow conversion rate 

between HCO3
- and CO2.  

Phytoplankton species differ in efficiency and regulation of their carbon acquisition 

(Badger et al. 1998, Beardall and Giordano 2002, Colman et al. 2002). Species relying on 

diffusive CO2 uptake or those with inefficient CCMs are CO2-sensitive in their photosynthesis 

whereas species with highly efficient CCMs are rate-saturated even under low ambient CO2 

concentrations. The capability of regulation allows phytoplankton to adjust the CCM 

efficiency to their actual need and hereby optimize the allocation of resources. Understanding 

the factors influencing the CCM efficiency could help to elucidate the role of carbon 

acquisition in phytoplankton ecology. As one of these factors CO2 supply has early on been 

identified (Badger et al. 1980, Kaplan et al. 1980). This circumstance has frequently been 

used to investigate the properties of CCMs by comparing incubations at different CO2 

concentrations. While most studies compare unnaturally high with ambient CO2 levels 



implying distinct repression or induction of the CCM, latest findings indicate that under the 

natural range of CO2 concentrations there is a fine-scale tuning in the degree to which the 

CCM is expressed (Berman-Frank et al. 1998, Burkhardt et al. 2001, Rost et al. 2003). Photon 

flux density (PFD) also influences CCM efficiency in microalgae. Increasing light-limitation 

yielded a decrease in DIC affinities, which has been ascribed to the effect of energy supply on 

active carbon uptake (Beardall 1991, Berman-Frank et al. 1998).  

The effect of daylength has been studied on different aspects of algal physiology, yet not in 

respect to inorganic carbon acquisition. Nielsen (1997) investigated the influence of daylength 

on the photosynthesis of Emiliania huxleyi, finding a 3-fold higher Chl a-specific maximum 

photosynthetic rate when cells were grown under a light-dark (L:D) cycle of 12:12h compared 

to continuous light. Moreover, some microalgae are able to keep their carbon-specific growth 

rate more or less constant independent of the daylength (Price et al. 1998, Burkhardt et al. 

1999, Rost et al. 2002), which requires that rates of carbon fixation increase with decreasing 

photoperiodic length. When carbon-specific growth rates are normalized for the duration of 

the photoperiod an almost 2-fold increase from continuous light to 12:12h for Skeletonema 

costatum (Burkhardt et al. 1999) and about 1.5-fold increase from continuous light to 16:8h 

for E. huxleyi (Rost et al. 2002) was observed. Further indication for the effect of photoperiod 

on carbon acquisition stems from experiments on carbon isotope fractionation (�p). Species 

such as S. costatum and E. huxleyi showed significantly lower �P values under L:D cycles 

compared to continuous light (Burkhardt et al. 1999, Rost et al. 2002). Based on this pattern 

of isotope fractionation as well as the daylength-dependent changes in the carbon fixation 

rate, Rost et al. (2002) postulated that daylength influences the regulation of carbon 

acquisition in E. huxleyi and other microalgae. 

In the present study we investigated inorganic carbon acquisition of three dominant 

bloom-forming species, Skeletonema costatum, Phaeocystis globosa, and Emiliania huxleyi, 

in response to changes in photoperiodic length. We examined O2 evolution under steady-state 

photosynthesis and quantified CO2 and HCO3
- uptake rates as well as cellular leakage by the 

use of membrane inlet mass spectrometry. 

 
 



Material and Methods 
 
Culture conditions and sampling 

Skeletonema costatum, Phaeocystis globosa (both strains collected in the North Sea and 

maintained in stock culture for several years) and a calcifying strain of Emiliania huxleyi 

(B92/11) were grown at 15°C in 0.2-µm-filtered seawater (salinity 32), which was enriched 

according to f/2 medium (Guillard and Ryther, 1962). Batch cultures were grown in 1-L glass 

tubes with 360 ppmv CO2 and an incident photon flux density (PFD) of 180 µmol photons m-2 

s-1. Cells were acclimated for at least 4 days to ligth:dark (L:D) cycles of 16:8 h and 12:12 h. 

Within 3 to 6 h after the beginning of the photoperiod cells were harvested by centrifugation 

and subsequently used for assays of photosynthesis and inorganic carbon uptake. A 

subsample of the culture was used for potentiometric pH measurements. Cultures in which the 

pH has shifted significantly from that of a cell-free control (pH drift >0.05) were excluded 

from further measurements.  

To concentrate the cells for the measurements, 800 ml of the culture were centrifuged at 

500-1000 � g and 15°C for 4 min. Subsequently, cells were washed in CO2-free f/2 medium, 

buffered with 2-[4-(2-Hydroxyethyl)-1-piperazinyl]-ethanesulfonic acid (HEPES, 50mM, pH 

8.0). Samples for chlorophyll a (Chl a) determination were taken after the measurements by 

centrifuging 2 ml of the cell suspension (4500 � g, 4 min). Chl a was subsequently extracted 

in 1 ml methanol (1 h in darkness, at 4°C) and determined spectrophotometrically at 652 and 

665 nm. Chl a concentrations in the culture ranged from 5 to 35 µg L-1 at the time of 

sampling. The carbonate system was determined according to Burkhardt et al. (2001). 

 

Determination of net photosynthesis and Ci fluxes 

To investigate inorganic carbon fluxes during steady-state photosynthesis a quadropole 

membrane inlet mass spectrometer (MSD 5970; Hewlett Packard, Waldbronn, Germany) was 

used. The method established by Badger et al. (1994) is based on simultaneous measurements 

of O2 and CO2 during consecutive light and dark intervals. It has been applied in several 

studies of cyanobacteria and freshwater microalgae (Palmqvist et al. 1994, Tchernov et al. 

1997, Sültemeyer et al. 1998) and recently also of marine phytoplankton (Burkhardt et al. 

2001, Rost et al. 2003). Cellular leakage was estimated from the CO2 efflux observed right 

after turning off the light (Badger et al. 1994). In the present study we largely followed the 

protocol described by Burkhardt et al. (2001). All measurements were performed in f/2 

medium, buffered with 50 mM HEPES (pH 8.0) at 15°C. Dextran-bound sulfonamide (DBS), 



an inhibitor of external CA, was added to the cuvette to a final concentration of 100 µM. Chl 

a concentration ranged between 1-3 µg ml-1. Light and dark intervals during the assay lasted 6 

and 7 minutes, respectively. The incident photon flux density was 300 µmol m-2 s-1. For 

further details on the method and calculation we refer to Badger et al. (1994) and Burkhardt et 

al. (2001). 

 
 
Results  
 

Net photosynthesis was measured by monitoring the O2 concentration over consecutive 

light-dark intervals with increasing Ci concentrations. Simultaneous measurements of the CO2 

concentration enabled us to determine the CO2 uptake and HCO3
- uptake kinetics according to 

equations by Badger et al. (1994). Net photosynthesis and Ci uptake are shown as a function 

of CO2 and/or HCO3
- concentration for S. costatum, P. globosa, and E. huxleyi acclimated to 

different L:D cycles (Figs. 1-3) and the kinetic parameters such as half-saturation 

concentrations (K1/2) and maximum rates (Vmax) are summarized in Table 1. The acclimation 

to different photoperiods leads to large responses in photosynthesis and carbon uptake, an 

effect that differed between species. 

In all investigated species the Vmax of photosynthetic O2 evolution were up to 2-fold higher 

under the L:D cycles compared to continuous light (Fig. 1-3; Table 1). The K1/2 values for O2 

evolution were generally highest for E. huxleyi and lowest for P. globosa. While K1/2 values 

for E. huxleyi under the L:D cycles were lower, for S. costatum and P. globosa they were 

higher compared to continuous light. Photosynthesis was supported by simultaneous uptake of 

CO2 and HCO3
- (Fig. 1-3; Table 1). The Vmax for both uptake systems were higher under L:D 

cycles compared to continuous light, for CO2 uptake up to 2-fold and for HCO3
- uptake up to 

7-fold. The K1/2 values for CO2 uptake decreased under the L:D cycles in E. huxleyi while for 

S. costatum and P. globosa K1/2 values generally increased compared to continuous light. For 

HCO3
- uptake K1/2 values increased under the L:D cycles in S. costatum, P. globosa and 

possibly E. huxleyi. Hence the strong effect of the photoperiod on photosynthesis can partly 

be ascribed to generally higher rates of carbon uptake with increasing relative contribution of 

HCO3
- under L:D cycles.  

The efficiency of a CCM can be assessed from the ratio of KM (CO2) of RubisCO and the 

apparent K1/2 (CO2) of photosynthetic O2 evolution. While KM:K1/2 ratios were generally 

lower under L:D cycles for S. costatum and P. globosa compared to continuous light, the ratio 

was higher for E. huxleyi (Fig. 4a). P. globosa showed ratios up to 24, whereas E. huxleyi 



reached only up to 5. Using the uptake kinetics obtained in our assay we estimated the ratio of 

CO2 to HCO3
- uptake for the conditions of the respective incubation (Fig. 4b). Values larger 

than 1 indicate a preference for CO2, values below 1 a preference for HCO3
- as the substrate. 

In all three species the preference for HCO3
- was higher under L:D cycles than under 

continuous light. E. huxleyi showed the largest and P. globosa the smallest variation in 

CO2:HCO3
- uptake ratios between treatments.  

The leakage of the cells, i.e. the proportion of Ci efflux compared to gross Ci uptake, was 

estimated from the CO2 efflux observed right after the light was turned off. For all species 

leakage was highest under low ambient CO2 and leveled off towards higher CO2 

concentrations in the assay. This CO2-dependence in leakage was then used to calculate the 

leakage for the conditions of the respective incubation (Fig. 6a,b). Cellular leakage differed 

between species, being highest in E. huxleyi (0.33-0.64) and lowest in S. costatum (0.15-

0.38). All species showed an increase in leakage with decreasing pCO2 in the incubation (Fig. 

6b). The effect of daylength on leakage was comparatively small and differed between species 

(Fig. 6a). While leakage decreased with decreasing daylength in E. huxleyi, no such effect 

was observed for S. costatum and P. globosa.  

 
 
Discussion 

 
Questions concerning aspects of carbon acquisition in marine phytoplankton have gained 

increasing attention over the last decade. Various studies have confirmed the operation of a 

CCM as well as species-specific differences in its efficiency. To assess the role of carbon 

acquisition in phytoplankton ecology one has to understand the factors influencing the CCM 

efficiency. Ecological interpretations so far have focused on the influence of changing Ci-

supply. The apparent effect of the photoperiod on carbon acquisition shown here indicates 

that other factors may be equally important for the regulation of the CCM efficiency. This 

study also considers the effect of leakage on CCM efficiency and species-specific differences 

therein.  

 

Leakage  

The efficiency of a CCM in microalgae depends on the kinetics of the carbon uptake 

systems but also on the loss of carbon via CO2 efflux. All three species investigated here an 

increase in leakage with decreasing pCO2 in the incubation, while the effect of daylength was 

less pronounced (Fig. 5, 6). We assume CO2 to be the only or at least predominant form of 



inorganic carbon, which diffuses through lipid cell membranes. According to Fick’s law the 

CO2 flux via a membrane is a function of the CO2 concentration gradient and a permeability 

coefficient. Leakage therefore strongly depends on those factors, both of which differ between 

species and growth conditions. In case of purely diffusive CO2 uptake by microalgae, the 

gradient of [CO2] would always be inwards (intracellular [CO2] � ambient [CO2]). Only a 

proportion of the incoming CO2 is fixed by RubisCO, the rest leaks out of the cell. In algae 

with diffusive CO2 uptake leakage tends to increase with ambient [CO2], a relationship which 

is implicit in many models for 13C fractionation (e.g. Laws et al. 1995, Rau et al. 1996). 

According to our results, however, leakage is always highest under low ambient [CO2]. This 

is consistent with results of Badger et al. (1994) who observed leakage as high as 0.5 in 

Chlamydomonas at low [CO2], which reduces to less than 0.1 under saturating [CO2] levels. 

For microalgae operating a CCM, leakage should be a function of internal CO2 accumulation 

(intracellular [CO2] � ambient [CO2]). Since active Ci uptake creates the highest CO2 gradient 

under low ambient [CO2], the observed relationship between leakage and ambient [CO2] 

should largely reflect the characteristics of the employed CCM.  

Species-specific differences in leakage may also be caused by the diffusive properties of 

their membranes. Highly permeable membranes facilitate inward diffusion of CO2, but in case 

of active Ci uptake also increase the loss of CO2. Consequently, one could expect that in 

species with high CCM activity membrane permeability is generally minimized. In fact, we 

find the lowest leakage in S. costatum, which had the highest KM:K1/2 ratios, and the highest 

leakage in E. huxleyi with KM:K1/2 ratios close to one. It has been suggested that leakage 

increases the costs or decreases the efficiency of a CCM (Raven and Lucas 1985, Spalding 

and Portis 1985). Thus, the low efficiency in photosynthesis of E. huxleyi could partly be 

caused by the fact that up to 64 % of the gross Ci-uptake is subsequently lost by CO2 efflux 

(Fig. 6). On the other hand, leakage as part of Ci cycling may help to dissipate excess energy 

(Tchernov et al. 1997), which could explain the high tolerance of E. huxleyi to high 

irradiances. 

 

O2 evolution and carbon uptake kinetics  

In all three species maximum rates of photosynthesis more or less doubled under L:D 

cycles compared to continuous light (Fig. 1-3; Table 1). Similar responses in photosynthesis 

were previously obtained for S. costatum (Burkhardt et al. 1999) and E. huxleyi (Nielsen 

1997, Rost et al. 2002). The strong effect of the photoperiod on photosynthesis was 

accompanied by respective changes in the carbon uptake systems. As in the present study 



rates of photosynthesis and carbon uptake are commonly expressed on a Chl a basis. 

Investigating the effect of daylength, however, one must consider that the Chl a quota in 

microalgae is affected by the photoperiod and generally increases with decreasing daylength 

(MacIntyre et al. 2002). In S. costatum and E. huxleyi the Chl a:C ratio was found to increase 

under L:D cycles by approximately 20% and 15%, respectively (Sakshaug et al. 1991, 

Gilstadt et al. 1993, Nielsen 1997). Thus, the effect of the photoperiod on photosynthesis and 

carbon uptake rates is even larger if rates are normalized to cellular carbon. 

In S. costatum and E. huxleyi remarkably higher contribution of HCO3
- to the overall 

carbon uptake was observed under L:D cycles, an effect also caused by decreasing CO2 

supply (Rost et al. 2003). On the contrary, P. globosa does not regulate its CO2:HCO3
- uptake 

ratio in response to daylength or CO2 supply. These results confirm species-specific 

differences in CCM regulation observed in the investigated species (Rost et al. 2003). In 

addition to the changes in CO2:HCO3
- use, daylength also influences the affinity for inorganic 

carbon. Surprisingly, only E. huxleyi decreased its K1/2 values for O2 evolution and CO2 

uptake while in S. costatum and P. globosa a shorter photoperiod yielded higher K1/2 values. 

This opposing regulation could be related to the efficiency of the employed CCM. For S. 

costatum and P. globosa with their efficient CCMs an increase in affinities would not further 

increase the actual rate of C-fixation, since photosynthesis is already CO2 saturated under 

culture condition. In view of the low affinities of E. huxleyi, however, a decrease in the K1/2 

value consequently leads to higher C-fixation. In this respect it seems puzzling that E. huxleyi 

does not push its affinity for carbon to the upper limit under continuous light. This may be 

associated to the fact that under continuous light, albeit lower affinities for carbon and thus 

lower instantaneous rates of carbon fixation, E. huxleyi yields equally high growth rates.  

The observed changes in carbon acquisition as a function of the photoperiod bear an 

interesting resemblance to macroalgae growing in different areas of the tidal zone. Due to the 

tidal cycle inter-tidal species are restricted in the length of time they can photosynthesize. To 

overcome this shortcoming they seem to have developed a very efficient CCM based on 

HCO3
- use with high affinities for CO2 and HCO3

- while sub-tidal species have low affinities 

and tend to rely on CO2 (Johnston et al. 1992).  

 

CCM regulation as a function of Ci-demand 

Microalgae were found to up-regulate their CCMs when ambient CO2 concentrations 

decrease, presumably to prevent ‘CO2 shortage’ at the site of carboxylation. It has been 

suggested that arising ‘CO2 shortage’ is either sensed directly at the plasmalemma (Masuda et 



al. 1998), by changes in the redox state of the photosynthetic electron transport carriers or the 

level of photorespiratory metabolites (Kaplan et al. 2001). Regardless of the actual signal 

transduction pathway, ‘CO2 shortage’ is not only a function of the Ci-supply but also of the 

Ci-demand of the cell. While the CO2 supply is proportional to ambient CO2 concentration, 

the Ci-demand of a cell is reflected in its carbon-specific growth rate. 

Photon flux density (PFD) largely controls the carbon-specific growth rate of microalgae, 

especially under nutrient replete conditions. Below light-saturation increasing PFD enhances 

the Ci-demand and thus the need for higher CCM activity. Beardall (1991) observed 

increasing Ci affinities in O2 evolution with increasing PFD-dependent growth rates for the 

cyanobacteria Anabaena variabilis. Increased CCM efficiency at higher PFD was also found 

for the green alga Chlorella vulgaris (Shiraiwa and Miyachi 1983), the dinoflagellate 

Peridinium gatunense (Berman-Frank et al. 1998) and the rhodophytes Palmaria palmata and 

Laurencia pinnatifida (Kübler and Raven 1994). Some genes in the cyanobacteria 

Synechocystis that respond to low CO2 conditions were also up-regulated under high light 

(Hihara et al. 2001). Most phytoplankton species reach photosynthetic carbon saturation 

under ambient Ci conditions, even at high PFDs. E. huxleyi with its rather inefficient CCM is 

only able to do so under low PFDs. Under high PFDs E. huxleyi requires far more than 2 mM 

Ci to saturate the consequently higher Ci-demand in photosynthesis (Nimer and Merrett 

1993). 

The observed relationship between PFD and CCM capacity has been ascribed to changes 

in the degree of energy limitation (Beardall and Giordano 2002). Yet, this response to PFD is 

also consistent with a regulation of the CCM efficiency as a function of the Ci-demand of the 

cell. Since photosynthesis can neither go faster than the carboxylase activity nor the electron 

transport rate (Farquar et al. 1980) the adjustment of both processes is critical for optimal 

performance, suggesting that both explanations do not preclude each other. In fact, by 

reacting to the redox state of their photosynthetic electron transport the cell would respond 

equally to limitations on ‘both ends of photosynthesis’. 

The duration of the photoperiod can also influence the carbon-specific growth rate of 

phytoplankton, since some species apparently compensate for a shorter photoperiod by 

increasing the rate of carbon fixation during the light. According to our data this increase in 

‘instantaneous Ci-demand’ under L:D cycles is accompanied by an up-regulation in Ci-

uptake. Since the observed higher rates of photosynthesis and Ci-uptake were accomplished 

under shorter daylength and thus lower absolute daily energy supply, we argue that under 

these conditions the Ci-demand and not energy-supply is the trigger for CCM regulation.  



If the duration of the photoperiod affects the Ci-demand of microalgae it might be crucial 

on what time scales the CCM can be up- (and down-) regulated. Likewise, fast changes in the 

Ci-demand, as might be imposed by varying PFDs, also require fast regulation in the CCMs 

of microalgae. In fact, the incident PFD under which the uptake rates were measured had a 

stronger control on the CCM efficiency than the PFD in the acclimation (Beardall 1991). In 

Chlamydomonas reinhardtii high affinity Ci-uptake systems were completely induced within 

less than 20 min (G. Amoroso, pers. comm.). Nimer et al. (1998) showed that extracellular 

CA activity in S. costatum reached maximum values 30 min after being transferred into high 

pH media from the dark.  

PFD and duration of the photoperiod were found to affect photosynthesis and CCM 

regulation of phytoplankton, presumably by altering the Ci-demand of the cell. If this factor 

turns out to have a significant influence on the regulation of the CCM, species-specific 

differences in carbon acquisition may play a significant role in phytoplankton ecology. 

 

Ecological implications 

To assess the role of carbon acquisition in phytoplankton ecology one has to identify the 

controlling factors in the natural environment. Owing to the low affinity of RubisCO with KM 

(CO2) of 20-70 µM and ambient oceanic CO2 concentrations of about 5-25 µM, diffusive CO2 

supply is insufficient to saturate photosynthetic carbon fixation. Hence the low CO2 supply 

may be seen as a raison d'être for the CCM, making it essential for most microalgae under 

conditions in the ocean. As argued above the degree of CCM regulation should be directly 

proportional to ‘CO2 shortage’ at RubisCO, which in turn is influenced by CO2 supply and Ci-

demand of the cell. 

Only a few studies have addressed the regulation in carbon acquisition over the natural 

range in CO2 concentrations. With decreasing CO2 concentrations, as occurs during the 

development of a phytoplankton bloom, there is a concomitant increase in CCM activity for 

most species (Berman-Frank et al. 1998, Elzenga et al. 2000, Burkhardt et al. 2001, Rost et al. 

2003). Yet, the variation in the CO2 supply is rather small in the open ocean compared to the 

range in carbon-specific growth rates, which can differ by more than 10-fold. Considering the 

instantaneous rates imposed by changes in the photoperiodic length and/or PFDs, the 

variation in Ci-demand would be even larger. Light conditions for phytoplankton are highly 

variable in aquatic environments, most importantly due to their vertical motion in the water 

column. For a vertical displacement on the order of 10m, time scales of cycling have been 

found to vary from about half an hour to hundreds of hours, depending on wind speed, current 



shear and stratification (Denman and Gargett 1983). We therefore suggest that the CCM in 

the natural environment is regulated by the Ci-demand rather than the CO2 supply.  

Light conditions and thus the cellular Ci-demand may differ between ecological niches. 

Diatoms usually dominate under early spring conditions, i.e. in turbulent waters with initially 

high nutrient concentrations. In turbulent environments light conditions vary with a high 

frequency and high amplitude, thus depending on the mixing depth cells might thrive under 

sub-saturating light intensities for most of the time whereas once at the surface irradiances are 

very high. Under these conditions it is critical to closely adjust Ci uptake to the changing Ci-

demand, since this regulation in the CCM is essential for an overall efficient light use. Under 

sub-saturating irradiances the CCM can be down-regulated, whereas under saturating 

irradiance the reactions of the Calvin-Benson cycle have to be maximized to ensure high rates 

of carbon fixation.  

According to our results diatoms should be most efficient in coping with early spring 

conditions. In fact, we suggest that a highly efficient and regulated CCM is a prerequisite for 

phytoplankton to dominate early spring blooms. Langdon (1988) concluded in a literature 

review that diatoms were best adapted for growth under low irradiance and attributed this 

result to the high Chl a:C ratios and low maintenance respiration rates of diatoms. Tortell 

(2000) suggested that the high specificity of diatom RubisCO and low Ci accumulation might 

contribute to their ability to grow well under low light. Both explanations, however, do not 

consider the high variability in irradiance under early spring conditions, which require 

flexibility in photosynthesis. The ability of diatoms to regulate their CCM may partly 

determine their competitiveness over Phaeocystis, which usually form blooms after diatoms 

have exhausted Si concentrations. E. huxleyi develops blooms in temperate and subpolar 

regions during the summer months when the water column becomes stratified and nutrient 

concentrations are low. In stratified environments light conditions are less variable, i.e. the 

cells grow under generally high and rather constant irradiances. Based on our results E. 

huxleyi may prefer such stable environments where the Ci-demand is moderate and thus the 

ecological success does not dependent on high instantaneous rates of carbon fixation. 

Consequently, we argue that owing to its inefficient CCM E. huxleyi cannot compete with 

diatoms under early spring condition.  

Until recently, the potential role of carbon acquisition in marine phytoplankton ecology has 

largely been ignored. Many studies have meanwhile confirmed the operation of a CCM in 

various phytoplankton species. Ecological interpretations so far have focused on the effect of 

changes in Ci-supply. Considering the aspect of Ci-demand, however, provides a new view on 



the role of carbon acquisition in phytoplankton ecology. The above suggested influence on 

phytoplankton succession, however, remains to be tested.  
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Table 1. K1/2 and Vmax of photosynthesis, gross CO2 uptake and HCO3
- uptake for S. costatum, P. 

globosa and E. huxleyi acclimated at different light:dark cycles (L:D). Kinetic parameter were 

calculated from a Michaelis-Menten fit to the combined data of several independent 

measurements. Values for K1/2 and Vmax are given in µM and µmol (mg Chl a)-1 h-1, respectively. 

Error bars denote �SD.  

 

L:D Photosynthesis CO2 uptake HCO3
- uptake 

(h:h) K1/2 (CO2) Vmax  (CO2) K1/2 (HCO3
-) Vmax  (HCO3

-) K1/2 (CO2) Vmax  (CO2) K1/2 (HCO3
-) Vmax  (HCO3

-)

S. costatum         
24 : 0     2.3  �0.5  341  �21   246  �40  353  �16    3.2  �0.9  299  �23    38  �14  115  �6 
16 : 8    4.6  �0.8  717  �40   393  �50  731  �30    3.9  �0.7  445  �25  335  �41  531  �20
 12 :12    4.9  �0.8  656  �36   390  �60  650  �31    4.4  �0.5  385  �15  260  �53  427  �24

P. globosa         
24 : 0     1.5  �0.4  246  �13   122  �29  251  �13    1.7  �0.5  218  �15    23  �13  133  � 7 
16 : 8    1.3  �0.6  533  �24   164  �34  542  �26    1.5  �0.3  393  �20    76  �28  325  �22
 12 :12    2.8  �0.5  520  �26   310  �48  524  �25    3.2  �0.5  387  �19  181  �36  295  �15

E. huxleyi         
24 : 0   27.3  �2.4  250  �11 1562  �147  245  �13  13.4  �1.9  260  �14 -    58  �15
16 : 8    6.2  �1.1  559  �30   304  �45  534  �22    6.5  �1.2  489  �29    84  �31  426  �26
 12 :12    6.3  �1.3  465  �31   431  �84  459  �29    5.7  �1.1  343  �22  157  �46  265  �17



Figure legends 

 
Fig. 1: S. costatum. Chl a-specific rates of net photosynthesis (squares), gross CO2 uptake 

(triangles), and HCO3
- uptake (circles) as a function of CO2 and HCO3

- concentration in the 

assay medium. The cultures were grown at 360 ppmv CO2 and acclimated to L:D cycles of  

(a, b) 24:0 h, (c, d) 16:8 h, or (e, f) 12:12 h for at least 4 days. Curves were obtained from a 

Michaelis-Menten fit to the combined data of several independent measurements.  

 

Fig. 2: P. globosa. Chl a-specific rates of net photosynthesis (squares), gross CO2 uptake 

(triangles), and HCO3
- uptake (circles) as a function of CO2 and HCO3

- concentration in the 

assay medium. The cultures were grown at 360 ppmv CO2 and acclimated to L:D cycles of  

(a, b) 24:0 h, (c, d) 16:8 h, or (e, f) 12:12 h for at least 4 days. Curves were obtained from a 

Michaelis-Menten fit. 

 

Fig. 3: E. huxleyi. Chl a-specific rates of net photosynthesis (squares), gross CO2 uptake 

(triangles), and HCO3
- uptake (circles) as a function of CO2 and HCO3

- concentration in the 

assay medium. The cultures were grown at 360 ppmv CO2 and acclimated to L:D cycles of  

(a, b) 24:0 h, (c, d) 16:8 h, or (e, f) 12:12 h for at least 4 days. Curves were obtained from a 

Michaelis-Menten fit. 

 

Fig. 4: Ratios of KM(CO2)Rubisco : K1/2 (CO2) for O2 evolution (a) and gross CO2:HCO3
- uptake 

ratios (b) in S. costatum, P. globosa, and E. huxleyi, acclimated to different L:D cycles. 

KM(CO2)RubisCo was assumed to be 30µM (Badger et al. 1998). 

 

Fig. 5: Leakage (CO2 efflux : gross Ci uptake) as a function of CO2 concentration for S. 

costatum (squares), P. globosa (triangles) and E. huxleyi (cycles), obtained from cells 

acclimated to 360 ppmv and continuous light.  

 

Fig. 6: Ratios of CO2 efflux : gross Ci uptake in S. costatum, P. globosa, and E. huxleyi, 

acclimated to different L:D cycles (a) and pCO2 (b) under culture conditions. The values for 

pCO2 treatments were calculated from previously published data (Rost et al. 2003). 
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Abstract 

Coccolithophores, which are considered to be the most productive calcifying or-
ganisms on earth, play an important role in the marine carbon cycle. The forma-
tion of calcite skeletons in the surface layer and their subsequent sinking to depth 
modifies upper-ocean alkalinity and directly affects air/sea CO2 exchange. Recent 
work indicates that the productivity and distribution of coccolithophores are sensi-
tive to CO2-related changes in environmental conditions, both directly through 
acidification of surface seawater and indirectly through increasing upper-ocean 
thermal stratification. To assess possible responses of this group we examine the 
physiology and ecology of coccolithophores with regard to expected environ-
mental changes. Potential feedbacks to atmospheric CO2 increase, as could arise 
from changes in photosynthesis and calcification as well as from a shift in the 
dominance of coccolithophores, may be crucial when trying to forecast future cli-
mate change. 

Introduction 

The climate of the earth has undergone major changes over geologic timescales. 
Climatic conditions and changes therein have immediate repercussions for the 
global biosphere, influencing the structure and productivity of ecosystems and the 
proliferation or disappearance of organisms. In turn, biological activity can exer-
cise a direct impact on the climate. By driving many of the global elemental cy-
cles, organisms can both mitigate or amplify climate change and may contribute, 
as suggested by the Gaia hypothesis (Lovelock 1979), to stabilising the climate. 
Global changes in environmental conditions, including climate conditions, are 
presently occurring at an unprecedented rate due to large-scale perturbations in-
duced by human activities. While this is bound to give rise to ecosystem changes 
on the global scale, we are only starting to understand the complex interplay be-
tween climate variability and ecosystem structure and functioning. Reliable pre-
diction of the direction and magnitude of ecosystem changes, however, would be a 
prerequisite for assessing the risks involved in human-induced global change. 
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Despite a high degree of structural complexity, the energy flow and elemental 
cycling of many ecosystems are dominated by a comparatively small number of 
species. A first step in understanding possible consequences of environmental 
change on ecosystem functioning, therefore, is to determine the relevant responses 
of these key species. This also holds true for the marine pelagic system, the largest 
ecosystem on our planet. While the base of its complex food web is formed by 
more than 5000 species of marine phytoplankton, only a few taxonomic groups of 
phytoplankton, and within these groups a relatively small number of species, are 
responsible for most of the system’s primary production, the energy transfer to 
higher trophic levels and the vertical export of biogenic material to the deep 
ocean. These key species can be further distinguished into so-called ‘functional 
groups’, i.e. phytoplankton building silicious or calcareous shells, such as the dia-
toms and coccolithophores, respectively, flagellates forming organic plates or mu-
cilaginous colonies, and cyanobacteria fixing atmospheric nitrogen. Each of these 
functional groups has a distinct effect on elemental fluxes, both between the sur-
face and deep ocean as well as the overlying atmosphere. 

With regard to the oceanic carbon cycle, the effect of calcifying plankton, in-
cluding coccolithophores as the dominant calcifying phytoplankton, differs greatly 
from that of other primary producers (Fig. 1). The fixation of inorganic carbon via 
photosynthesis in the sunlit upper mixed layer and the vertical export of part of 
this organic material causes a draw down of CO2 in the surface ocean. Reminerali-
sation of the particulate organic carbon on its way to depth releases organically-
bound CO2, which then accumulates in deeper layers. This process, termed the or-
ganic carbon pump, thereby causes a net draw down of CO2 from the atmosphere 
into the ocean. In contrast, the production and export of calcium carbonate has the 
opposite effect on air/sea CO2 exchange, causing a net release of CO2 to the at-
mosphere. Due to its counteracting effect on CO2 flux, this process is often re-
ferred to as the carbonate counter pump (while CO2 release through carbon fixa-
tion may appear counter-intuitive, the intricacies of the underlying carbonate 
chemistry will be outlined below). The relative strength of the two biological car-
bon pumps, represented by the so-called rain ratio (the ratio of particulate inor-
ganic to organic carbon in exported biogenic matter), to a large extent determines 
the flux of CO2 between the surface ocean and the overlying atmosphere. 

Recent work indicates that changes in seawater carbonate chemistry caused by 
rising atmospheric CO2 (Fig. 2) can decrease biologically-mediated calcification 
(Gattuso et al. 1998; Wolf-Gladrow et al. 1999; Riebesell et al. 2000a; Zondervan 
et al. 2001). Changes in seawater CO2 concentration and/or CO2-related changes 
of the carbonate system are also likely to modify phytoplankton species composi-
tion (Tortell et al. 2002), and may even alter the relative abundance of calcifying 
versus non-calcifying phytoplankton (Rost et al. 2003). Since changes in atmos-
pheric pCO2 give rise to corresponding changes in the carbonate system of surface 
seawater with a time lag of less than one year (Zeebe and Wolf-Gladrow 2001), 
biological responses may occur in phase with the present rise in atmospheric CO2.  
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Fig. 1: The biological carbon pumps: Photosynthetic production of organic matter in the 
surface layer and its subsequent transport to depth, termed organic carbon pump, generates 
a CO2 sink in the ocean. In contrast, calcium carbonate production and its transport to 
depth, referred to as the calcium carbonate pump, releases CO2 in the surface layer. The 
relative strengths of these two processes (rain ratio) largely determine the biologically-
mediated ocean atmosphere CO2 exchange. 

Moreover, expected climate-induced changes in surface-ocean temperature, strati-
fication, and mixing, and the related changes in mixed layer light conditions and 
nutrient cycling (Fig. 3), are bound to affect the structure and composition of ma-
rine pelagic ecosystems. These changes will have profound effects on the biologi-
cal carbon pumps, both in absolute terms and with respect to their relative 
strengths. 

In view of the rapid changes in environmental conditions presently occurring 
on a global scale, a major challenge in earth system sciences is to predict bio-
spheric responses to global change. Any attempt to forecast biologically-mediated 
changes in marine biogeochemical cycling critically depends on our ability to ex-
plain the distribution and succession of the dominant phytoplankton groups in re-
lation to biotic and abiotic environmental conditions. At present, we are far from 
understanding phytoplankton succession and distribution in today’s ocean, let 
alone possible modifications therein in response to environmental change. In this 
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Fig. 2: Seawater pH and the dissolved carbon dioxide (CO2) and carbonate ion (CO3

2-) con-
centrations in the surface layer of the ocean assuming a “business as usual” (IS92a) anthro-
pogenic CO2 emission scenario (Houghton et al. 1995). Dashed lines represent the predic-
ted changes in carbonate chemistry if CO2 emissions are reduced according to the Kyoto 
Protocol (modified after Wolf-Gladrow et al. 1999). 

chapter we will outline some of the relevant characteristics of coccolithophores in 
the framework of environmental change and how these may affect the competitive 
advantage of this group in the future. While the focus of this paper will be on re-
cent natural and anthropogenic global change, we will also look for possible indi-
cations in the geological past and will examine potential consequences for biogeo-
chemical cycling in the ocean in the future. 

Biogeochemical role of coccolithophores 

Coccolithophores are a comparatively young group of planktonic microalgae, 
which first appeared in the late Triassic about 200 Mya (million years ago; Bown 
et al. this volume) and started to produce conspicuous accumulations of calcium 
carbonate in the rock record since the late Jurassic (ca. 150 Mya) (Morse and 
Mackenzie 1990). From this point on, coccolithophores have had a major impact 
on marine biogeochemical cycling with tremendous consequences for earth’s cli-
mate. Together with planktonic foraminifera, which became prominent in the 
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Fig. 3. The progressive increase in atmospheric CO2 affects the marine biota in various 
ways: directly through changes in surface ocean chemistry (see Fig. 2) and indirectly 
through rising mean global temperatures causing increased surface ocean stratification. This 
in turn reduces the nutrient input from deeper layers and increases the light availability due 
to shoaling of the upper mixed layer (UML). 

Middle Cretaceous (ca. 100 Mya), coccolithophores are mainly responsible for 
creating and maintaining the ocean’s vertical gradient in seawater alkalinity. The 
coupling between calcification and photosynthesis in coccolithophores, and to 
some extend also in the symbiont-bearing foraminifera, implies that large-scale 
calcification is concentrated in the photic zone of the ocean. CaCO3 formation not 
only binds dissolved carbon into particulate carbon and thereby reduces total dis-
solved inorganic carbon, it also lowers seawater alkalinity and changes the equi-
librium between the different forms of dissolved inorganic carbon. The draw down 
and vertical flux of CaCO3-bound inorganic carbon and alkalinity drives the car-
bonate counter pump and consequently cause an increase in atmospheric pCO2.  

But how can a process transporting inorganic carbon from the surface to the 
deep ocean be responsible for maintaining high atmospheric pCO2? The formation 
of one unit of calcium carbonate according to 

3
2

3
2 CaCO  CO Ca ��

��  (1) 

lowers the dissolved inorganic carbon (DIC) concentration, with 

][CO][HCO][CODIC -2
3

-
32 ���  (2) 

by one unit. Due to its double negative charge the concentration of carbonate ions 
carries the factor 2 in the expression of total alkalinity (TAlk), with 
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Thus, the precipitation of one unit of calcium carbonate lowers seawater alkalinity 
by two units. How this affects the concentration of dissolved CO2 is best illus-
trated, following Zondervan et al. (2001), by plotting CO2 concentration as a func-
tion of DIC and TAlk (Fig. 4). Starting at typical surface ocean conditions of DIC 
= 2.0 mmol kg-1 and TAlk = 2.3 mmol kg-1 (beginning of diagonal vector on left 
side), the corresponding CO2 concentration, [CO2], is 10.5 µmol kg-1 (assuming 
T=15°C, S=35). Precipitating 50 µmol kg-1 of CaCO3 lowers DIC and TAlk by 
0.05 and 0.1 mmol kg-1, respectively. With the new DIC and TAlk values of 1.95 
mmol kg-1 and 2.2 mmol kg-1 (end of diagonal vector), the corresponding CO2 
concentration now is 12.4 µmol kg-1. Assuming that the seawater initially was in 
equilibrium with the atmosphere with respect to CO2, it is now CO2 over-
saturated. To restore equilibrium, 0.63 units of CO2 need to be released for each 
unit of inorganic carbon precipitated via calcification. In our example, 50 µmol 
kg-1 CaCO3 production would require a degassing of 32 µmol kg-1 of CO2 in order 
to maintain CO2 equilibrium between our parcel of seawater and the overlying at-
mosphere. Due to the decrease in the buffer capacity with increasing [CO2] (de-
creasing pH) of seawater, the ratio of CO2 released per carbonate precipitated in-
creases with rising atmospheric CO2 (Frankignoulle et al. 1994). Under conditions 
expected for the year 2100 (see Fig. 2), the surface ocean equilibrium CO2 
concentration would be ca. 27 µmol kg-1. Under these conditions, precipitation of 
50 µmol kg-1 CaCO3 would release ca. 40 µmol kg-1 of CO2, corresponding to 0.79 
units of CO2 for each unit of CaCO3 (right vectors). If global calcification were to 
remain constant over this time, increased calcification-induced CO2 release results 
in a positive feedback to rising atmospheric CO2 (Zondervan et al. 2001).  

Aside from their predominant role in global ocean calcification, coccolitho-
phores are also important primary producers. Their geographical distribution 
ranges from oligotrophic subtropical gyres to temperate and high latitude eutro-
phic regimes. Representatives of this group equally strive in low chlorophyll recy-
cling systems as well as in high biomass new production systems. Of the ca. 200 
species of coccolithophores, however, only very few species form intense blooms 
over large areas of the ocean (Tyrrell and Merico, this volume). Among these, 
Emiliania huxleyi and Gephyrocapsa oceanica are by far the most prominent 
bloom-formers. As calcifying primary producers, coccolithophores contribute to 
both the organic carbon pump and the carbonate counter pump. The draw down 
of CO2 due to organic carbon production is thereby partly compensated by the re-
lease of CO2 via calcification. Primary production by coccolithophores is therefore 
a smaller sink for CO2 when compared to a non-calcifying production system, 
such as a diatom bloom (Robertson et al. 1994). Due to calcite overproduction, a 
phenomenon typical for Emiliania huxleyi when growing into nutrient limitation, 
blooms of this species can even turn into a net source for CO2 to the atmosphere 
(Purdie and Finch 1994). Obviously, the ratio of coccolithophore calcification to 
organic matter production, but even more so the ratio of calcareous to non-
calcareous primary production, strongly determine the relative strengths of the two  
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Fig. 4: Changes in the concentrations of DIC, total alkalinity, and CO2 as a result of calcifi-
cation at preindustrial times (left vectors) and in year 2100 (right vectors). Numbers at the 
vectors are relative values. The difference in the effect of calcification on seawater carbon-
ate chemistry in the two scenarios results from a CO2-related change in the seawater buffer 
capacity (see text for details, modified after Zondervan et al. 2001). 

biological carbon pumps. CaCO3 may also act as a “ballast” mineral that increases 
the transfer efficiency of POC from the surface to the deep sea (Armstrong et al. 
2002). The presence of coccoliths could thus enhance the sedimentation of POC 
such as in faecal pellets (Buitenhuis et al. 1996). According to this “ballast” hy-
pothesis variations in the rain ratio would have been generally smaller than previ-
ously assumed (Armstrong et al. 2002, Klaas and Archer 2002).  

On geological time-scales variation in coccolith abundance in the sedimentary 
record is often correlated with glacial-interglacial transitions, indicating a pre-
dominance of coccolithophores during interglacial periods (McIntyre et al. 1972, 
Henrich 1989). The presumably lower contribution of coccolithophores relative to 
non-calcifying phytoplankton may have contributed to the lower atmospheric CO2 
levels in glacial times (Archer and Maier-Reimer 1994, Harrison 2000, Ridgwell 
et al. 2002). A large-scale effect of present climate forcing on the relative contri-
bution of calcareous to primary production is indicated by a basin-wide shift in the 
composition of sedimenting particles in the North Atlantic (Antia et al. 2001). The 
observed steady decrease in the opal:carbonate ratio since the early eighties may 
reflect an increase in the abundance and productivity of coccolithophores relative 
to diatoms. Changes in environmental conditions related to climate forcing are 
likely to affect phytoplankton functional groups differently (Boyd and Doney 
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2002). Forecasting the response of marine ecosystems to global change therefore 
requires an understanding of the factors that determine the distribution and pro-
ductivity of key phytoplankton groups. A first step to assessing the sensitivity of 
coccolithophores to environmental change will be to examine the physiology and 
ecology of this group in relation to other dominant phytoplankton taxa. 

Coccolithophore ecophysiology 

Most of our information about the physiology and ecology of coccolithophores 
originates form the extensive work on Emiliania huxleyi, a species that is some-
what unusual for the group of coccolithophores. It has evolved only 270.000 years 
ago from the older genus Gephyrocapsa (Thierstein et al. 1977), became dominant 
70.000 years ago and is now the most abundant coccolithophore in the ocean. 
Only few coccolithophores form blooms like E. huxleyi, thus E. huxleyi is more r-
selected (i.e. pioneer) than most other coccolithophores. Other specialities are the 
phenomenon of coccolith-overproduction and the lack of light-inhibition in this 
species. For an extensive review on E. huxleyi we refer to Paasche et al. (2002). In 
view of the current increase in atmospheric pCO2, coccolithophores could be af-
fected in various ways: directly through changes in surface ocean carbonate chem-
istry (Fig. 2), and indirectly through rising mean global temperatures causing in-
creased surface ocean stratification with respective changes in the light regime and 
nutrient supply (Fig. 3). In the following sections on photosynthesis and calcifica-
tion we will therefore focus on the effect of light, inorganic carbon and other nu-
trients. Furthermore, possible interactions between calcification and photosynthe-
sis will be discussed. 

Photosynthesis and growth 

Photosynthesis involves a series of reactions that start with capturing light energy, 
transferring it into the energy-conserving compounds NADPH and ATP, and us-
ing these compounds to fix CO2 in the Calvin cycle. Actively growing algae allo-
cate about 50% of recent photosynthate to protein synthesis, resulting in a compe-
tition for NADPH and ATP between CO2 fixation, transport processes, nitrate 
reduction and protein formation (Geider and MacIntyre 2001). Thus photosynthe-
sis and downstream processes leading to cellular growth are primarily light-
dependent processes. Photosynthesis-irradiance response curves are commonly 
used to assess the photosynthetic performance. Parameters derived from these 
curves such as the light-saturated photosynthetic rate (Pm), light-limited initial 
slope (�), maximum quantum yield (Φm) as well as Chl a:C ratios are similar for 
E. huxleyi to those of other phytoplankton species (Nielsen 1997). Yet, with light-
saturation irradiances (Ek) between 70 and 300 µmol photons m-2 s-1 (e.g. Paasche 
1967; Van Bleijswijk et al. 1994; Nielsen 1997), E. huxleyi reaches saturation lev-
els at irradiances generally higher than those found for diatoms or dinoflagellates 
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(Richardson et al. 1983). Moreover, elevated irradiances have no or little inhibi-
tory effect on photosynthesis of E. huxleyi, which has been verified for irradiances 
up to 1700 µmol photons m-2 s-1 (e.g. Nielsen 1995; Nanninga and Tyrrell 1996). 
The tolerance of E. huxleyi to high light intensities is also reflected in its predomi-
nance during times when surface waters are highly stratified in the summer (Nan-
ninga and Tyrrell 1996; Tyrrell and Taylor 1996). 

In the dark reaction of photosynthesis CO2 is fixed by the carboxylating en-
zyme, ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO). Due to the 
poor substrate affinity of RubisCO for CO2 (KM 20-70 µmol L-1, Badger et al. 
1998) and the low CO2 concentrations present in seawater (5-25 µmol L-1) photo-
synthesis of phytoplankton potentially suffers from CO2 limitation. To overcome 
the imperfection of their main carboxylating enzyme, most microalgae have de-
veloped mechanisms to enhance the CO2 concentration at the site of carboxyla-
tion. These CO2 concentrating mechanisms (CCMs) comprise active uptake of 
CO2 and/or HCO3

- into the algal cell and/or the chloroplast. Also involved in most 
CCMs is the enzyme carbonic anhydrase (CA), which accelerates the otherwise 
slow rate of conversion between HCO3

- and CO2. Owing to the operation of 
CCMs, most marine phytoplankton have high affinities for inorganic carbon and 
reach photosynthetic carbon saturation under ambient CO2 levels (Raven and 
Johnston 1991). 

Unlike other dominant phytoplankton groups Emiliania huxleyi has compara-
tively low affinities for inorganic carbon and photosynthesis appears to be carbon-
limited in today’s ocean (e.g. Paasche 1964; Sikes and Wheeler 1982; Nielsen 
1995). This has led to the speculation that this species may rely entirely on diffu-
sive CO2 supply for photosynthesis (Raven and Johnston 1991). Recent studies, 
however, provide clear evidence for active carbon uptake in E. huxleyi (e.g. Nimer 
and Merret 1996; Rost et al. 2002; Rost et al. 2003). The efficiency of the CCM 
employed by E. huxleyi appears to be low when compared to other phytoplankton 
taxa (e.g. Burkhardt et al. 2001; Rost et al. 2003, Fig. 5). In view of close coupling 
between photosynthesis and calcification it has been hypothesized that E. huxleyi 
is able to use HCO3

- for photosynthesis through the process of calcification (Sikes 
et al. 1980; Nimer and Merret 1993), potentially representing a cost-effective al-
ternative to the classical CO2 concentrating mechanism (Anning et al. 1996). The 
potential role of calcification for photosynthetic carbon acquisition will be dealt 
with in the section on calcification below.  

In contrast to photosynthetic carbon fixation, cell division rate of E. huxleyi is 
not limited by DIC under natural conditions, thus it does not increase under ele-
vated CO2 or DIC concentrations (e.g. Paasche et al. 1996, Buitenhuis et al. 1999, 
Clark and Flynn 2000, Riebesell et al. 2000b). The “mismatch” between cell divi-
sion and carbon fixation can cause large variations of carbon cell quota, with low 
values under sub-saturating irradiances and DIC concentrations, and high values at 
saturating irradiances and DIC concentrations (e.g. Van Bleijswijk et al. 1994; 
Paasche 1999; Zondervan et al. 2002). The variability in carbon quota is even  



10      Rost and Riebesell 

 
Fig. 5: Photosynthesis of phytoplankton species differs with respect to CO2 sensitivity: 
While most species (here Skeletonema costatum and Phaeocystis globosa) are at or close to 
CO2 saturation at present day CO2 levels (8-20 µmol L-1), coccolithophores such as E. hux-
leyi have comparatively low affinities for inorganic carbon and appear to be carbon-limited 
in today’s ocean. This raises the possibility that coccolithophores may benefit directly from 
the present increase in atmospheric CO2. The range in half-saturation concentrations (K1/2; 
in µmol L-1) for photosynthesis shown here reflects the degree of regulation as a function of 
pCO2 during growth (according to Rost et al. 2003). Highest apparent affinities for CO2 
were generally observed in cells which were grown under low pCO2. 

higher when cell division of E. huxleyi is limited by phosphorus or nitrogen 
(Paasche 1998; Riegmann et al. 2000). The observed high flexibility in its carbon 
quota may be of ecological relevance, providing a mechanism to maintain high 
growth rates under limiting conditions. This could reduce constrictions otherwise 
imposed by the low affinity carbon acquisition. 

In addition to light and carbon, other resources such as phosphorus and nitrogen 
as well as trace elements are required for the functioning of the photosynthetic ap-
paratus and effective growth. E. huxleyi has extremely high affinity phosphate up-
take systems with half-saturation constants as low as 1 nM (Riegmann et al. 1992, 
2000). A constitutive and an inducible alkaline phosphatase enables the cells to 
also use organic phosphate esters at nanomolar levels. Despite the ability of E. 
huxleyi to accumulate surplus phosphate to some degree, luxury consumption for 
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phosphate is rather low relative to other species. With regard to nitrate utilisation, 
E. huxleyi was not found to be an exceptional competitor under N-limitation 
(Riegmann et al. 1992, 2000). Maximum uptake rates are fairly low and the half-
saturation constant of 0.2 µM is similar or higher than those of other algae (Page 
et al. 1999; Riegmann et al. 2000). Some strains of E. huxleyi can use other N-
compounds such as amino acids (Ietswaart et al. 1994), low molecular weight am-
ides, urea, and purines (Palenik and Henson 1997). As in the case of phosphate, 
luxury consumption for nitrate is low in E. huxleyi compared to other phytoplank-
ton taxa, such as diatoms (Grime 1979; Raven 1997). Iron and zinc requirements 
of E. huxleyi are lower than of coastal diatoms but comparable with those of other 
oceanic phytoplankton species (Brand 1991; Sunda and Huntsmann, 1995; Muggli 
and Harrison 1996; Morel et al. 1994). Owing to the exceptionally high affinity for 
phosphate as well as its ability to use organic phosphate esters, however, E. hux-
leyi can outcompete other phytoplankton species under elevated N:P ratios (Rieg-
mann et al. 1992, 2000). 

Calcification and its relation to photosynthesis 

Despite intensive research on coccolithophores the function of calcification is still 
not completely understood (Young 1994; Brownlee et al. 1994; Paasche 2002, 
Brownlee and Taylor, this volume). It has been hypothesized that the cell-covering 
layer of coccoliths, the coccosphere, serves to protect against grazing and/or virus 
attack and that coccoliths could bundle and modify the light intercepted by the al-
gal cell (Young 1994). While these hypotheses amongst various others remain 
speculative, there is some support for the “trash-can function” of calcification, 
whereby CaCO3 precipitation serves as a mechanism to facilitate the use of bicar-
bonate in photosynthesis (see below). The ratio of calcification to photosynthesis 
in coccolithophores, in the literature often referred to as the C/P or PIC/POC ratio, 
has recently received much attention as it provides information on the carbon me-
tabolism of coccolithophores and bears implications for the rain ratio. In the fol-
lowing the light-, carbon- and nutrient-dependence of calcification will be dis-
cussed in comparison to photosynthesis, with emphasis on respective changes in 
the PIC/POC ratio. 

Calcification of coccolithophores is predominantly a light-dependent process. 
This has been shown in numerous incubation experiments for E. huxleyi (e.g. 
Paasche 1962, 1964, 1965, 1966; Sikes et al. 1980; Linschooten et al. 1991) as 
well as Coccolithus pelagicus (Paasche 1969) and has been verified also under 
natural conditions in mesocosm and shipboard experiments (e.g. Van der Wal et 
al. 1995; Balch et al. 1992; Holligan et al. 1993). Due to the different light-
dependence of calcification compared to photosynthesis, the PIC/POC ratio in E. 
huxleyi generally decreases towards low growth irradiances (e.g. Van Bleijswijk et 
al. 1994; Balch et al. 1996; Paasche 1999; Zondervan et al. 2002). Balch et al. 
(1996) suggested that this light-dependence in PIC/POC offers an ecological adap-
tation strategy. Ceasing calcification under extreme light-limitation, as it occurs at 
the base of the photic zone, lowers cell density and thus may reduce the loss of 
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cells through sinking below the photic zone. Since calcification continues when 
growth is limited by nutrient deficiency it could also provide a means of dissipat-
ing absorbed light energy to avoid photo-damage under nutrient limitation 
(Paasche 2002). 

Both calcification and photosynthesis draw carbon from the large pool of dis-
solved inorganic carbon in seawater. While for photosynthesis both CO2 and 
HCO3

- are used in variable proportion, for calcification HCO3
- is thought to be the 

main or only carbon source (Paasche 1964; Sikes et al. 1980). A predominantly 
HCO3

- based calcification is indicated by the �13C composition of the coccoliths, 
which is close to the �13C of HCO3

- (Sikes and Wilbur 1982; Rost et al. 2002). In-
creasing DIC was found to increase the rate of calcification in E. huxleyi (Paasche 
1964; Buitenhuis et al. 1999; Berry et al. 2002). While elevated CO2 concentra-
tions under constant DIC have been shown to reduce calcification in light-
saturated cultures of E. huxleyi and G. oceanica (Riebesell et al. 2000a), this trend 
in calcification was not observed under light-limitation (Zondervan et al. 2002). 
Under N- and P-limitation the responses in calcification to different CO2 or DIC 
concentrations seems more pronounced than in nutrient replete cultures. Berry et 
al. (2002) investigated a low calcifying strain of E. huxleyi and observed a stimu-
lation in the rate of calcification upon DIC enrichment (constant pH) as well as 
under decreasing CO2 concentrations (increasing pH). Due to different responses 
of calcification and photosynthesis to changes in carbonate chemistry, the 
PIC/POC ratio in E. huxleyi generally increases with decreasing CO2 or increasing 
DIC concentrations (Paasche 1964; Riebesell et al. 2000a; Berry et al. 2002; Zon-
dervan et al. 2002; Fig. 6). This trend persists over a range of irradiances and only 
weakens under severe light limitation. Most of this change is caused by the re-
sponse in photosynthesis, which is generally more sensitive to changes in CO2 and 
DIC concentration than calcification. Phosphorus and nitrogen limitation was 
stated to stimulate calcification (e.g. Riegmann et al. 2000; Berry et al. 2002), 
which is often deduced from the observed increase in the PIC/POC ratio upon nu-
trient limitation. While under nutrient replete conditions PIC/POC ratios are gen-
erally below unity, under P- and N-limitation values up to 2.3 have been observed 
(cf. Paasche 2002). This led to the suggestion that calcification plays a role in nu-
trient acquisition such as phosphorus metabolism. In fact, E. huxleyi has the high-
est affinity for phosphate of all investigated phytoplankton species (Riegmann et 
al. 2000). Moreover, phosphorus deficiency induced recalcification of a non-
calcifying strain of E. huxleyi (Paasche 1998). High PIC/POC ratios under low nu-
trient conditions may in some cases, however, simply reflect the lower nutrient 
dependency of calcification compared to photosynthesis. Since coccolith forma-
tion is predominantly a light-dependent process any kind of nutrient limitation af-
fecting the rate of photosynthesis is bound to increase the PIC/POC ratio. This ef-
fect was also observed for growth under zinc-limitation (K. Schulz, unpubl. data). 
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Fig. 6: Rising CO2 decreases the ratio of calcification to organic carbon production 
(PIC/POC) in E. huxleyi. The decrease in PIC/POC is caused by enhanced photosynthetic 
carbon fixation and reduced or constant calcification. This trend is consistent over a range 
of photon flux densities (PFDs; in µmol photons m-2 s-1), yet declines under severe light-
limitation (modified after Zondervan et al. 2002). 

To what extent the two cellular processes calcification and photosynthesis are 
directly coupled is still an open question. While photosynthesis obviously drives 
calcification by providing the energy required to transport inorganic carbon and 
calcium ions and to accumulate them inside the coccolith producing vesicles, the 
question whether calcification is also beneficial for photosynthesis is still unre-
solved (Brownlee and Taylor, this volume). Provided that HCO3

- is the carbon 
source for calcification, one possible benefit for photosynthesis could be the re-
lease of CO2 or protons in the course of calcification according to the following 
reactions: 

OHCOCaCOHCO 2 Ca 2233
2

����
��  (4) 

���

��� HaCO CHCO Ca 33
2  (5) 

Either CO2 could be used directly in photosynthesis or protons could be used in 
the conversion of HCO3

- to CO2. In either case this would provide the calcifying 
cell with a mechanism to access HCO3

-, which represents the largest pool of inor-
ganic carbon in seawater. 
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A functional coupling between calcification and photosynthesis has first been 
proposed by Sikes et al. (1980) and has since been favoured by various authors 
(e.g. Nimer and Merret 1993; Brownlee et al. 1994; Anning et al. 1996; Buiten-
huis et al. 1999). While compelling evidence for or against such a mechanism is 
still lacking, it appears that calcification in coccolithophores is neither a prerequi-
site for efficient photosynthesis nor is it particularly effective in mitigating CO2 
limitation. This is indicated, for example, by the fact that photosynthesis continues 
unaltered when calcification ceases, such as when cells are grown in calcium-free 
medium (Paasche 1964). Likewise, non-calcifying cells can photosynthesise as ef-
ficient or even more efficiently than calcifying ones (Fig. 7). Moreover, mass 
spectrometric measurements indicate that non-calcifying cells of E. huxleyi are 
capable of direct uptake of HCO3

-, which implies that HCO3
- utilisation is not tied 

to calcification. That calcification also appears unsuited to prevent CO2 limitation 
of coccolithophores is indicated by observations that the rate of photosynthesis 
decreases with decreasing CO2 concentration despite a concomitant increase in 
calcification rate (Riebesell et al. 2000a; Berry et al. 2002; Zondervan et al. 2002). 
In essence, if supply of CO2 for photosynthesis is indeed a primary role of calcifi-
cation, this mechanism is rather inefficient when compared to CO2 concentrating 
mechanisms of non-calcifying phytoplankton such as diatoms and Phaeocystis 
(Burkhardt et al. 2001; Rost et al. 2003). 

Despite a wealth of information on the effect of environmental conditions on 
coccolith production, the mechanism of calcification by coccolithophores is not 
completely understood (Brownlee and Taylor, this volume). Unlike other calcify-
ing organisms, where calcification occurs in the extracellular space, calcite pre-
cipitation in coccolithophores takes place in intracellular vesicles and hence is un-
der complete control of the cell. It therefore comes somewhat as a surprise that 
calcification of coccolithophores shows a similar dependency on seawater carbon-
ate chemistry as in foraminifera and corals (Gattuso et al. 1998; Wolf-Gladrow et 
al. 1999; Riebesell et al. 2000a; Zondervan et al. 2001). It is still uncertain which 
is the predominant carbon species used for calcification and which parameters, 
seawater pH, DIC, CO2, HCO3

- or CO3
2- concentration ultimately has the strongest 

effect on biogenic calcification. For practical purposes a reasonable representation 
of the effect of carbonate chemistry on biologically-mediated CaCO3 precipitation 
can be based on the carbonate saturation state of seawater (�) which is expressed 
as: 

� � � �
*

3

sp

swsw

K
COCa �

��

22 ��

 (6) 

where [Ca2+]sw and [CO3
2-]sw are the calcium and carbonate ion concentrations in 

seawater and K*
sp is the stoichiometric solubility product, defined as K*

sp=[Ca2+]sat 
� [CO3

2-]sat. Here [Ca2+]sat and [CO3
2-]sat refer to the equilibrium ion concentrations 

in a seawater solution saturated with CaCO3. 
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Fig. 7: Comparison of net photosynthesis, gross CO2 uptake, and HCO3

- uptake between a 
calcifying strain (PML B92/11) and a non-calcifying strain of E. huxleyi (obtained from Dr. 
Elzenga, University of Groningen). Half saturation concentrations (K1/2) and maximum 
rates (Vmax) are given in units of µmol L-1 and µmol (mg Chl a)-1 h-1, respectively. Culture 
conditions and measurements as in Rost et al. (2003), cells were acclimated to 360 ppmv 
CO2 (~14 µmol L-1). Mass spectrometric procedures according to Badger et al. (1994) al-
low to estimate both CO2 and HCO3

- uptake by utilizing the chemical disequilibrium which 
exists between CO2 and HCO3

- during photosynthesis. The non-calcifying strain photosyn-
thesises more efficiently than the calcifying one. Moreover, the non-calcifying cells of E. 
huxleyi are capable of direct uptake of HCO3

-, which implies that HCO3
- utilisation is not 

tied to calcification.  

That the carbonate saturation state may be the relevant parameter with regard to 
possible dependencies of biogenic calcification on seawater chemistry becomes 
evident when taking a look at the geological past. Recent evidence from fluid in-
clusions suggests, however, that calcium concentrations in the Cretaceous were 
more than twice as high as in the modern ocean (Horita et al. 2002). As CaCO3 
compensation tends to restore the saturation state of the ocean towards CaCO3 
saturation, higher calcium concentrations would correspond to lower carbonate ion 
concentrations. In spite of lower expected CO3

2- concentration, massive accumula-
tion of biogenic carbonates occurred in the Cretaceous, suggesting that the car-
bonate saturation state may exert a stronger control on biogenic calcification than 
any of the other possible candidates, e.g. pH, CO2, or CO3

2- concentrations. 
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As an interesting side-line we note that the evolutionary development and pro-
liferation of the two dominant pelagic calcifiers, coccolithophores and foraminif-
era, coincides with a period of high seawater calcium concentrations. All living 
organisms use calcium in signal transduction and hence need to keep intracellular 
calcium at extremely low levels. If higher than present seawater calcium concen-
trations were indeed detrimental to marine organisms, calcification may provide 
an efficient way of maintaining the balance between high external and low intra-
cellular calcium concentrations. In such a scenario, the accumulation of massive 
coccolith chalks in the late Cretaceous, which may have contributed to the con-
comitant rapid decline in seawater calcium concentrations (Volk 1989), would 
have improved living conditions in the marine environment. Whether or not cal-
cite precipitation has provided calcifying organisms with a competitive advantage 
over non-calcifiers under elevated calcium concentrations remains to be tested. 

Ecology 

The ecological success of a phytoplankton species is ultimately determined by its 
ability to optimise the balance between growth and loss processes. While the for-
mer is largely controlled by the availability and optimal utilisation of essential re-
sources, such as light and nutrients, the latter includes factors such as cell sinking, 
cell mortality due to grazing, viral and parasite infection, as well as autolysis. Any 
investment successfully reducing mortality therefore weighs equally strong as cel-
lular measures capable of increasing cell growth by the same magnitude. Cocco-
lithophores apparently cover the entire range of the spectrum from growth-
maximising to loss-minimising strategies. The ecological niche occupied by coc-
colithophores extends from subtropical, oligotrophic recycling systems to temper-
ate and sub-polar, semi-eutrophic new production systems. Understanding the dis-
tribution and succession of coccolithophores in today’s ocean requires detailed 
information on the physiological and ecological characteristics of the individual 
species. In this sense, Emiliania huxleyi is probably one of the best-studied phyto-
plankton species that is of relevance in the ocean. By comparing the physiological 
characteristics of coccolithophores with the environmental conditions under which 
they flourish, we will look for patterns explaining the seasonal and spatial 
distribution of E. huxleyi in relation to other dominant phytoplankton groups. 

Due to vertical mixing of the upper surface layer, phytoplankton experiences 
high variability in light conditions. These stochastic changes are superimposed on 
diurnal and seasonal variation in solar irradiance. Seasonal changes in thermal 
stratification, which influence the depth of vertical mixing, further modify the 
light conditions encountered by a phytoplankton cell. Depending on their 
photosynthetic characteristics, phytoplankton differ in their ability to cope with 
variable irradiance. While diatoms usually dominate in turbulent, low-stratified 
waters and are commonly the first to bloom when the water column begins to 
stabilize early in the seasonal cycle, E. huxleyi blooms predominantly occur in 
well-stratified waters in late spring/early summer, with mixed layer depths usually 
between 10 and 20 m, but always ≤30 m (Balch et al. 1991; Robertson et al. 1994, 
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20 m, but always ≤30 m (Balch et al. 1991; Robertson et al. 1994, Tyrrell and 
Taylor 1996, Ziveri et al. 2000, Tyrrell and Merico, this volume). This may indi-
cate that the photosynthetic apparatus of diatoms is better adapted to operate effi-
ciently under variable and, on average, lower light intensities. A comparison of 
photosynthetic parameters between the two groups, however, does not reveal any 
obvious characteristics which would imply a competitive advantage of diatoms 
over E. huxleyi under these conditions with the exception that E. huxleyi has a 
slightly higher light saturation irradiance for growth compared to diatoms (see 
above). 

A distinct difference between diatoms and E. huxleyi is observed with respect 
to light inhibition. E. huxleyi has an unusual tolerance for high light intensity 
(Nielsen 1995; Nanninga and Tyrrell 1996). The lack of photoinhibition is surpris-
ing considering that photosynthetic carbon fixation of E. huxleyi is carbon-limited 
under ambient CO2 concentrations (e.g. Paasche 1964; Nielsen 1995; Rost et al. 
2003). The latter would imply that when suddenly exposed to high light condi-
tions, E. huxleyi could potentially suffer from a shortage of electron acceptors. 
Elevated irradiances were found to stimulate calcification of E. huxleyi, especially 
under P-limitation (Paasche and Brubak 1994; Paasche 1998). It was therefore 
suggested that calcification provides a means to dissipate excess energy and 
thereby reduce the risk of photo-damage under high irradiances (Paasche 2002). 

Surface layer stratification strongly reduces the input of nutrients from deeper 
layers. Highly stratified waters therefore are typically characterised by limited nu-
trient availability. E. huxleyi blooms generally coincide with relatively low levels 
of nutrients, in particular with respect to phosphate. Whereas nitrate concentra-
tions during blooms of E. huxleyi are frequently at 4 µmol L-1 or higher, concen-
trations of ortho-phosphate are often lower than 0.2 µmol L-1 (Veldhuis et al. 
1994; Fernandez et al. 1994; van der Wal et al. 1995). Coccolithophore dynamics 
off Bermuda support this pattern, indicating increasing coccolithophore abun-
dances to coincide with the seasonal advection of nitrate-rich but phosphate-poor 
waters to the euphotic zone (Haidar and Thierstein 2001). Coccolithophores may 
thrive best under such conditions due to their high affinity for nutrients, in particu-
lar for phosphate. In environments with fluctuating nutrient and/or energy supply 
diatoms are likely to dominate due to their higher capacity for luxury consumption 
compared to coccolithophores (Iglesias-Rodríguez et al. 2002; Falkowski et al. 
this volume). 

Aside from physiological constraints regarding light and nutrient utilisation, 
grazer control equally influences the seasonal succession of the major phytoplank-
ton groups. While the frustules of diatoms appear to serve as an effective me-
chanical protection against various types of microzooplankton predators (Hamm et 
al. 2003), the coccosphere of coccolithophores does not seem to provide the same 
degree of protection (Sikes and Wilbur 1982; Harris 1994). Due to its high intrin-
sic growth rate, microzooplankton has the potential to propagate at almost the 
same rate as its prey and thereby impede phytoplankton mass development. Graz-
ing of copepods on microzooplankton can, in turn, considerably reduce the graz-
ing pressure in this size class (cascade effect) and stimulate the microbial food-
web. Cascade effects of copepods on microzooplankton were in fact found to 
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promote blooms of E. huxleyi (Nejstgaard et al. 1997). Due to the comparatively 
slow development of copepods and other carnivorous predators, mesozooplankton 
control typically occurs later in the seasonal cycle. This may be one of the reasons 
for the timing of E. huxleyi blooms, which are often confined to the late 
spring/summer period.  

In summary, observed differences in photosynthesis versus irradiance relation-
ships, nutrient uptake kinetics and food web interactions between E. huxleyi and 
other bloom-forming phytoplankton groups are - to a certain extent - in agreement 
with observed mass occurrences of E. huxleyi. For instance, E. huxleyi blooms co-
incide with relatively high nitrate and low phosphate levels and typically occur in 
stratified waters with high mixed layer irradiances. This is consistent with the ob-
served tolerance of E. huxleyi to high light intensities, the low affinity for nitrate 
and high affinity for phosphate and organic phosphorus as well as a low capacity 
for luxury consumption. The relatively small cell size, which makes it more prone 
to microzooplankton grazing as compared to most diatoms, may repress mass de-
velopments of E. huxleyi at times and in areas where microzooplankton develop-
ment is not kept in check by higher trophic levels. Despite the breadth of informa-
tion recently becoming available on one of the best-studied marine phytoplankton 
species, our understanding of the complex interplay determining phytoplankton 
distribution and succession in the sea, however, is still insufficient to fully explain 
and forecast the geographical distribution and seasonal timing of E. huxleyi 
blooms. 

Future scenarios 

For about the last 20 million years atmospheric pCO2 has remained �300 ppm 
(Berner et al. 1990), fluctuating between 180 ppmv in glacial and 280 ppmv in in-
terglacial times (Petit et al. 1999). With the beginning of the industrial revolution, 
burning of fossil fuel and changes in land use have disturbed this apparent bal-
ance. At present the pCO2 has reached about 370 ppmv and is expected to rise to 
750 ppmv by the end of this century (assuming IPCC's 'business as usual' scenario 
IS 92a). Since the atmosphere and ocean surface layer constantly exchange CO2, 
changes in atmospheric pCO2 will invariably affect the surface ocean carbonate 
system. While increasing CO2 causes the pH and CO3

2- concentration to decrease, 
the large pool of HCO3

- remains more or less constant. The expected increase in 
atmospheric pCO2 is estimated to triple surface water CO2 concentrations relative 
to pre-industrial values by the end of this century. Concomitantly, seawater pH 
and CO3

2- concentrations will have dropped by 0.4 units and 50%, respectively 
(Fig. 2).  

As a potent greenhouse gas, CO2 has also been held responsible for the ob-
served rise in average global temperatures. Global warming increases thermal 
stratification of the surface ocean, while enhanced freshwater input from melting 
ice lowers surface layer salinity. Both of these effects further increase density 
stratification of the upper ocean. Enhanced upper ocean stratification has two ef-
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fects on phytoplankton: it reduces nutrient supply from deeper layers and in-
creases light availability due to shoaling of the upper mixed layer (Fig. 3). How 
will these changes in marine environmental conditions affect coccolithophore 
growth and calcification and to what extent will it influence the distribution and 
productivity of E. huxleyi relative to other dominant phytoplankton groups (Fig. 
8)? What will be the potential consequences for marine ecosystem regulation and 
ultimately, how does this affect the biological carbon pumps?  

 

 
Fig. 8: Effects of rising atmospheric CO2 on the surface ocean and its likely impact on 
phytoplankton: Increasing CO2 levels directly cause changes in surface ocean carbonate 
chemistry, such as elevated CO2 concentrations or decreased CaCO3 saturation state. Indi-
rect effects are those associated with enhanced stratification, such as increased light or re-
duced nutrient availability. These CO2 related changes in the growth conditions are likely to 
affect the ecophysiology of coccolithophores and structure of phytoplankton communities, 
with possible consequences for the rain ratio. 

In view of the inherent complexity of biological systems, including marine pe-
lagic systems, it would be premature to attempt a forecast of marine phytoplank-
ton responses to global change. In the following, we will outline possible, yet hy-
pothetical scenarios for the effect of environmental change on coccolithophores 
(results of our assessment are summarized in Table. 1). 
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Table 1. Predicted changes in abiotic factors (Houghton et al. 2001) and potential responses 
in photosynthesis, calcification, PIC/POC of coccolithophores as well as potential shift in 
the dominance between coccolithophores and diatoms (+ , – and ○ denote an increase, de-
crease and no likely change, respectively). Changes in abiotic factors refer to the means of 
the upper mixed layer (UML). Potential responses in the physiology of coccolithophores 
were assessed on the basis of the expected changes in the UML and the sensitivity of re-
spective processes. Potential changes in the dominance between coccolithophores and dia-
toms were assessed on the basis of the ecological niche of these two functional groups. 

 

Changes  
in abiotic factors 

Physiology 
Photosynth.      Calcific.       PIC/POC 

Ecology 
Cocco./Diatoms 

Biogeochem. 
Rain Ratio 

increasing CO2/ 
decreasing pH   + 1-7 ○ 5 / - 4, 7     - 4,5, 7       + 6/ - 4        +/- ? 

increasing mean ir-
radiance   + 5, 8-11 + 1, 5, 12-14 + 5, 13, 14 /- 15        + 11, 16         + ? 

decreasing nutrient 
availability   - 7, 17-19 + 7, 17-19 + 7, 17-19 /○ 19        + 19-21         + ? 

1Paasche 1964;  2Nimer and Merrett 1993; 3Nielsen 1995; 4Riebesell et al. 2000; 
5Zondervan et al. 2002; 6Rost et al. 2003; 7Berry et al. 2002; 8Paasche 1967; 9Van 
Bleijswijk et al. 1994; 10Nielsen 1997; 11Nanninga and Tyrrell 1996; 12Van der Wal et al. 
1995; 13Balch et al. 1996; 14Paasche 1999; 15Balch et al. 1992; 16Tyrrell and Taylor 1996; 
17Paasche and Brubak 1994; 18Paasche 1998; 19Riegmann et al. 2000; 20Riegmann et al. 
1992; 21Egge and Aksnes 1992 

 
In principle, coccolithophores may benefit from the present increase in atmos-

pheric pCO2 and related changes in seawater carbonate chemistry. At pre-
industrial CO2 levels, rates of photosynthetic carbon fixation of E. huxleyi and 
Gephyrocapsa oceanica are well below CO2 saturation. In comparison, photosyn-
thesis of other bloom-forming phytoplankton groups such as diatoms and Phaeo-
cystis are less CO2-sensitive due to their efficient CCMs (Rost et al. 2003). Al-
though under natural conditions CO2 limitation is likely to be of minor importance 
for the proliferation of E. huxleyi compared to other limiting resources and loss 
processes, increasing CO2 availability may improve the overall resource utilisation 
of E. huxleyi and possibly of other fast-growing coccolithophore species. If this 
provides an ecological advantage for coccolithophores, rising atmospheric CO2 
could potentially increase the contribution of calcifying phytoplankton to overall 
primary production.  

On the cellular level the ratio of calcium carbonate to organic carbon produc-
tion is expected to change as calcification and photosynthesis respond in different 
ways to CO2-related changes in carbonate chemistry. Whereas the observed stimu-
lation of photosynthesis due to increased CO2 availability increases the organic 
carbon quota of the cell, calcification remains constant or decreases in response to 
a decline in the calcium carbonate saturation state, depending on light conditions. 
As a consequence, the cellular PIC/POC ratio decreases with increasing CO2. This 
effect has been observed under various irradiances and nutrient concentrations in 
lab experiments with mono-specific cultures (Riebesell et al. 2000a; Zondervan et 
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al. 2002, Berry et al., 2002), as well as in E. huxleyi-dominated natural phyto-
plankton assemblages in a mesocosm study (Zondervan et al., unpubl. data). 
Whether this affects the ecological competitiveness of calcifying phytoplankton 
and to what extent it influences losses due to grazing, viral infection or autolysis, 
is presently unknown. 

Whatever the purpose of calcification in coccolithophores, continued acidifica-
tion of surface seawater due to rising atmospheric CO2 will further deteriorate the 
chemical conditions for biogenic calcification. An overall decline in pelagic calci-
fication is expected to decrease the ratio of calcium carbonate to organic carbon in 
the vertical flux of biogenic material (rain ratio), with corresponding effects on 
air/sea CO2 exchange (see above). The overall effect will be an increase in the 
CO2 storage capacity of the upper ocean, constituting a negative feedback to rising 
atmospheric CO2 (Zondervan et al. 2001). 

Changes in surface ocean stratification are likely to affect overall primary pro-
duction as well as phytoplankton species composition. Enhanced stratification and 
the concomitant decrease in nutrient supply is likely to cause an overall decline in 
oceanic primary production as well as a poleward shift due to a longer growing 
season at high latitudes. Recent model calculations indicate large regional differ-
ences in the effects of climate change on the marine ecosystem, predicting a 20% 
decrease in export production in low latitudes and a 30% increase in high latitudes 
for a 2 � CO2 scenario (Bopp et al. 2001). For coccolithophores the projected in-
crease in stratification may prove advantageous since their blooms predominantly 
occur in well-stratified waters, often in subpolar latitudes. An increase in cocco-
lithophore-dominated regions at the expense of diatom-dominated new-production 
systems would increase the global rain ratio. As high irradiances and low nutrient 
levels, but particularly the combination of both, have been shown to stimulate cal-
cification relative to photosynthesis, enhanced stratification may also increase the 
PIC/POC ratio on the cellular level. This in turn may partly compensate for the re-
verse effect by CO2-related changes in carbonate chemistry. 

As illustrated above, a climate-induced increase in the contribution of cocco-
lithophores to total primary production and a CO2-related decrease in the cellular 
ratio of PIC/POC production, both of which are hypothetical at present, would 
have opposing effects on the marine carbon cycle. The net effect on carbon cy-
cling ultimately depends on the relative importance and sensitivity of each of these 
processes to global change. In addition, possible changes at the level of primary 
producers, such as those outlined above, are likely to be amplified, compensated 
or reversed by interference from higher trophic levels, which themselves are 
bound to respond to environmental change. Understanding the complex structure 
and regulation of marine pelagic ecosystems, their responses to global environ-
mental change and the consequences thereof for marine biogeochemical cycling 
will be a major challenge for marine sciences in the coming decades.  
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3 GENERAL DISCUSSION 

The publications presented in this study investigated inorganic carbon acquisition and 

carbon isotope fractionation in the coccolithophore Emiliania huxleyi in comparison to 

other dominant phytoplankton species. Experiments yielded various new information on 

the CO2 and light dependence in these processes. In the following sections combined 

results on carbon acquisition obtained in this study are discussed with regard to its role in 

phytoplankton ecology, possible implications for biogeochemical cycling and the 

interpretation of isotope data. Finally, perspectives for future research are given. 

 

3.1 Carbon acquisition and phytoplankton ecology 

Until recently, the role of inorganic carbon acquisition in marine phytoplankton ecology 

has largely been ignored. Due to both low CO2 supply in the present ocean as well as the 

low CO2 affinity of RubisCO, algal cells have to invest considerable resources to operate a 

CCM. Although information on CCMs of marine phytoplankton is still limited, studies 

indicate species-specific differences in carbon acquisition (Colman et al. 2002, Beardall 

and Giordano 2002). Since carbon is by far the single most abundant component of algal 

biomass and diffusive CO2 supply is generally not sufficient to reach carbon saturation, 

differences in carbon acquisition between phytoplankton species may well affect the 

relative fitness in a resource-limited environment (Raven and Johnston 1991, Tortell 

2000).  

Several aspects of inorganic carbon acquisition were investigated in ecologically 

relevant bloom-forming phytoplankton species (Publication III). Bloom-forming species 

ought to be especially dependent on an efficient and regulated CCM, since they must 

maintain high growth rates even under bloom conditions, when CO2 concentrations 

decrease due to photosynthetic carbon consumption (down to ~5 µmol L-1). Acclimations 

to different pCO2 levels were performed in seawater with fairly low cell densities to match 

the natural environment as much as possible. The apparent K1/2 values for photosynthetic 

O2 evolution were significantly lower than values known for RubisCO (Badger et al. 

1998), clearly indicating the operation of a CCM. Moreover, all three species were able to 

use both CO2 and HCO3
- independently of the CO2 concentration provided during growth. 

Despite these similarities, large differences in the efficiency and regulation of carbon 
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acquisition became evident between species. Our results indicated an inefficient albeit 

regulated carbon acquisition for E. huxleyi, with low affinities in the inorganic carbon 

uptake systems and low eCA activities. This has already been proposed on basis of the 

observed CO2-dependence in carbon specific growth rates and light-dependence in isotope 

fractionation (Publication I, II). For S. costatum a highly efficient and regulated carbon 

acquisition was observed, which can be ascribed to increasing affinities in the CO2 and 

HCO3
- uptake systems, an increasing contribution of HCO3

- to the overall carbon 

acquisition and an increase in eCA activity with decreasing pCO2. P. globosa showed a 

highly efficient but rather constitutive carbon acquisition, which was reflected in the high 

affinities of the CO2 and HCO3
- uptake systems, a constant contribution of HCO3

- to the 

overall carbon acquisition and high eCA activities independent of the pCO2.  

In view of the present increase in atmospheric CO2, the observed species-specific 

differences in efficiency and regulation of CCMs bear important ecological implications. 

Owing to their highly efficient CCMs, rates of carbon fixation of all investigated diatom 

species as well as of P. globosa are at or close to CO2-saturation at present day CO2 levels 

(Raven and Johnston 1991, Burkhardt et al. 2001, Publication III). In contrast, 

coccolithophores such as E. huxleyi seem to be well below saturation at these levels 

(Paasche 1964, Nielsen 1995, Publications II, III). Consequently, E. huxleyi may benefit 

most from the present increase in atmospheric CO2 when compared to diatoms and 

Phaeocystis. Even if CO2 limitation is of minor importance for the proliferation of E. 

huxleyi compared to other limiting resources and loss processes, increasing CO2 

availability may improve the overall resource utilization of E. huxleyi (Raven and Johnston 

1991). Since E. huxleyi blooms predominantly occur in well-stratified waters, which are 

expected to extend and intensify in the future, projected climate-induced changes in the 

marine environment may prove even more advantageous for this group of phytoplankton 

(Publication V). Phytoplankton species that respond to changes in CO2 supply, as shown 

for S. costatum and E. huxleyi, may have the advantage under elevated CO2 levels to 

reduce their CCM capacity and hereby optimize the allocation of resources. 

In addition to CO2 supply carbon acquisition was affected by the photoperiodic length 

(Publication IV). Maximum rates of photosynthesis essentially doubled under light:dark 

(L:D) cycles compared to continuous light, an effect that was accompanied by increasing 

rates of carbon uptake. While P. globosa kept its CO2:HCO3
- uptake ratio relatively 

constant, in E. huxleyi and S. costatum a remarkably higher contribution of HCO3
- to the 



GENERAL DISCUSSION   111 

overall carbon uptake was observed under L:D cycles. This response is consistent with the 

strong effect of daylength on εp in E. huxleyi (Publication II) and S. costatum (Burkhardt et 

al. 1999). The observed up-regulation of the CCM was explained by the concomitant 

higher Ci demand under shorter photoperiods. As argued in Publication IV, the degree of 

CCM regulation may be triggered by the ‘CO2 shortage’ at RubisCO, which is a function 

of CO2 supply as well as cellular Ci-demand. While CO2 supply is proportional to ambient 

CO2 concentrations, Ci-demand is reflected by carbon-specific growth rates, which in turn 

is strongly dependent on light conditions. To determine which factor imposes larger 

control on the CCM regulation, the variability in the natural environment has to be 

considered. 

Only a few studies have so far addressed the regulation in carbon acquisition over the 

natural range in CO2 concentrations. With decreasing CO2 concentrations, which occur 

during the development of a phytoplankton bloom, there is a concomitant increase in CCM 

activity for most species (Berman-Frank et al. 1998, Elzenga et al. 2000, Burkhardt et al. 

2001, Publication III). Yet, the variation in the CO2 supply is rather small in the open 

ocean compared to the range in carbon-specific growth rates, which can differ by more 

than 10-fold. Considering the instantaneous rates imposed by changes in photon flux 

density (PFD), the variation in Ci-demand would be even larger. Light conditions for 

phytoplankton are highly variable in aquatic environments, most importantly due to their 

vertical motion in the water column (Denman and Gargett 1983). In the natural 

environment the CCM may therefore be regulated by the Ci-demand rather than the CO2 

supply (Publication IV).  

Light conditions and hence cellular Ci-demand may differ between ecological niches. 

Diatoms usually dominate under early spring conditions, i.e. in turbulent waters with high 

nutrient concentrations. In turbulent environments light conditions vary with a high 

frequency and amplitude. Depending on the mixing depth, cells thrive under sub-saturating 

light intensities for most of the time, whereas once near the surface irradiances are very 

high. Under these conditions it is critical to closely match Ci uptake to the changing Ci-

demand, since this regulation in the CCM is essential for an overall efficient light use. 

Under sub-saturating irradiances the CCM has to be down-regulated, whereas under 

saturating irradiance the reactions of the Calvin-Benson cycle have to be maximized to 

ensure high rates of carbon fixation. According to our results, diatoms should be most 

efficient in coping with early spring conditions. In fact, a highly efficient and regulated 
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CCM might be a prerequisite for phytoplankton to dominate early spring blooms. In 

contrast, E. huxleyi develops blooms in temperate and subpolar regions during the summer 

months when the water column becomes stratified and nutrient concentrations are low. In 

stratified environments light conditions are less variable, i.e. the cells grow under generally 

high and rather constant irradiances. Based on our results, we conclude that E. huxleyi may 

prefer such stable environments where the Ci-demand is moderate and thus the ecological 

success does not depend on high instantaneous rates of carbon fixation. Consequently, we 

argue that owing to its inefficient CCM E. huxleyi cannot compete with diatoms under 

early spring conditions.  

It has been suggested that E. huxleyi is able to use HCO3
- for photosynthesis through the 

process of calcification (Sikes et al. 1980, Nimer and Merret 1993, Buitenhuis et al. 1999). 

Anning et al. (1996) argued that this functional coupling between both processes might 

represent a cost-effective alternative to the classical CCM. While compelling evidence in 

favor of or against such a mechanism is still lacking, calcification appears unsuitable to 

prevent CO2 limitation. This is indicated by observations that the rate of photosynthesis 

decreases with decreasing CO2 concentration despite a concomitant increase in 

calcification rate in some treatments (Publication I, Berry et al. 2002). The coupling of 

calcification and photosynthesis could not be supported by the results on isotope 

fractionation, which yielded higher εp under increased PIC/POC ratios (Publication II). 

Since HCO3
- is more enriched in 13C than CO2, a direct HCO3

- involvement in 

photosynthesis via calcification was not likely to occur. Calcification in E. huxleyi seems 

furthermore not to be a prerequisite to use HCO3
- since a non-calcifying strain was also 

capable of direct uptake of HCO3
-, indicating that HCO3

- utilization is not tied to 

calcification (Publication V). Rates of photosynthesis in the non-calcifying strain were by 

no means reduced compared to calcifying strain of E. huxleyi. These results are consistent 

with early studies of Paasche (1964), showing that photosynthesis continues unaltered 

when calcification ceases, such as occurring in calcium-free medium. In essence, if supply 

of CO2 for photosynthesis is indeed a primary role of calcification, this mechanism is 

rather inefficient when compared to CCMs of non-calcifying phytoplankton such as 

diatoms and Phaeocystis (Raven and Johnston 1991, Burkhardt et al. 2001, Publication 

III). 

It has been suggested that the loss of carbon via leakage increases the costs or decreases 

the efficiency of a CCM (Raven and Lucas 1985, Spalding and Portis 1985). Highly 
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permeable membranes facilitate inward diffusion of CO2, but in case of active Ci uptake 

they also increase the loss of CO2. Consequently, one could expect that in species with 

high CCM activity, membrane permeability or leakage by whatever means is minimized. 

In fact, we found the lowest leakage in S. costatum, which had the highest K1/2:KM ratios, 

and the highest leakage in E. huxleyi with K1/2:KM ratios close to one (Publication III, IV). 

Thus, the low efficiency in photosynthesis of E. huxleyi could partly be caused by the fact 

that up to 64 % of the gross Ci-uptake is subsequently lost by CO2 efflux. On the other 

hand, leakage as part of inorganic carbon cycling may help to dissipate excess energy 

(Tchernov et al. 1997), which could explain the high tolerance of E. huxleyi to high 

irradiances. The lack of photoinhibition in E. huxleyi may as well be associated with the 

process of calcification (Paasche 2002). When growth is limited by nutrient deficiency, 

calcification continues and hence provides a mean to dissipate energy which otherwise 

could lead to photo-damage.  

 

3.2 Carbon acquisition and biogeochemistry 

Marine phytoplankton account for approximately 50% of the global primary production 

(Falkowski et al. 1998). Their activity has contributed to the large decrease in CO2 and the 

accumulation of O2 in the atmosphere over geological timescales. These changes, in turn, 

have put evolutionary pressure on the biochemical pathways of photosynthesis and 

inorganic carbon acquisition. A large diversity of mechanisms has evolved to cope with the 

low CO2/O2 ratio. Since both RubisCO properties and CCMs efficiency seem to differ in 

between taxa (Badger et al. 1998, Tortell 2000), changes in pCO2 levels may principally 

influence phytoplankton productivity and community structure and potentially vice versa.  

According to the ‘functional group concept’ phytoplankton species differ in their effects 

on elemental cycling. One of the most prominent examples is the differential impact of 

calcifying and non-calcifying phytoplankton on the carbon cycle. While the latter drive the 

organic carbon pump, which causes a draw down of CO2 in the surface ocean, the former 

also contribute to the calcium carbonate pump, which releases CO2 into the environment. 

The ratio of coccolithophore calcification to organic matter production, but even more so 

the ratio of calcifying and non-calcifying primary production determines the CO2 air-sea 

exchange. The present increase in atmospheric pCO2 is expected to affect phytoplankton, 

yet in different ways.  
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If observed differences in carbon acquisition (Publication III) are representative for the 

corresponding phytoplankton functional groups in the natural environment, CO2-related 

changes in seawater chemistry are expected to modify phytoplankton species succession 

and distribution. As discussed in Publication III, rising CO2 levels might increase the 

contribution of the calcifying phytoplankton to overall primary production, which 

consequently would increase the ratio of calcification to organic carbon production. An 

increase in this ratio, which might result from an increased contribution of 

coccolithophores, would enhance the relative strength of the carbonate pump. This in turn 

would lower the biologically mediated CO2 uptake from the atmosphere, representing a 

positive feedback to rising atmospheric CO2 levels. 

On the cellular level, the PIC/POC ratio is expected to change as calcification and 

photosynthesis respond differently to CO2-related changes in carbonate chemistry 

(Publication I). Whereas the observed stimulation of photosynthesis under elevated CO2 

concentrations increases the organic carbon quota of the cell, calcification remains constant 

or decreases in response to a decline in the calcium carbonate saturation state. Decreasing 

PIC/POC ratio with increasing CO2 has been observed under various irradiances and 

nutrient concentrations in lab experiments with mono-specific cultures (Publication I, 

Berry et al. 2002) as well as in E. huxleyi-dominated natural phytoplankton assemblages in 

a mesocosm study (Zondervan et al., unpubl. data). Reduced calcification under elevated 

CO2 were also found in other dominant calcifying organisms such as corals and 

foraminifera (Kleypas et al. 1999, Bijma et al. 1999). With the bulk of the global CaCO3 

production contributed by planktonic organisms, reduced calcification decreases the 

strength of the calcium carbonate pump and thereby increases the biologically driven draw 

down of CO2 by the surface ocean, constituting a negative feedback to rising atmospheric 

CO2 (Zondervan et al. 2001). 

To assess the sensitivity of coccolithophores to ‘global change’ more generally, the 

physiology and ecology of this group was examined in relation to other dominant 

phytoplankton taxa (Publication V). In addition to the direct effect of CO2, as discussed 

above, the effect of changes in surface ocean stratification on phytoplankton was 

considered. Enhanced stratification and the concomitant decrease in nutrient supply is 

likely to cause an overall decline and, due to a longer growing season at high latitudes, a 

poleward shift in oceanic primary production (Bopp et al. 2001). For coccolithophores the 

projected increase in stratification may prove advantageous since their blooms 
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predominantly occur in well-stratified waters and often at subpolar latitudes. As high 

irradiances and low nutrient levels, particularly the combination of both, were shown to 

stimulate calcification relative to photosynthesis, enhanced stratification could also 

increase the PIC/POC ratio on the cellular level (Berry et al. 2002) and may partly 

compensate for the reverse effect by CO2-related changes in carbonate chemistry. 

The climate-induced increase in the contribution of coccolithophores to total primary 

production and a CO2 related decrease in biogenic calcification would have opposing 

effects on the marine carbon cycle. The net effect on carbon cycling ultimately depends on 

the relative importance and sensitivity of each of these processes to global change. In 

addition, possible changes at the level of primary producers are likely to be amplified, 

compensated for or reversed by the interference from higher trophic levels. Understanding 

the complex structure and regulation of marine pelagic ecosystems, their responses to 

global environmental change and consequences for marine biogeochemical cycling will be 

a major challenge for future research. 

 

3.3 Carbon acquisition and isotope fractionation 

The stable carbon isotope composition of microalgae (δ13CPOC) potentially provides 

information about environmental conditions under which they grew. It has been suggested 

that δ13CPOC of bulk organic matter or specific biomarkers in the sediment may be used as 

a proxy for ancient CO2 concentrations (Rau et al. 1989) and/or growth rates (Laws et al. 

1995). The isotope fractionation (εP ≈ δ13CCO2 – δ13CPOC) during photosynthetic carbon 

fixation was thought to be a function of the ratio of growth rate (µ) and CO2 concentration 

[CO2]. Hence, under high growth rates and/or low CO2 concentrations εP should be low 

and vice versa (Francois et al. 1993, Laws et al. 1995, Rau et al. 1996). However, results of 

the different studies were ambiguous. While some experiments yielded results consistent 

with the suggested inverse relationship between εP and µ/[CO2], other investigations 

observed large deviation from such a relationship. 

In Publication II the carbon fractionation of E. huxleyi was examined in relation to CO2 

concentration and light conditions. εP was largely independent of ambient [CO2], varying 

generally by less than 2 ‰ over a large range in [CO2]. Carbon specific growth rates (µc) 

and PFDs positively correlated with εP. In addition to this PFD-effect, the L:D cycle of 

16:8h resulted in significantly lower εP values compared to continuous light. Since this 
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offset could not be related to daylength-dependent changes in µC, a direct influence of the 

irradiance cycle on εP was suggested. The observed light-effects on εp explain much of the 

apparent differences between studies and moreover strongly indicate active carbon 

acquisition in E. huxleyi.  

The operation of CCMs has a large effect on 13C fractionation because in addition to the 

intrinsic fractionation of RubisCO, εP is ultimately determined by the isotopic composition 

of the inorganic carbon source and cellular leakage (Sharkey and Berry 1985). Since 

HCO3
- is enriched in 13C relative to CO2 (by ca. 10‰), an increasing proportion of HCO3

- 

uptake decreases the apparent εp, which is defined relative to CO2 as the carbon source. 

Provided that there is no change in the inorganic carbon source, εp increases with 

increasing leakage. In the following, the observed regulation in carbon acquisition 

(Publications III, IV) was used to gain a mechanistic explanation for observed εp responses 

in E. huxleyi. 

Fractionation in E. huxleyi and other microalgae was found to be rather insensitive to 

changes in CO2 concentrations in some laboratory experiments (Burkhardt et al. 1999, 

Publication II) and in the field (Benthien et al. 2001). According to the observed increasing 

preference for HCO3
- as carbon source with decreasing CO2 supply (Publication III), a 

strong positive correlation between [CO2] and εP would be expected. However, since 

leakage is also CO2 dependent it may counteract the changes in HCO3
- contribution. 

Leakage is often assumed to increase with ambient CO2 concentration, a relationship that is 

implicit in many models for 13C fractionation (e.g. Laws et al. 1995, Rau et al. 1996). For 

microalgae operating a CCM, however, leakage appears to be a function of internal CO2 

accumulation (Badger et al. 1994, Publication IV). Under low ambient CO2 concentrations 

active Ci uptake generally creates the highest CO2 gradient and thus the highest leakage. 

Consequently, higher HCO3
- uptake and higher leakage can under certain conditions 

compensate each other while in others one factor dominates, yielding either increasing or 

decreasing isotope fractionation with CO2 supply.  

High sensitivity in εP was obtained in response to the duration of the photoperiod in 

some species (Burkhardt et al. 1999, Publication II). Compared to growth under continuous 

light up to 8 ‰ lower εP values under 16:8h L:D cycle were observed in E. huxleyi. 

According to the flux measurements (Publication IV) the higher proportion of HCO3
- under 

the L:D cycles could be responsible for those εP responses. The up-regulation of HCO3
- 
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uptake was accompanied by a decrease in leakage under L:D cycles, which further added 

to the daylength-effect on εP.  

Growth irradiances were also found to influence εp in E. huxleyi (Publication II). Since 

PFD and hence growth rate were positively correlated with εp, this effect must be 

independent from influence of the growth rate as previously suggested (e.g. Laws et al. 

1995, Rau et al. 1996). Based on these εP responses an up-regulation in carbon uptake with 

increasing PFD was suggested (Publication II). Although details on the light-dependence in 

carbon acquisition have yet not been investigated, there is evidence for a general up-

regulation in CCM efficiency with increasing PFD in various taxa (Beardall 1991, 

Shiraiwa and Miyachi 1983, Berman-Frank et al. 1998, Kübler and Raven 1994). 

Depending on whether this up-regulation increases the leakage or the contribution of 

HCO3
- will determine the relationship between εP and growth rate. 

The largest differences between studies can be explained when accounting for the effect 

of daylength and PFD on εp (Publication II). A direct comparison with E. huxleyi grown 

under N-limitation yet shows generally higher εp values compared to those obtained under 

light-limitation and an inverse correlation with growth rate (Bidigare et al. 1997). This 

indicates that the growth-rate limiting resource may also have an influence on the 

regulation of carbon acquisition. Riebesell et al. (2000a) suggested this to be related to the 

redox state of the cell, which is differently effected by N- and light-limitation. Since the 

redox state of the photosynthetic electron transport carriers is presumably involved in the 

CCM regulation of microalgae (Kaplan et al. 2001), an opposing regulation in carbon 

acquisition is likely to cause the apparent differences in εP responses.  

In summary, by accounting for active carbon uptake and its regulation observed in E. 

huxleyi a large part of the variation in εP can be explained. Factors thought to control εP 

under diffusive CO2 uptake, such as CO2 supply and Ci demand, appear to be the same as 

those presumably involved in the CCM regulation (Publications III, IV). This study 

provides a mechanistic explanation why under certain conditions εP is rather insensitive to 

[CO2] and why daylength has such a strong effect on εP in this species. The correlation 

between growth rate and CCM regulation as well as the influence of growth-rate limiting 

resources has yet to be addressed in more detail. In accordance with previous findings we 

suggest that no single εP versus µC/[CO2] relationship exist (Burkhardt et al. 1999, 

Riebesell et al. 2000b, Publication II). The applicability of carbon isotope data as a proxy 
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for geochemical and paleoceanographic applications seem therefore severely 

compromised.  

 

3.4 Perspectives for future research 

This study has observed large species-specific differences in the carbon acquisition of 

marine phytoplankton, suggesting that inorganic carbon may play a larger role in 

phytoplankton productivity and community ecology than previously recognized. Future 

investigations should extend this work to other ecologically important phytoplankton 

species to answer the question whether generalizations for certain taxa or functional groups 

regarding mechanisms of inorganic carbon acquisition are possible. To further evaluate the 

role of carbon acquisition in phytoplankton ecology, the factors that control carbon 

acquisition in the natural environment have to be understood.  

Although it could be shown that the CCM is regulated as a function of CO2 supply, 

other factors such as the cellular Ci-demand might be equally or even more important in 

nature. Light-conditions predominantly control the carbon demand but may also influence 

carbon acquisition simply by energizing the active carbon pumping. The role of irradiance 

in carbon acquisition could be tested by incubating cells under variable light regimes, i.e. 

different PFDs, photoperiods and combinations thereof. Of interest are not only changes in 

Ci-affinity but also changes in the preference for CO2 or HCO3
- as well as leakage. 

Moreover, instantaneous light effects on carbon acquisition should be compared to those 

associated with acclimation to certain light regimes. There are indications that carbon 

acquisition is also affected by the growth-rate limiting resource. Hence, under N-limitation 

the carbon acquisition of phytoplankton may respond differently to both light and CO2 

supply compared to cells growing under nutrient-replete conditions. Since nutrient-

limitation is frequently occurring in the ocean, especially towards the end of a bloom, such 

potential differences in CCM regulation may be of relevance in the natural environment.  

A better understanding of the mechanisms that minimize leakage could help to explain 

species-specific differences in CCM efficiency as well as carbon fractionation. 

Quantification of CO2 efflux according to Badger et al. (1994) is based on the assumption 

that the rate of diffusive CO2 efflux in the light is similar to the rate of CO2 efflux observed 

during the first seconds of the subsequent dark phase. It has been argued, however, that the 

results may not be representative for the situation under illumination. Upon darkening 
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carbon uptake will quickly stop while reactions of the ‘dark reaction’ may still proceed for 

a while, causing an underestimation of real CO2 efflux. In this respect, alternative 

techniques to estimate CO2 efflux in the light are needed. Estimates of CO2 efflux in the 

light could be obtained by incubating cells with labeled H13CO3
- in the light and then 

adding a higher amount of unlabeled HCO3
- to the cuvette. The subsequent net efflux of 

13CO2 should provide a mean to estimate the cellular leakage in the light.  

Despite intensive research on coccolithophores the function of calcification remains 

enigmatic. While calcification does not seem to provide an advantage in terms of carbon 

acquisition it could play a role for energy dissipation, which in turn could explain the lack 

of photoinhibition in E. huxleyi. To test this hypothesis, calcifying and non-calcifying 

strains as well as decalcified E. huxleyi (by Ca2+-free media) have to be investigated in 

view of their light-dependence in O2 evolution, Ci-fluxes and fluorescence. Understanding 

the functions and mechanism of calcification in coccolithophores may help to improve our 

predictive capabilities of the responses of calcifying phytoplankton in the future.  

In view of the present increase in atmospheric pCO2 differences in carbon acquisition 

between functional groups as well as the CO2 sensitivity in the PIC/POC ratio of 

coccolithophores bear important implications. Both positive and negative feedbacks on 

atmospheric pCO2 are discussed in this study. Predictions are critically dependent on 

whether the observed responses to changes in CO2 supply are representative for the 

different functional groups and whether they are significant in the natural environment. To 

mimic natural conditions as closely as possible and to still be able to test for individual 

parameters, mesocosm incubations seem to be the best approach. The focus in such 

experiments cannot be on details of carbon acquisition but one has to explore whether 

responses observed in the laboratory are principally occurring in the natural environment. 

For instance, 14C disequilibrium methods can be used to estimate eCA activity as well as 

utilization of CO2 and HCO3
- over the development of a phytoplankton bloom or to 

compare different pCO2 treatments. Moreover, to test for CO2-dependent shifts in natural 

assemblages direct competition experiments can be conducted. 

In the long run, details on RubisCO kinetics, location of the Ci-pumps and internal CA, 

leakage as well as compartmentalization will help to develop models on carbon acquisition 

and fractionation. These can then directly be compared with online-measurements of 

carbon fluxes including 13C versus 12C. Moreover, by combining these membrane-inlet 
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mass spectrometric techniques with fluorescence measurements, a more complete picture 

about the regulation of photosynthesis and carbon acquisition can be achieved.  
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4 SUMMARY 

This study investigates inorganic carbon acquisition and carbon isotope fractionation of 

marine phytoplankton with emphasis on the calcifying coccolithophore Emiliania huxleyi. 

Experiments generally focus on the effect of CO2 supply on these processes under different 

light conditions. The main motivation of this study was to investigate the role of carbon 

acquisition in phytoplankton ecology and to assess potential responses of phytoplankton, 

which could arise due to the current increase in atmospheric CO2 levels. 

In dilute batch culture experiments with E. huxleyi a strong CO2 dependence on the ratio 

of particulate inorganic carbon (PIC) to particulate organic carbon (POC) was observed. 

The decrease in the PIC/POC ratio with increasing CO2 concentration is caused by 

stimulation in photosynthesis and constant or decreasing rates in calcification. Similar 

trends in PIC/POC ratios were obtained under different photon flux densities (PFDs) and 

light:dark (L:D) cycles. If representative for the natural environment, the observed 

response in PIC/POC potentially acts as a negative feedback on atmospheric CO2 levels.  

Isotope fractionation (εP) in E. huxleyi showed a low sensitivity to ambient CO2 

concentration. Instantaneous carbon specific growth rates (µc) and PFD positively 

correlated with εP. These results are inconsistent with theoretical considerations and 

previous experimental results, which suggested a negative relationship between εP and µc. 

In addition to the effect of PFD on εP, a L:D cycle of 16:8h resulted in significantly lower 

εP values compared to continuous light. Since the observed offset of about 8 ‰ could not 

be related to daylength-dependent changes in µC, a direct influence of the irradiance cycle 

on εP is indicated. The observed responses are best explained by invoking active carbon 

acquisition in E. huxleyi.  

Mechanisms of carbon acquisition were investigated in E. huxleyi as well as in the 

diatom Skeletonema costatum and the flagellate Phaeocystis globosa by membrane-inlet 

mass spectrometric techniques. In vivo activities of intracellular and extracellular carbonic 

anhydrase (iCA, eCA) activity, light-stimulation in CA activity, photosynthetic O2 

evolution, CO2 and HCO3
- uptake rates were measured in cells acclimated to pCO2 levels 

of 36, 180, 360, and 1800 ppmv. While half-saturation concentrations (K1/2) for O2 

evolution as well as the light-stimulation in CA activity clearly indicate the operation of a 

carbon concentrating mechanism (CCM) in all three species, large species-specific 

differences were obtained with regard to the efficiency and regulation of their CCMs. The 
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results indicate a highly efficient and regulated carbon acquisition for S. costatum, which 

can be ascribed to increasing affinities in the CO2 and HCO3
- uptake systems, an increasing 

contribution of HCO3
- to the overall carbon acquisition and an increase in eCA activity 

with decreasing pCO2. P. globosa showed a highly efficient but rather constitutive carbon 

acquisition, which was reflected in the high affinities of the CO2 and HCO3
- uptake 

systems, a constant contribution of HCO3
- to the overall carbon acquisition and high eCA 

activities independent of the pCO2. For E. huxleyi an inefficient albeit regulated carbon 

acquisition was observed, with low affinities in the inorganic carbon uptake systems and 

low eCA activities. If observed differences between these species are representative for the 

corresponding phytoplankton functional groups in the natural environment, CO2-related 

changes in seawater chemistry are expected to modify phytoplankton species succession 

and distribution. Responses in phytoplankton communities, especially shifts in the 

dominance between functional groups, such as diatomaceous and calcareous 

phytoplankton, are likely to influence biogeochemical cycling.  

Significant changes in CCM regulation were also caused by different photoperiods. In 

all three species maximum rates (Vmax) of photosynthesis more or less doubled under L:D 

cycles of 16:8h and 12:12h compared to continuous light, an effect that was accompanied 

by generally higher rates of carbon uptake. In S. costatum and E. huxleyi a remarkably 

higher contribution of HCO3
- to the overall carbon uptake was observed under L:D cycles. 

In contrast, P. globosa did not change its CO2:HCO3
- uptake ratio in response to daylength. 

In addition to carbon uptake, cellular leakage (CO2 efflux : gross Ci uptake) was estimated 

for different photoperiods and ambient CO2 concentrations during growth. Cellular leakage 

was highest for E. huxleyi and lowest for S. costatum and generally decreased with 

increasing CO2 concentration. The effect of the photoperiod on leakage was less 

pronounced. While these results confirm species-specific differences in CCM efficiency, 

the effect of daylength on CCM regulation has hitherto not been described. By influencing 

the carbon demand of phytoplankton, light conditions may impose a stronger control on the 

CCM regulation than CO2 supply in the natural environment. In view of the large 

differences in light regimes in the ocean, the observed differences in CCM efficiency and 

regulation may play a role for the distribution and succession of phytoplankton. 

The results of this and other studies indicate that the productivity and distribution of 

phytoplankton, especially coccolithophores may be sensitive to CO2-related changes in 

environmental conditions. Climate-induced increase in the contribution of 
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coccolithophores to total primary production and a CO2-related decrease in the cellular 

ratio of PIC/POC production would, however, have opposing effects on the marine carbon 

cycle. The net effect on carbon cycling ultimately depends on the relative importance and 

sensitivity of each of these processes to future environmental changes. 
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5 ZUSAMMENFASSUNG 

Gegenstand dieser Arbeit waren Untersuchungen zum anorganischen 

Kohlenstofferwerb und zur Kohlenstoffisotopenfraktionierung von marinem Phytoplankton 

mit Schwerpunkt auf der Coccolithophoriden Emiliania huxleyi. Die hierzu durchgeführten 

Laborexperimente untersuchten im wesentlichen den Einfluss von variablen CO2-

Konzentrationen sowie von Lichtbedingungen auf diese Prozesse. Neben der Rolle des 

Kohlenstofferwerbs in der Phytoplanktonökologie galt es, mögliche Folgen des globalen 

CO2-Anstiegs auf das Phytoplankton abzuschätzen.  

Laborexperimente mit E. huxleyi zeigten eine starke CO2-Abhängigkeit im Verhältnis 

von partikulärem anorganischen Kohlenstoff (PIC) zu partikulärem organischen 

Kohlenstoff (POC). Die Abnahme im PIC/POC-Verhältnis unter erhöhten CO2- 

Konzentrationen wurde durch eine Stimulation in der Photosyntheserate bei konstanten 

oder abnehmenden Kalzifizierungsraten verursacht. Experimente unter verschiedenen 

Photonenflussdichten (PFDs) sowie Licht:Dunkel (L:D) Zyklen ergaben vergleichbare 

CO2-Abhängigkeiten. Veränderte PIC/POC-Verhältnisse im Ozean würden eine negative 

Rückkopplung auf den Anstieg im atmosphärischen CO2-Partialdruck darstellen. 

Die Isotopenfraktionierung (εP) in E. huxleyi zeigte eine geringe Sensitivität gegenüber 

variabler CO2-Konzentrationen. Instantane kohlenstoffspezifische Wachstumsraten (µc) 

und PFD waren positiv korreliert mit εP. Diese Ergebnisse sind inkonsistent mit 

theoretischen sowie früheren experimentellen Beobachtungen, die eine negative Beziehung 

zwischen εP and µc nahelegen. Neben dem Effekt der PFD auf εP hatte die Tageslänge 

einen starken Einfluss auf die Fraktionierung. Wachstum unter einem L:D-Zyklus von 16:8 

Stunden führte, verglichen mit Ergebnissen unter Dauerlicht, zu niedrigeren εP-Werten. 

Die 8 ‰ niedrigeren Werte konnten nicht durch tageslängenabhängige Veränderungen in 

µc erklärt werden. Die beobachteten Lichteffekte deuten auf aktive Kohlenstoffaufnahme 

hin. 

Mit Hilfe verschiedener massenspektrometrischer Methoden wurden die Mechanismen 

der Kohlenstoffaufnahme bei E. huxleyi sowie der Diatomee Skeletonema costatum und 

des Flagellaten Phaeocystis globosa untersucht. Die Zellen wurden hierzu an CO2-

Partialdrücke (pCO2) von 36, 180, 360, und 1800 ppmv akklimatisiert. Es wurden in vivo 

Aktivitäten von intrazellulärer und extrazellulärer Karboanhydrase (iCA, eCA), die 

Lichtstimulation in der CA-Aktivität sowie die photosynthetische O2-Entwicklung, CO2-
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und HCO3
--Aufnahme gemessen. Sowohl die Halb-Sättigung Konzentrationen (K1/2) für 

die O2-Entwicklung, als auch die beobachtete Lichtstimulation in der CA-Aktivität sind 

Beleg für einen Kohlenstoffkonzentrierungsmechanismus (CCM) in den drei untersuchten 

Algenarten. Es wurden jedoch große artspezifische Unterschiede in Hinblick auf die 

Effizienz und Regulation des CCMs ermittelt. Die Untersuchungen ergaben eine hoch-

effiziente und geregelte Kohlenstoffaufnahme für S. costatum, welches auf ansteigende 

Affinitäten für die CO2- und HCO3
--Aufnahmesysteme, einen größeren Anteil von HCO3

- 

an der Gesamtkohlenstoffaufnahme sowie eine zunehmende eCA-Aktivität mit 

abnehmenden pCO2 zurückzuführen ist. P. globosa zeigte eine ebenso hocheffiziente 

Kohlenstoffaufnahme, die jedoch unabhängig vom pCO2 der Akklimatisation war. Dies 

zeigte sich sowohl and den hohen Affinitäten, einem konstanten CO2:HCO3
--

Aufnahmeverhältnis sowie gleichbleibend hohen eCA-Aktivitäten. E. huxleyi kann seine 

Kohlenstoffaufnahme in Abhängigkeit vom pCO2 regulieren, ist jedoch vergleichsweise 

ineffizient aufgrund niedriger Affinitäten für CO2 und HCO3
- sowie niedriger eCA-

Aktivitäten. CO2-bedingte Änderungen in der Karbonatchemie könnten die 

Artensukzession des Phytoplanktons sowie die Artenverbreitung beeinflussen. 

Veränderungen innerhalb der Phytoplanktongesellschaften, insbesondere Verschiebungen 

in der Dominanz zwischen funktionellen Gruppen wie Silifizierern oder Kalzifizierern, 

könnten biogeochemische Kreisläufe beeinflussen. 

Neben dem Effekt der CO2-Konzentration hatte auch die Photoperiode einen großen 

Einfluss auf die CCM-Regulation. Unter den L:D-Zyklen von 16:8 und 12:12 Stunden 

verdoppelten sich die maximale Photosyntheserate (Vmax) aller untersuchten Arten im 

Vergleich zu Dauerlicht. Dieser Effekt wurde begleitet von einer generell höheren 

Kohlenstoffaufnahmerate. Auffällig war der signifikant erhöhte Anteil von HCO3
- an der 

Gesamtkohlenstoffaufnahme unter den L:D-Zyklen bei S. costatum und E. huxleyi. Im 

Gegensatz dazu ändert sich bei P. globosa das CO2:HCO3
--Aufnahmeverhältnis in 

Abhängigkeit von der Tageslänge nicht. Des weiteren wurde das Verhältnis von CO2-

Efflux zu Gesamtkohlenstoffaufnahme (Leakage) bei unterschiedlichen Tageslängen und 

pCO2-Akklimatisierung ermittelt, welches bei bei E. huxleyi am höchsten und bei S. 

costatum am niedrigsten war und generell mit zunehmender CO2-Konzentration abnahm. 

Die Photoperiode hatte hingegen keinen wesentlichen Einfluss. Die Ergebnisse bestätigen 

die artspezifischen Unterschiede in der CCM-Effizienz. Der Effekt der Tageslänge auf die 

Regulation des CCMs wurde hier zum ersten Mal beschrieben. Die Lichtbedingungen 
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könnten durch ihren Einfluss auf den zellulären Kohlenstoffbedarf die CCM-Regulation 

letztlich stärker beeinflussen als die CO2-Konzentration unter natürlichen Bedingungen. 

Bei Betrachtung der stark variablen Lichtbedingungen im Ozean könnten die beobachteten 

Unterschiede in der CCM-Effizienz und Regulationsfähigkeit folglich eine Rolle für die 

Verbreitung und Sukzession des Phytoplanktons spielen. 

Die Ergebnisse dieser und anderer Untersuchungen deuten darauf hin, dass die 

Produktivität und Verbreitung von Phytoplankton, insbesondere die der 

Coccolithophoriden, sensitiv auf CO2–bedingte Veränderungen in der Umwelt reagieren. 

Klima-induzierte Zunahme von Coccolithophoriden im Verhältnis zur gesamten 

Primärproduktion sowie eine CO2-bedingte Abnahme in der PIC/POC-Produktion hätten 

einen gegensätzlichen Effekt auf den marinen Kohlenstoffkreislauf. Der Netto-Effekt hängt 

letztlich von der relativen Bedeutung sowie der Sensitivität der einzelnen Prozesse 

gegenüber zukünftiger Veränderungen in den Umweltbedingungen ab. 
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