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Decreasing marine biogenic calcification' A negative 
feedback on rising atmospheric pCOe 
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Abstract. In laboratory experiments with the coccolithophore species Emiliania 
huxleyi and Gephyrocapsa oceanica, the ratio of particulate inorganic carbon (PIC) 
to particulate organic carbon (POC) production decreased with increasing COe 
concentration ([CO2]). This was due to both reduced PIC and enhanced POC 
production at elevated [CO2]. Carbon dioxide concentrations covered a range from 
a preindustrial level to a value predicted for 2100 according to a "business as usual" 
anthropogenic CO2 emission scenario. The laboratory results were used to employ 
a model in which the immediate effect of a decrease in global marine calcification 
relative to POC production on the potential capacity for oceanic CO2 uptake was 
simulated. Assuming that overall marine biogenic calcification shows a similar 
response as obtained for E. huxleyi or G. oceanica in the present study, the model 
reveals a negative feedback on increasing atmospheric CO2 concentrations owing to 
a decrease in the PIC/POC ratio. 

1. Introduction 

The ocean plays a major role in the global carbon 
cycle, representing the largest reservoir of carbon that 
is exchanged with the atmosphere in the form of CO2 
on timescales < 1000 years. The uptake of atmospheric 
CO2 by the oceans is driven by physicochemical pro- 
cesses as well as biological fixation of inorganic carbon 
species. The biogenic production of organic material 
and carbonate minerals in the surface ocean and their 

subsequent transport to depth, termed the "biological 
carbon pumps" [Volk and Hoffert, 1985], generate a gra- 
dient of dissolved inorganic carbon (DIC), with rela- 
tively low values in the surface and higher values at 
depth. The biological carbon pumps are thought to be 
responsible for approximately three-quarters of the ver- 
tical DIC gradient [Volk and Hoffert, 1985]. Depending 
on their effect on ocean-atmosphere CO•. exchange, two 
different biological pumps can be distinguished. The 
organic carbon pump is a sink for CO•., which is taken 
up during photosynthetic carbon fixation: 

6 CO2 + 12 H•.O -• C6H1206 + 6 O2 + 6 H•.O (1) 
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and then transported as particulate organic carbon 
(POC) to deeper water layers. The carbonate pump 
transports particulate inorganic carbon (PIC) to the 
deep sea, which is formed in the surface ocean: 

Ca 2+ + 2 HCO• --• CaCO3 q- CO2 q- H20. (2) 

As the uptake of 2 moles of alkalinity in the form of 
HCO• (or COl-) and 1 mole of DIC during calcifica- 
tion causes a shift in the equilibrium of the carbonate 
system toward higher [CO2] (see section 4), bioõenic 
calcification represents a potential CO2 source to the 
environment [Holligan et al., 1993; Robertson et al., 
1994]. Since calcification often occurs in combination 
with production of organic matter, part of the CO2 gen- 
erated may be taken up by photosynthetic carbon fixa- 
tion [$ikes et.al., 1980; Holligan and Robertson, 1996]. 
Thus compared to noncalcifying new production sys- 
tems (for example diatom blooms), calcifying commu- 
nities are a smaller sink or form a net potential source 
of CO2 to the atmosphere [Ware et al., 1991; Holligan 
et al., 1993]. 

Although corals are the most conspicuous calcifying 
organisms in the ocean and are widely distributed in 
tropical shelf regions, they account for only 10% of 
the global CaCO3 production [Ware et al., 1991; Milli- 
man and Droxler, 1996]. From a quantitative point of 
view, the most important groups of marine calcifying 
organisms are pelagic organisms like coccolithophores 
[Westbroek et al., 1994; Winter et al., 1994], plank- 
tonic foraminifera, and pteropods [Morse and Macken- 
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zie, 1990]. Among these groups, which contribute up to 
70% to global CaCOs precipitation [Wollast, 1994; Mil- 
liman and Droxler, 1996], coccolithophores are thought 
to be the most productive calcifying group [Westbrock 
et al., 1993]. They form intensive blooms extending 
over large parts of the global ocean, mainly at subpolar 
latitudes [Brown and Yoder, 1994]. These blooms are 
mostly monospecific and formed by only a few coccol- 
ithophore species, of which the most prominent rcp- 
resentatives are Emiliania huxleyi and Gephyrocapsa 
oceanica [Winter et al., 1994]. Mass development of 
coccolithophores is a main driving force for the export 
of calcium carbonate to the deep ocean. Although cal- 
cium carbonate cycling represents only a small Ëaction 
of the global carbon cycle, atmospheric CO2, which is 
largely a function of DIC and all•linity in the surface 
ocean [Broecker and Peng, 1982], is intimately related 
to CaCOs production. E. huxleyi and G. oceanica are 
therefore of main importance in global carbon cycling. 

Estimates of global calcium carbonate production 
ranges from 0.64 to 2 Gt C per year (1.03 Gt C [Morse 
and Mackenzie, 1990]); (0.64 Gt C [Milliman, 1993]); 
(1-2 Gt C [Shaffer, 1993]); (1.0-1.3 Gt C [Westbrock et 
al., 1993]); (1.13 Gt C [Wollast, 1994]); (1 Gt C [Mil- 
liman and Droxler, 1996]). Modern estimates of global 
annual marine primary production are ~45 Gt C [An- 
toine et al., 1996], of which ~10 Gt C are exported 
to the deep sea [Palmer and Totterdell, 2001]. The es- 
timated export ratio of CaCO3 to particulate organic 
carbon (rain ratio) is therefore relatively high, ranging 
from 0.17 to 0.4 (0.18 [Shaffer, 1993]); (0.17-0.33[West- 
brock et al., 1993]); (0.25 [Broecker and Peng, 1982]); 
(0.4 [Sigman et al., 1998]); (see Holligan and Robert- 
son [1996] for review). Since the export of CaCO3 and 
POC have opposite effects on the surface ocean CO2 
partial pressure, a change in the rain ratio affects the 
partitioning of CO2 between ocean and atmosphere. It 
has been suggested that the rain ratio is not constant 
through time and is an important factor in the regula- 
tion of global climate [Archer and Maier-Reimer, 1994]. 

From the middle of the 18th century, the atmo- 
spheric partial pressure of CO2 has increased steadily 
from 280 to 366 patm in the year 1998 [Keeling and 
Whorl, 1999]. This rise in atmospheric CO2 concentra- 
tion has led to changes in the surface ocean chemistry 
[Brewer, 1978, 1997; Chen and Millero, 1979] and will 
continue to cause corresponding changes in the future. 
Following the International Panel on Climate Change 
(IPCC) "business as ususal" scenario (IS92a, [Houghton 
et al., 1995]), it can be predicted that by the year 2100, 
when atmospheric pCO2 is expected to have reached 
about 700 patm, sea surface [CO2] will have tripled, 
and [CO]-] and pH will have dropped by 50% and 
0.35 units, respectively, relative to preindustrial values 
[Wolf-Gladrow et al., 1999]. The present increase of 

[C02] in the ocean will decrease the CaCO3 saturation 
state, which will make the conditions for calcification 
less favorable [Wollast, 1994]. The CaCO3 saturation 
state • is defined as 

n- [C•+][CO]-] K* ' (3) 
sp 

where K•*p is the stoichiometric solubility product for 
the mineral phases of CaCO3 (calcite or aragonite). 
Sensitivity to the CaCO3 saturation state has been 
shown for corals [Gattuso et al., 1998; Kleypas et al., 
1999, Langdon et al., 2000] and foraminifera [Bijma 
et al., 1999], where decreasing CaCO3 saturation state 
caused a decrease in calcification rates. 

It has been calculated that marine calcification con- 

stitutes a larger source for CO2 when the seawater 
buffer capacity decreases in the surface ocean as a conse- 
quence of increasing atmospheric CO2, a positive feed- 
back on increasing CO2 concentrations [Frankignoulle 
et al., 1994; Gattuso et al., 1996]. However, these cal- 
culations were done under the assumption that global 
calcification rates remain constant over time. If calcifi- 

cation by the dominant calcifying group, i.e., the coc- 
colithophores, also shows to be sensitive to changing 
carbonate chemistry in the sea surface, potential CO2 
exchange between ocean and atmosphere could be af- 
fected over large areas of the world ocean. Riebesell et 
al. [2000] showed that the ratio of calcification to POC 
production in the coccolithophorid species E. huxleyi 
and G. oceanica is sensitive to the carbonate chemistry 
in the growth medium. In both laboratory experiments 
and natural phytoplankton assemblages this ratio de- 
creased with increasing CO2 concentration correspond- 
ing to surface ocean conditions ranging from preindus- 
trial levels to values expected in the year 2100. 

In this study we present results of laboratory exper- 
iments with E. huxleyi, where the effects of changing 
carbonate chemistry on calcification and particulate or- 
ganic carbon production were tested. We compare the 
results with data obtained by Riebesell et al. [2000]. 
In addition, a model was employed to simulate short- 
term effects of increasing atmospheric CO2 concentra- 
tions on the CO2 release due to CaCO3 precipitation 
in the surface ocean. As input to the model, we used 
the data from laboratory experiments with E. huxleyi 
and G. oceanica presented by Riebesell et al. [2000] and 
in the present study, to simulate different scenarios of 
changing calcification rates in the surface ocean. 

2. Methods 

Monospecific cultures of E. huxleyi (strain P ML 
B92/11) and G. oceanica (strain PC 7/1) were grown in 
filtered (0.2 pm) seawater enriched with NOs and PO4 
to concentrations of 100 and 6.25 pmol L -•, respec- 



ZONDERVAN ET AL.' NEGATIVE FEEDBACK ON RISING ATMOSPHERIC PCO2 509 

Table 1. Production of Particulate Organic Carbon (POC, pg C cell -• d-•), Particulate Inorganic Carbon (PIC, 
pg C cell -• d -•), and the PIC/POC Ratio in G. oceanica and E. huxleyi Under Two L/D Cycles and at Different 
CO2 Concentrations (/•mol L -•) in the Growth Medium a 

E. huxleyi (16/8 L/D) E. huxleyi (24/0 L/D) G. oceanica (16/8 L/D) 

CO2 POC PIC PIC/POC CO2 POC PIC PIC/POC CO2 POC PIC PIC/POC 

5.61 9.02 9.24 1.02 11.68 11.08 9.75 0.88 5.68 21.41 25.26 1.18 

(0.26) (0.27) (0.51) (0.83) (0.87) (1.06) 
12.36 9.76 9.28 0.95 16.77 12.59 9.16 0.73 11.95 26.46 22.56 0.97 

(0.19) (O.35) (0.84) (O.73) (•.3•) (O.07) 
18.45 9.44 8.00 0.85 17.95 14.03 9.43 0.67 16.94 25.22 19.26 0.77 

(0.12) (0.25) (0.21) (0.39) (1.18) (2.27) 
21.32 10.66 8.53 0.80 22.56 11.76 7.83 0.67 24.78 25.68 19.81 0.78 

(0.24) (0.54) (0.52) (0.30) (1.29) (2.97) 
27.25 9.78 7.56 0.77 30.00 13.26 7.38 0.56 33.71 32.22 5.60 0.17 

(0.15) (0.23) (1.10) (0.38) (1.51) (1.61) 

•The numbers in parentheses represent 1 s.d. 

tively and with metals and vitamins according to 
[Guillard and Ryther, 1962]. Cultures were preadapted 
to the experimental conditions for •12 generations and 
maintained dilute by starting the experiment with low 
cell concentrations. The incident photon flux density 
was 150 y, mol m -2 s -• and the temperature 15øC. 
E. huxleyi was grown at a 16/8 and 24/0 hours L/D cy- 
cle, whereas G. oceanica was grown at a 16/8 hours L/D 
cycle only. Five different CO2 levels (Table 1) were ad- 
justed by adding I N HC1 or 1 N NaOH to the medium. 
At the end of the experiment, after 8 generations, less 
than 7% of the DIC in the medium had been taken up by 
the cells. After inocculation in triplicate 2.4 L borosil- 
icate bottles, the bottles were closed immediately with 
teflon lined screw caps without head space to avoid CO2 
exchange with the atmosphere. 

Samples for DIC and alkalinity measurements were 
taken in 300 mL borosilicate bottles, fixed with I mL of 
a HgC12 solution (35 g L -•) and stored, in case of DIC 
samples free of air bubbles at 4øC. DIC was measured 
coulometrically [Johnson et al., 1985] in duplicate and 
alkalinity was calculated from linear Gran plots [Gran, 
1952] after duplicate potentiometric titration [Bradshaw 
et al., 1981; Brewer et al., 1986]. The carbonate sys- 
tem of the medium was calculated from temperature, 
salinity, and the concentrations of DIC, alkalinity, and 
PO4, using equilibrium constants of Goyet and Poisson 
[1989]. Subsamples for the determination of total par- 
ticulate carbon (TPC) and particulate organic carbon 
(POC) were filtered on precombusted (12 hours, 500øC) 
QM-A filters (pore width •0.6/•m) and stored at -20øC. 
Prior to analysis, the POC filters were fumed for 2 hours 
with a saturated HC1 solution to remove all inorganic 
C. TPC and POC were subsequently measured on a 
mass spectrometer. Particulate inorganic carbon (PIC) 

was calculated as the difference between TPC and POC. 

Samples for cell counts were fixed with 400/•L/20 mL 
sample of a 20% formaldehyde solution buffered with 
hexamethylenetetramine, and counted within one day 
by means of a Coulter "Multisizer II". The growth rate 
(/•) was calculated as 

(In ½1 -- In co) (4) /•= At ' 

where co and c• are the cell concentrations at the begin- 
ning and the end of the experiment, respectively, and 
At is the duration of the incubation in days. Inorganic 
and organic carbon production (P, pg C cell -• d -•) was 
calculated according to 

P-/•(cellular carbon content). (s) 

3. Experimental Results 

Changes in the production of PIC and POC and the 
PIC/POC ratio are analyzed in relation to [CO2]. Data 
of E. huxleyi grown at a 16/8 L/D and of G. ocean- 
ica are taken from Riebesell et al. [2000]. PIC and 
POC data for G. oceanica were incorrectly plotted by 
Riebesell et al. [2000] and have been corrected in the 
present study. However, note that trends remain ex- 
actly the same. With increasing [CO2] in the growth 
medium and corresponding changes in pCO2, pH, and 
[CO•-], POC production increases slightly in E. hux- 
leyi at a 16/8 L/D. When grown at a 24/0 L/D cycle 
there was no siginificant change in the POC production 
in E. huxleyi .(Figure la, Table 1). In contrast, there 
was a pronounced increase in the POC production in 
G. oceanica over the CO2 range tested (Figure l d, Ta- 
ble 1). The cellular organic carbon content of G. ocean- 
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Figure 1. (a-c) Rates of production of particulate organic carbon (POC), particulate inorganic 
carbon (PIC), and the ratio of PIC[POC in E. huxleyi at L[D cycles of 16/8 hours (closed sym- 
bols) and 24[0 hours (open symbols) and (d-f) G. oceanica at 16[8 L[D. Error bars represent 
one standard deviation (n=3). The vertical dashed lines indicate atmospheric pCO2 at prein- 
dustrial times, at present, and as expected in 2100 according to a "business as usual scenario" 
IHoughton et al., 1995]. Note that the vertical axes have different scales and that DIC and total 
alkalinity differed slightly between the experiments, so that values for pH, pCO2, and ICO•-] are 
approximations. Reprinted by permission from Nature (Riebesell et al. 2000) copyright (2000) 
Macmillan Magazines Ltd. 
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ica is 2 times higher than the organic carbon content 
of E. huxleyi. Moreover, E. huxleyi cells grown under 
continuous light have a higher organic carbon content 
than those grown at a 16/8 L/D cycle. In contrast to 
POC production, the production of PIC significantly 
decreases with increasing [CO2] in E. huxleyi and even 
more pronounced in G. oceanica (Figures lb and e, Ta- 
ble 1). There is no significant difference in PIC content 
between E. huxleyi cells grown at different L/D cycles. 
The decrease and increase in the production of PIC and 
POC, respectively, caused a decrease in the ratio of PIC 
to POC with increasing [CO2] in both E. huxleyi (r 2 = 
0.98 and 0.94 at 16/8 and 24/0 L/D, respectively) and 
G. oceanica (r 2 - 0.95) (Figures lc and f). 

When these data are interpolated between preindus- 
trial pCO2 values and values expected in 2100 (280 and 
700 ppm, respectively, indicated in Figure 1), an 8.5 and 
10% increase in POC production and a 15.7 and 25.7% 
decrease in PIC production is observed in E. huxleyi 
under a L/D cycle and continuous light, respectively. 
This causes the PIC/POC ratio to decrease by 21 and 
31.5%, respectively. In G. oceanica the POC produc- 
tion increases by 18.6% over this range, whereas the 
PIC production and PIC/POC ratio decreases by 44.7 
and 52.5%, respectively. 

4. Effects of Calcification on the 

Surface Ocean Carbonate 

Chemistry 

From (2) it can be seen that dissolved inorganic car- 
bon (DIC) and total alkalinity (TA) drop by one and 
two units, respectively, for each unit of CaCO3 precip- 
itated. The new equilibrium concentrations of the car- 
bonate species in solution after calcification can there- 
fore be calculated from the change in DIC and TA. DIC 
and TA are defined as 

DIC - [CO2] + [HCO•] + [CO]-], (6) 

where [CO2]- [CO•(aq)] + [H•CO•I and 

TA - 2[CO]-] +[HCO•] + 
[B(OH)•-] + [OH-]- [H+], (7) 

where minor contributions to the TA from seawater con- 

stituents such as phosphate and silicate have been ne- 
glected. Figure 2 shows an example typical for surface 
ocean conditions (T = 15øC, $ = 35), with initial val- 
ues of DIC = 2.0 mmol kg -1, TA = 2.3 mmol kg -1, 
and [CO•] = 10.5 •umol kg -1. The surface ocean is as- 
sumed to be in equilibrium with the atmosphere with 
respect to CO2. The effect of calcification on the car- 
bonate system is illustrated by the light-shaded vector. 
The origin of the vector is located at initial conditions, 
whereas the final point corresponds to conditions after 

2.$ 

.•2.25 

2.2 •,,,•. O. 6•'" 
2.1 ,•.9 1.95 2 2.05 2.1 2.15 2.2 

DIC (mmol kg -1) 

Figure 2. Changes in the concentrations of DIC, total 
alkalinity, and CO2 owing to calcification (light-shaded 
vectors) at (left) preindustrial times and in (right) 2100. 
Numbers at the vectors are relative numbers. Thus 

when 1 mole C as DIC is taken up during calcification, 
0.63 mole C as CO2 is released to the environment dur- 
ing preindustrial times, and 0.79 C in 2100, owing to 
a decreasing buffer capacity (light-shaded vectors, see 
text). Assuming calcification is only 70% of the prein- 
dustrial value in 2100, CO2 release due to calcification 
would then be 0.56 C (solid black vectors, see text). 

removal of 50/•mol calcium carbonate per kg seawater. 
Since DIC and TA decrease in a ratio of 1:2, the slope 
of a line through the vector in this representation is 2. 
The concentration of dissolved CO• increases from 10.5 
to 12.4/•mol kg -1 during this process. Thus, for values 
of DIC, TA, T, and $ given above, the production of 50 
•umol calcium carbonate results in an increase of [CO•] 
of 1.9 •umol kg -1. 

After the formation of calcium carbonate the water 

is left oversaturated in CO2 with respect to the atmo- 
sphere, so that CO2 is subsequently released in order to 
reestablish equilibrium. This effect is indicated by the 
horizontal solid light-shaded vector in Figure 2. Start- 
ing at conditions after calcification at [CO2] = 12.4 
•umol kg -1, carbon dioxide is released until aqueous 
CO2 (and the corresponding pCO2) is restored to the 
value of the atmosphere. Concomitantly, the DIC con- 
centration decreases, while the TA remains constant. 
The precipitation of 50 •umol kg -1 CaCO3 and the sub- 
sequent equilibration with the atmosphere then finally 
leads to degassing of ,,•32 •umol CO2 kg -1 in this exam- 
ple. 

With rising atmospheric CO2 and the resulting de- 
crease in pH of the surface seawater, the buffer capac- 
ity of the ocean for CO2 decreases. The ratio of CO2- 
released:carbonate-precipitated (•) during CaCO3 pre- 
cipitation depends on the physicochemical properties of 
the seawater and will increase with decreasing buffer ca- 
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pacity [Frankignoulle et al., 1994; Gattuso et al., 1996]: o.9 

_ ) 

5(co-) [ pco. ' •(co•.)] 
where 5(CO•.) and 5(CO]-) refer to variation of dis- 
solved CO•. and COl-, respectively. The buffer factors 
5pCO•./5(CO•.) and 5pCO•./5(CO]-) can be used to de- 
scribe the dynamics of the seawater carbonate system 
during calcification and to estimate the resulting re- 
lease of CO•.. Here ß is expected to increase from the 
calculated preindustrial value of 0.63 [Frankignoulle et 
al., 1994; Gattuso et al., 1996] to ~0.79 in the year 
2100 and to ~0.84 in 2150, following an IPCC "busi- 
ness as usual scenario" (IS92a, [Houghton et al., 1995]). 
Thus, assuming that calcium carbonate production in 
the oceans stays constant this represents an additional 
source of CO•.. 

A decrease in the production of CaCO3 with increas- 
ing atmospheric CO•. concentrations, as found in corals 
[6attuso et al., 1998], foraminifera [Bijma et al., 1999], 
and coccolithophores [Riebesell et al., 2000; this study], 
will immediately influence the surface ocean carbonate 
chemistry. In order to quantify this effect we employed 
a model where we used the laboratory results of the 
present study and those obtained by Riebesell et al. 
[2000] to simulate the possible impact of decreasing ma- 
rine calcification on the CaCO3-related CO•. release in 
the surface ocean. 

5. Model Simulation 

Changes in the surface ocean carbonate chemistry 
from conditions prevailing in preindustrial times to 
those expected for the years 2100 and 2150 were sim- 
ulated according to the "business as usual" anthro- 
pogenic CO•. emission scenario (IS92a) of the IPCC re- 
port 1995 [Houghton et al., 1995; see also Wolf-Gladrow 
et al., 1999]. The atmospheric CO•. concentrations for 
the period from 2100 to 2150 were obtained from a pro- 
jection of the IS92a scenario by fitting an exponential 
function to the atmospheric CO2 concentrations given 
by Houghton et al. [1995]. Simulation of the temporal 
change of global calcification rates are based on the lab- 
oratory results described in this study. We assume that 
COl.-related responses of the coccolithophores E. hux- 
leyi or G. oceanica as described in this study are repre- 
sentative for overall marine biogenic calcification. 

The potential impact of decreasing calcification on 
the CO• release to the environment is investigated us- 
ing the following scenarios (see Figure 3): (1) calcifica- 
tion stays at a constant rate of I Gt C per year (similar 
to present-ocean values [Milliman and Droxler, 1996]), 
(2) calcification decreases as in E. huxleyi grown at a 
16/8 L/D cycle, (3) calcification decreases as in E. hux- 

• 0.8 . . : . ' ' .1.• ._ 

0 0.7 ß 
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Figure 3. Potential CO2 release in Gt C yr -• from 
1850 to 2150 when annual CaCO• production remains 
constant at I Gt C yr -1 (scenario 1, solid line), CaCOs 
production decreases as in E. huxleyi at a 16/8 L/D 
cycle (scenario 2, dashed line), or at a 24/0 L/D cy- 
cle (scenario 3, dashed line), and CaCO• production 
decreases as in G. oceanica (scenario 4, dashed-dotted 
line). 

leyi grown at a 24/0 L/D cycle, (4) calcification de- 
creases as in G. oceanica grown at a 16/8 L/D cycle, 
(5) PIC/POC ratio decreases as in E. huxleyi grown at 
a 16/8 L/D cycle, (6) PIC/POC ratio decreases as in 
E. huxleyi grown at a 16/8 L/D cycle and (7) PIC/POC 
ratio decreases as in G. oceanica. Since the POC pro- 
duction in E. huxleyi grown at a 16/8 L/D cycle shows 
no significant trend, a decrease in the PIC/POC ratio 
is only due to decreasing calcification rates. The model 
results for this scenario (5) are thus very similar to the 
results for scenario 2. 

When global CaCO• production is kept at a preindus- 
trial level of I Gt C per year, the annual CO•. release to 
the environment increases with time due to increasing 
atmospheric CO•. and the subsequent decreasing buffer 
capacity of the surface ocean (a positive feedback, see 
section 4; scenario 1, Figures 3 and 4). When global 
CaCO3 production decreases as in scenario 2 and 3, 
the decrease in CO•. release integrated between 1850 
and 2100 (2150) is 8.7 (19.1) or 10.7 (23.5) Gt C, re- 
spectively (Figure 3, see also Figure 2). When global 
CaCO3 precipitation decreases as in scenario 4, the in- 
tegrated decrease in CO•. release would be 20.1 (44.2) 
Gt C. 

In our laboratory experiments E. huxleyi grown at a 
24/0 L/D cycle and G. oceanica increased their cellu- 
lar POC production with increasing CO•. concentrations 
(Figure 1). When an increase in the POC production 
by marine calcifying organisms is accounted for in our 
model, the integrated difference in CO•. released to the 
environment between 1850 and 2100 (2150) is 8.7 (19.1) 
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Figure 4. Potential CO2 release in Gt C yr -• 
from 1850 to 2150 when annual CaCO3 production re- 
mains constant at I Gt C yr -x (scenario 1, solid line), 
PIC/POC ratio decreases as in E. huxleyi at a 16/8 L/D 
cycle (scenario 5, dashed line), or at a 24/0 L/D cycle 
(scenario 6, dashed line), and PIC/POC ratio decreases 
as in G. oceanica (scenario 7, dashed- dotted line). 

and 14.2 (31.3) Gt C for scenario 5 and 6, respectively, 
and 23.3 (51.2) for scenario 7 (Figure 4). This larger 
difference in CO•. release is due to a further reduction 
in the PIC/POC ratio when cellular POC production 
increases. The relatively strong decrease in CO•. release 
in the different scenarios after 2100 (Figures 3 and 4) 
is due to the exponential increase in atmospheric CO•. 
concentrations with time and the decreasing calcifica- 
tion correlating linearly to the CO• concentration. 

6. Discussion 

In previous studies, COl.-related effects on calcifi- 
cation have been demonstrated in corals [Gattuso et 
al., 1998; Kleypas et al., 1999, Marubini and Atkin- 
son, 1999], in a coralline algae [Gao at al., 1993], and 
in a foraminiferal species [Bijma et al., 1999]. The 
response of the two coccolithophore species to CO•.- 
related changes in carbonate chemistry shown by Riebe- 
sell et al. [2000] and in the present investigation, 
agrees with previous studies on other marine calcify- 
ing organisms. Compared to preindustrial times, the 
PIC-production in E. huxleyi may decrease by 16-26% 
and in G. oceanica by 45% when surface ocean chem- 
istry changes to conditions expected in 2100. This 
is consistent with a predicted decrease in calcification 
over a similar range of CO•. in corals [Langdon et al., 
2000 (40%); Kleypas et al., 1999 (17-35%)] and in the 
foraminifera Orbulina universa [Bijma et al., 1999 (18- 
21%)], although decreases are lower than the maximal 
reduction of 83% in calcification shown in natural plank- 
ton assemblages [Riebesell et al., 2000]. 

Why G. oceanica shows higher sensitivity to chang- 
ing carbonate chemistry than E. huxleyi remains un- 
clear. Furthermore, the reason why E. huxleyi cells 
grown under continuous light show higher POC pro- 
duction compared to cells grown at a 16/8 L/D cycle 
(Figure la), whereas there is no difference in the PIC 
decrease between both conditions (Figure lb), is also 
not clear. One explanation might be the time of sam- 
pling in the L/D experiment, which was at the end of 
the dark phase. At this point in the L/D cycle the cells 
have the lowest carbon content due to cell division dur- 

ing the dark period [Van Bleijswijk et al., 1994]. If cal- 
cification continued in the dark, as was shown in some 
studies [e.g., Balch et al., 1992], this could explain the 
decoupling of POC and PIC production, yielding a sim- 
ilar PIC production under a 16/8 L/D cycle as under 
continuous light. This raises the question whether the 
quantitative nature of the CO2 effects on the PIC/POC 
ratio may be due to the time of sampling and whether 
results may be different when the PIC/POC ratio is 
averaged over a L/D cycle. We tested this by moni- 
toring diurnal variation in cellular carbon content over 
a 38-hour period at a 16/8 L/D cycle. A consistent 
significant offset in cellular PIC and POC content and 
the PIC/POC ratio was observed between high and low 
CO2 treatments throughout the diurnal cycle (I. Zon- 
dervan et al., Effect of increasing CO2 concentration on 
the PIC/POC ratio in the coccolithophore Emiliania 
huxleyi grown under light-limiting conditions and differ- 
ent daylengths, submitted to Marine Ecology Progress 
Series, 2000), showing that the CO2 effect reported here 
is not an artifact due to the time of sampling. 

In our model we assume that CO2-related responses 
of the coccolithophores E. huxleyi or G. oceanica as 
described in the present study are representative for 
overall marine biogenic calcification. We used two 
coccolithophore species, one of them at two different 
daylengths, obtaining different scenarios for the model 
simulation. Assuming a constant annual global carbon- 
ate production of I Gt C through time, it can be calcu- 
lated that as a result of increasing anthropogenic CO2 
and the subsequent decrease in the seawater buffer ca- 
pacity, biogenic calcification would act as an additional 
source for CO•. Frankignoulle et al. [1994] calculated 
an additional input of 5 Gt C to the atmosphere from 
1880 to 2030-2050 as a result of the change of the car- 
bonate buffer in the surface ocean. When CO2-related 
effects on biogenic calcification are accounted for, our 
model predicts a significant decrease in potential CO2 
release to the atmosphere when PIC/POC ratios de- 
crease. Thus the expected positive feedback on in- 
creasing CO2 concentrations is completely reversed by 
the effect of decreasing global calcification and becomes 
a negative feedback. This effect is rather small com- 
pared to the current anthropogenic CO2 emission (--7 
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Gt C annually [Houghton et al., 1995]). Riebesell et al. 
[2000] showed a reduction in calcification rates by 36 - 
83% in high relative to low CO2 treatments in natural 
plankton assemblages, which were dominated by coc- 
colithophores. E. huxleyi is the most abundant coccol- 
ithophore and possibly the most productive calcifying 
organism on Earth today [Holligan, 1992; Westbroek et 
al., 1994]. If the observed response to increasing CO2 
concentrations of the two coccolithophore species in this 
study and in the study by Riebesell et al. [2000] is a gen- 
eral phenomenon in the worlds oceans, a decrease in the 
PIC/POC ratio could affect different processes in areas 
where coccolithophores play a dominant role. 

First, as mentioned above, it directly affects the car- 
bonate system. When coccolithophore carbonate pro- 
duction in the surface ocean slows down, the potential 
release of CO• to the atmosphere, as a consequence of 
calcification, is reduced [Holligan and Robertson, 1996] 
(see section 4 and Figure 2b). In addition to a de- 
crease in PIC content, we found higher cellular POC 
production with increasing CO• concentration in both 
E. huxleyi and G. oceanica (the cells become larger). In 
a natural field situation, growth is ultimately limited 
by nutrient availability. Total production of POC will 
therefore not change if nutrient concentration remains 
constant. However, when the cellular POC content in- 
creases relative to the P IC content, this decreases the 
PIC/POC ratio. Experiments in the present study were 
done under nutrient replete conditions, which poorly 
mimics the natural situation. Therefore we also tested 

CO•-related effects on the PIC/POC ratio under nutri- 
ent limitation• Preliminary results show a similar effect 
as described in the present study, i.e., a decrease in the 
PIC/POC ratio at elevated [CO•] (I. Zondervan and U. 
Riebesell, unpublished data, 2000). 

Second, trophic interactions may be influenced if 
feeding on coccolithophores by microzooplankton and 
copepods is dependent on cell size or the PIC/POC 
ratio. A decrease in the calcification rate could also 

decrease the competitiveness of coccolithophores with 
other phytoplankton functional groups. The malforma- 
tion of the coccospheres under high CO2 concentrations 
as shown by Riebesell et al. [2000] may be an indication 
for this. However, since the function and regulation of 
calcification by coccolithophores is not known [Young, 
1994], it remains highly speculative what the role of cal- 
cification for coccolithophore physiology and ecology is. 
Nejstgaard et al. [1997] demonstrated in a mesocosm 
experiment that E. huxleyi dominated blooms provided 
a superior food source for reproduction of the copepod 
Calanus finmarchicus compared to diatom-dominated 
blooms. Holligan et al. [1993] found selective grazing 
on E. huxleyi cells by microzooplankton in the North 
Atlantic. Thus a shift in the dominance of phytoplank- 
ton species may affect regulation at higher trophic lev- 
els. 

Third, sinking of coccolithophore-derived particulate 
material may become reduced when coccolithophore 
cells are less calcified [Fritz and Balch, 1996; Lecourt 
et al., 1996] or when the composition of faecal pellets 
changes owing to changes in the phytoplankton species 
composition or abundance [Harris, 1994; Holligan et al., 
1993]. A decrease in calcification could actually reduce 
sinking rate of E. huxleyi cells [Fritz and Balch, 1996; 
Lecourt et al., 1996], and thus CO• uptake in the sur- 
face water, due to a decrease of organic carbon export 
to depth. However, we find an increase in POC produc- 
tion at elevated [CO•], which could also affect particle 
sinking rate. Thus it remains speculative what the ul- 
timate effect of a decrease in the PIC/POC ratio on 
particle sinking rate will be. Since this topic is beyond 
the scope of the present study we will not discuss this 
in further detail here. 

Finally, the optical properties in the surface ocean 
may be altered due to decreasing calcification or coc- 
colithophore abundance in regions were coccolithophore 
blooms occur [Balch et al., 1991]. Tyrrell et al. [1999] 
modeled the optical impacts of coccolithophore blooms 
and demonstrated an increase in the reflectance of light 
due to the abundance of coccoliths, a stronger stratifica- 
tion and a decrease in total water column productivity 
due to intense shading and stratification in these ar- 
eas. All potential changes mentioned above could alter 
ecosystem structure and regulation ever large areas of 
the ocean, although the response of a complex, multi- 
ple species ecosystem, where each species reacts in its 
own particular way remains extremely difficult to pre- 
dict [Kheshgi et al., 1991; Westbroek et al., 1994]. 

In summary, what the response of marine biogeo- 
chemistry on increasing atmospheric CO• concentra- 
tions will be with respect to CO• partitioning between 
ocean and atmosphere remains speculative. Our model 
shows a complete reversal of the expected positive feed- 
back on atmospheric CO2 increase when CaCO3 pro- 
duction remains constant, turning into a negative feed- 
back when calcification rates decrease with increasing 
CO2. The effect is small compared to the annual an- 
thropogenic CO2 emissions. However, further investi- 
gation is needed on potential secondary effects on the 
ocean-atmosphere CO• exchange. If the observed CO•- 
related responses in calcification and POC production 
of coccolithophores are a general phenomenon, changes 
in ecosystem structure and functioning can be expected 
with increasing atmospheric CO• concentration. 
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