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Decreasing marine biogenic calcification: A negative
feedback on rising atmospheric pCO,
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Abstract. In laboratory experiments with the coccolithophore species Emiliania
huzleyi and Gephyrocapsa oceanica, the ratio of particulate inorganic carbon (PIC)
to particulate organic carbon (POC) production decreased with increasing COq

concentration ([CO]). This was due to both reduced PIC and enhanced POC

production at elevated [CO]. Carbon dioxide concentrations covered a range from
a preindustrial level to a value predicted for 2100 according to a “business as usual”
anthropogenic CO4 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. huzleyi or G. oceanica in the present study, the model
reveals a negative feedback on increasing atmospheric CO4 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 CO.
on timescales < 1000 years. The uptake of atmospheric
CO; 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 COs, which is taken
up during photosynthetic carbon fixation:

6 COs + 12H50 — CgH1206 + 6 05 + 6 H,O (1)

1 Also at Lamont-Doherty Earth Observatory of Columbia
University, Palisades, New York
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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?*T +2HCO3; — CaCOs3 + CO; + H20. (2)

As the uptake of 2 moles of alkalinity in the form of
HCOj; (or CO37) and 1 mole of DIC during calcifica-
tion causes a shift in the equilibrium of the carbonate
system toward higher [CO.] (see section 4), biogenic
calcification represents a potential COy 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 CO, gen-
erated may be taken up by photosynthetic carbon fixa-
tion [Sikes 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 CO;, 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 CaCOj3 production [Ware et al., 1991; Milli-
man and Drozler, 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 CaCOj precipitation [ Wollast, 1994; Mil-
liman and Drozler, 1996], coccolithophores are thought
to be the most productive calcifying group [ Westbroek
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 huzleyi 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 fraction
of the global carbon cycle, atmospheric COz, which is
largely a function of DIC and alkalinity in the surface
ocean [Broecker and Peng, 1982], is intimately related
to CaCOs production. E. huzleyi 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 [Westbroek et
al., 1993]); (1.13 Gt C [Wollast, 1994]); (1 Gt C [Mil-
liman and Drozler, 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 CaCOg3 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-
broek 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 CO,
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
Whorf, 1999]. This rise in atmospheric CO5 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 pCO; is expected to have reached
about 700 patm, sea surface [CO,] will have tripled,
and [CO27] 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

ZONDERVAN ET AL.: NEGATIVE FEEDBACK ON RISING ATMOSPHERIC PCO;

[CO2] in the ocean will decrease the CaCOj3 saturation
state, which will make the conditions for calcification
less favorable [ Wollast, 1994]. The CaCOj; saturation
state 2 is defined as

Ca?+][CO27]

_1
0= 3

where K7, is the stoichiometric solubility product for
the mineral phases of CaCOj (calcite or aragonite).
Sensitivity to the CaCQj; 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 CaCQOj3 saturation state
caused a decrease in calcification rates.

It has been calculated that marine calcification con-
stitutes a larger source for COy when the seawater
buffer capacity decreases in the surface ocean as a conse-
quence of increasing atmospheric COs, a positive feed-
back on increasing CO; 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 COy
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. huzleyi
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. huzleyi, 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 CO, release due to CaCOj3 precipitation
in the surface ocean. As input to the model, we used
the data from laboratory experiments with E. hugley:
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. hualeyi (strain PML
B92/11) and G. oceanica (strain PC 7/1) were grown in
filtered (0.2 pm) seawater enriched with NO3 and POy
to concentrations of 100 and 6.25 umol L™, respec-






