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Abstract

Increasing atmospheric CO2 concentration affects calcification in most planktonic calcifiers. Both reduced or
stimulated calcification under high CO2 have been reported in the widespread coccolithophore Emiliania huxleyi.
This might affect the response of cells to photosynthetically active radiation (PAR; 400–700 nm) and ultraviolet
radiation (UVR; 280–400 nm) by altering the thickness of the coccolith layer. Here we show that in the absence of
UVR, the calcification rates in E. huxleyi decrease under lowered pH levels (pHNBS of 7.9 and 7.6; pCO2 of 81 and
178 Pa or 804 and 1759 ppmv, respectively) leading to thinned coccolith layers, whereas photosynthetic carbon
fixation was slightly enhanced at pH 7.9 but remained unaffected at pH 7.6. Exposure to UVR (UV-A
19.5 W m22, UV-B 0.67 W m22) in addition to PAR (88.5 W m22), however, results in significant inhibition of
both photosynthesis and calcification, and these rates are further inhibited with increasing acidification. The
combined effects of UVR and seawater acidification resulted in the inhibition of calcification rates by 96% and
99% and that of photosynthesis by 6% and 15%, at pH 7.9 and 7.6, respectively. This differential inhibition of
calcification and photosynthesis leads to significant reduction of the ratio of calcification to photosynthesis.
Seawater acidification enhanced the transmission of harmful UVR by about 26% through a reduction of the
coccolith layer of 31%. Our data indicate that the effect of a high-CO2 and low-pH ocean on E. huxleyi (because
of reduced calcification associated with changes in the carbonate system) enhances the detrimental effects of UVR
on the main pelagic calcifier.

The oceans have absorbed one third of the anthropo-
genic CO2 released to the atmosphere since the industrial
revolution (Sabine et al. 2004). Increased dissolution of
CO2 into seawater leads to an increase in the concentration
of pCO2, HCO {

3 , and H+ and to a decrease in the
concentration of CO 2{

3 and saturation state of calcium
carbonate (Feely et al. 2004). The surface waters of the
ocean have already been acidified by 0.1 pH units
(corresponding to a 30% increase of H+) since 1800 and
will further decrease by another 0.3–0.4 units (about 100–
150% increase of H+) by 2100 under a ‘‘business-as-usual’’
emission scenario (Brewer 1997; Caldeira and Wickett
2003). A change of this magnitude and at such a fast pace
has not occurred in the past 300 million yr (Caldeira and
Wickett 2003). Ocean acidification has been suggested to
harm marine calcifying organisms by reducing the rate of
calcification of their skeletons or shells (Gao et al. 1993;
Riebesell et al. 2000; Gazeau et al. 2007).

Coccolithophores, as key CaCO3 producers, form
extensive blooms, and most studies carried out with these
organisms have demonstrated a decline of calcification
rates at low pH (Riebesell et al. 2000; Sciandra et al. 2003;
Delille et al. 2005). However, some species do not seem to
be affected and others exhibit an optimum rate of
calcification (Langer et al. 2006), whereas calcification of
an E. huxleyi strain seems to be stimulated at low pH

(Iglesias-Rodriguez et al. 2008). Nevertheless, these results
are still debated (U. Riebesell pers. comm.; C. Turley pers.
comm.). On the other hand, higher pCO2 in seawater was
suggested to enhance photosynthesis in E. huxleyi (Riebe-
sell et al. 2000; Iglesias-Rodriguez et al. 2008). In most of
these studies, however, cells were grown under low
photosynthetically active radiation (PAR; 15–170 mmol
photons m22 s21; 3.2–36.5 W m22) (Riebesell et al. 2000;
Sciandra et al. 2003; Langer et al. 2006) and the effect of
solar ultraviolet radiation (UVR) was not considered.
Enrichment of CO2 under low PAR levels might have led to
enhanced rates of photosynthesis and calcification because
of the energy saved because of increased levels of pCO2 and
bicarbonate for their transport (i.e., less energy competition
for transport of inorganic carbon for photosynthesis and
calcification). On the other hand, increased ocean stratifi-
cation (shallower upper mixed layer) due to global warming
is likely to enhance the already high mean daily solar
irradiance received by coccolithophores (Nanninga and
Tyrrell 1996; Boyd and Doney 2002) that mainly live in
temperate areas.

The covering coccoliths may protect the cells from being
harmed by high levels of PAR as well as UVR, and this is
important because UVR can damage coccolithophores’
DNA, and moreover, stabilization of the water column
strongly promoted this damage in surface seawater (Buma
et at. 2000, 2001). Hence, ocean acidification could threaten
the survival of coccolithophores by exposing less-protected* Corresponding author: ksgao@xmu.edu.cn
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