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Abstract

The impact of ocean acidification and increased water temperature on marine ecosys-
tems, in particular those involving calcifying organisms, has been gradually recognised.
We examined the individual and combined effects of increased pCO2 (180 ppm V CO2,
380 ppm V CO2 and 750 ppm V CO2 corresponding to past, present and future CO25

conditions, respectively) and temperature (13◦C and 18◦C) during the calcification
phase of the coccolithophore E. huxleyi using batch culture experiments. We showed
that the cell abundance-normalized particulate organic carbon concentration (POC) in-
creased from the present to the future CO2 treatments. A significant effect of pCO2 and
of temperature on calcification was found, manifesting itself in a lower cell abundance-10

normalized particulate inorganic carbon (PIC) content as well as a lower PIC:POC ratio
at future CO2 levels and at 18◦C. Coccosphere-sized particles showed a size reduction
trend with both increasing temperature and CO2 concentration. The influence of the
different treatments on coccolith morphology was studied by categorizing SEM coc-
colith micrographs. The number of well-formed coccoliths decreased with increasing15

pCO2 while temperature did not have a significant impact on coccolith morphology.
No interacting effect of pCO2 and temperature was observed on calcite production,
coccolith morphology or on coccosphere size. Finally, our results suggest that ocean
acidification might have a larger adverse impact on coccolithophorid calcification than
surface water warming.20

1 Introduction

The global atmospheric carbon dioxide (CO2) concentration increased from a pre-
industrial value of about 280 ppm V to 379 ppm V in 2005 (IPCC, 2007). The anthro-
pogenic gas emissions have led to a rise by 0.74±0.18◦C in global average surface
temperature from 1906 to 2005 (IPCC, 2007). One fourth of the CO2 emitted to the25

atmosphere is absorbed by the ocean (Canadell et al., 2007) where CO2 dissolves in
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the surface waters, decreasing the seawater pH, the availability of carbonate ions, and
the saturation state of seawater with respect to calcium carbonates (Ωcal) (Zeebe and
Wolf-Gladrow, 2001). Global warming results in an enhancement in vertical stratifica-
tion of the water column, leading therefore to a decreased mixing between the surface
ocean and the deeper layers with a consequent decrease in the supply of nutrients5

(Bopp et al., 2001) and dissolved inorganic carbon (DIC) (Borges et al., 2008). In-
creasing stratification results also in a shoaling of the upper mixed layer leading to an
increase in the light availability in this layer (Bopp et al., 2001).

Both ocean acidification and warming influence the distribution of DIC for calcifying
organisms and therefore have the potential to alter the particulate inorganic and/or10

organic carbon production, which would affect the efficiency of particle export. By
photosynthesis in the photic zone, phytoplankton draws down CO2:

16CO2+16NO−
3 +H2PO−

4 +17H++122H2O↔ (CH2O)106(NH3)16H3PO4+138O2 (1)

In contrast, biogenic calcification releases CO2:

Ca2++2HCO−
3 →CaCO3+CO2+H2O (2)15

The biological carbon pump could thus remove particulate carbon from the euphotic
zone by exporting it to the oceanic interior. Ballast minerals such as biogenic calcite
(CaCO3) enhance the flux of organic carbon from the surface ocean to the ocean
floor (Armstrong et al., 2002; François et al., 2002; Klaas and Archer, 2002). The
rain ratio, defined here as the ratio of particulate inorganic carbon (PIC) to particulate20

organic carbon (POC) in exported biogenic matter, determines the relative strength
of the biological carbon pump and consequently the flux of CO2 across the surface
ocean–atmosphere interface.

The effect of higher pCO2 on benthic or pelagic calcifying organisms is well doc-
umented in literature (for corals: Gattuso et al., 1998; Kleypas et al., 1999; for25

foraminifera: Spero et al., 1997; Bijma et al., 1999; for the coccolithophore Emilia-
nia huxleyi : Riebesell et al., 2000; Zondervan et al., 2001, 2002; Sciandra et al., 2003;
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Delille et al., 2005; Engel et al., 2005). These studies indicated a decrease of calcifica-
tion in response to an increase of CO2. However, Langer et al. (2006) showed that this
observation was not so straightforward: two species of coccolithophores, Coccolithus
pelagicus and Calcidiscus leptoporus, did not exhibit the same response to increasing
CO2. Compared to cultures of E. huxleyi, PIC production in C. pelagicus cultures did5

not change with increasing CO2, while C. leptoporus showed an optimum production
of PIC at present CO2 conditions. The authors suggested a species-specific response.
In contrast to previous laboratory and field experiments involving E. huxleyi, Iglesias-
Rodriguez et al. (2008a) showed an increase in calcification with increasing pCO2. The
response of E. huxleyi to increasing CO2 levels is therefore still a matter of debate (e.g.10

Riebesell et al., 2008; Iglesias-Rodriguez et al., 2008b).
Only few studies to date have tested the combined effect of increased pCO2 and tem-

perature on calcification, which are likely to be relevant in natural settings (for corals:
Reynaud et al., 2003; for coccolithophores: Feng et al., 2008). An interacting effect
of pCO2 and temperature was found for the scleractinian coral Stylophora pistillata,15

with a 50% reduction in calcification when both parameters increased (Reynaud et al.,
2003). Feng et al. (2008) demonstrated a decrease in cellular PIC from 375 ppm V
to 750 ppm V CO2 (a decrease by 50% at 20◦C and by 41% at 24◦C) for E. huxleyi
cultured at high light intensities (400µmol photons m−2 s−1), but did not observe a sig-
nificant effect of temperature on calcification.20

In this study we used batch culture of the coccolithophore E. huxleyi grown under
different conditions of pCO2 and temperature to assess the effect of simulated ocean
acidification and warming on calcification and cell size. To this end, we examined
the individual and combined effects of increased pCO2 (180 ppm V CO2, 380 ppm V
CO2 and 750 ppm V CO2 corresponding to past, present and future CO2 conditions,25

respectively) and temperature (13◦C and 18◦C) on the POC and PIC productions, the
PIC:POC ratio, the coccosphere size spectrum, and the coccolith morphology.
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2 Materials and methods

2.1 Experimental set-up and sampling

Duplicate laboratory experiments were performed on monospecific batch cultures of
E. huxleyi (strain AC481 from Normandy, France, Algobank-Caen microalgal col-
lection) at different pCO2 corresponding to glacial, present and year 2100 atmo-5

spheric CO2 concentrations by bubbling gases at fixed CO2 concentrations (respec-
tively 180±8 ppm V “low CO2”, 379±11 ppm V “present CO2” and 740±16 ppm V “fu-
ture CO2” (Air Liquide, Belgium)). Experiments were carried out in 2 temperature-
controlled incubators, under low, present and future CO2 conditions at 13◦C and under
present and future CO2 conditions at 18◦C. Cells were acclimated to the experimen-10

tal conditions for 10 days (d) to avoid measuring potential adaptation effects during
the dedicated experiments. The culture medium consisted of filtered (0.2µm) and au-
toclaved aged surface post-bloom seawater sampled in the northern Atlantic Ocean
(47◦45′ N, 7◦00′ W), enriched with nitrates and phosphates to obtain final concentra-
tions of 32µmol L−1 and 1µmol L−1, respectively. Incident photon flux density was 15015

µmol m−2 s−1 and the light/dark cycle was 14 h/10 h. Cultures (8 L) were inoculated
with pre-adapted cells in exponential growth phase and were grown in 10-L sized poly-
carbonate carboys (Nalgene). Bloom development was monitored for a period of 44 to
57 d, encompassing the exponential and the stationary growth phase. Time is referred
as dx with x as the number of days after inoculation. Samples were taken with a sterile20

syringe always at the same time in the light cycle. In vivo fluorescence and turbidity
(Turner fluorometer-turbidimeter) were measured daily and were used as an indicator
for phytoplankton growth and calcification, respectively. Chlorophyll-a (chl-a), cell den-
sity, POC and PIC were measured every two or three days depending on the growth
phase of the culture. Additional samples for scanning electron microscopy (SEM) and25

particle size measurement were taken as well.
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2.2 Growth parameters of E. huxleyi

Chl-a concentration was determined following the fluorometric method of Yentsch and
Menzel (1963). Forty milliliter samples were filtered through GF/F filters under low
vacuum. Filters were stored in the dark at −20◦C until analysis. For the analysis, the
filters were extracted with 10 mL of 90% acetone at −20◦C overnight. Samples were5

then centrifuged (10 min, 4250×g) and the fluorescence of the extract was measured
with a Shimadzu RF-150 fluorometer, using an excitation wavelength of 430 nm and an
emission wavelength of 663 nm. The fluorescence was calibrated with a stock solution
of pure chl-a (Merck).

Cell densities were estimated by haemocytometer counting (Malassez cell) using10

a light microscope. Light microscopy also permitted a visual check of the health status
of the culture. The net specific growth rate (µ) was calculated for each treatment as
the average of the daily growth rates during the cell growth phase:

µx = [ln(Cx)−ln(Cx−1)]/[tx−tx−1], (3)

where ln(Cx) and ln(Cx−1) are the natural logarithms of cell concentrations on two15

consecutive days.
POC concentration (in mg C L−1) was measured using a Fisons NA-1500 elemental

analyzer. For this analysis, 40 mL of water were filtered through pre-combusted (4 h,
500◦C) GF/F filters. The measurements were carried out on the filters after the re-
moval of carbonates by overnight exposure to strong hydrochloride acid (HCl) fumes.20

Calibration of the analyzer was performed using certified reference stream sediment
(STSD-2) from the Geological Survey of Canada.

2.3 Calcification of E. huxleyi

PIC concentration (in mgCL−1) was measured using a Fisons NA-1500 elemental an-
alyzer. As for the POC analysis described above, 40 mL of water was filtered through25
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pre-combusted (4 h, 500◦C) GF/F filters and total particulate carbon (TPC) was mea-
sured on the filters. PIC was determined by subtracting POC from TPC. The daily rate
of calcification was calculated as ∆PIC/∆t.

Total alkalinity (TA) was measured by potentiometric titration with HCl (0.1 N, Merck)
using the classical Gran procedure (Gran, 1952). Data were quality checked by anal-5

ysis of Certified Reference Material (A. Dickson, CDIAC). TA was corrected for nitrate
and phosphate consumption according to the equation of photosynthesis of Redfield
et al. (1963) (Eq. 1), using the following relation:

TA=TAmeasured−∆NO−
3−∆H2PO−

4 (4)

where ∆NO−
3 and ∆H2PO−

4 denote the nitrate and the phosphate consumed since the10

beginning of the experiment (d0) (Delille et al., 2005).
TA of the seawater is affected in addition by calcification (or dissolution) because the

precipitation of 1 mole of CaCO3 reduces the TA by 2 moles (Eq. 2). CaCO3 concen-
tration (in µmol CaCO3 kg−1 SW) could then be calculated from changes in TA using
the alkalinity anomaly technique (Smith and Key, 1975; Chisholm and Gattuso, 1991):15 [
CaCO3

]
x =−1/2× (TAx−TA0), (5)

where TAx is the alkalinity on day x and TA0 is the initial alkalinity, both corrected for
nutrient consumption.

2.4 Coccolith morphology

For scanning electron microscopic analyses, 1 mL of sample was concentrated onto20

a polycarbonate Nuclepore (0.4µm pore-size) filter. The filters were dried overnight at
50◦C, and stored dry at room temperature until analysis. The filters were fitted onto
glass microscope slides with conductive glue and then sputter-coated with gold (JFC
1200, Jeolscan). Digital images of coccospheres were acquired using a Jeolscan SEM
(JSM 5600 LV) and examined at a magnification of at least 8000×.25
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A minimum of 100 coccoliths (attached onto the coccosphere) were analyzed per
CO2 and temperature treatment duplicate. Only about 2 coccoliths per coccosphere
were exposed in the right way to allow categorization, so at least 50 coccospheres were
analyzed. SEM images were analyzed on d20, at the end of the exponential growth
phase. Categorization of attached coccoliths was preferred to loose coccoliths of un-5

known age and dissolution status. Coccoliths were visually classified according to four
categories (Fig. 1). The first category corresponds to normal coccoliths with all seg-
ments connected and forming an oval ring. The next three categories represent stages
of increasing malformation. The second one corresponds to slightly malformed coc-
coliths; in this category less than 5 T-segments are not well connected to others. The10

third category corresponds to malformed coccoliths where more than 5 T-segments
are unconnected or not entirely formed. The fourth one corresponds to fragmented
coccoliths; in this category parts of the coccolith are missing.

2.5 Coccosphere size frequency distribution

Size distribution of particles was determined with a Beckman Coulter Counter (Coulter15

Multisizer III). For each experimental treatment and for both replicates, 3 sampling time
points situated around the chlorophyll maximum of the cultures were analyzed. Fixed
samples (3% borate-buffered, 0.2µm filtered, formaldehyde solution) were measured
using a 50µm aperture tube. Particle size measurements were calibrated using 10µm
latex microspheres (NIST). Particles between 2µm and 10µm equivalent spherical20

diameter (ESD) were binned into 256 size classes. Only the particles between 3.5µm
and 7µm ESD, corresponding to the E. huxleyi coccosphere size range, were further
analyzed. An average of 5735 coccosphere-sized particles (CSP) were analyzed per
sample. For statistical tests, the mean particle size of CSP of each replicate was used.
The volume of CSP was calculated based on that of a sphere.25
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2.6 Statistical treatment of data

The average value of parameters from duplicate cultures is given as the statistical
mean (x) together with the minimum and maximum value (x [min; max]). Mean val-
ues were compared by means of a Student’s t-test. Analysis of the effect of the pCO2
and/or temperature treatment on a linear relationship between two variables was car-5

ried out by comparing the slope of the significant linear regression, calculated for each
treatment separately. The influence of the CO2 treatment on variables was determined
by means of a one-way analyses of variance (ANOVA) or a t-test. A two-way ANOVA
was used to determine the statistical significance of the effect of pCO2 (present and fu-
ture CO2 conditions) and temperature (13◦C and 18◦C) treatments and their interaction.10

To assess if the qualitative differences in coccolith morphology between temperature or
pCO2 treatments were statistically significant, either the non-parametric Mann-Whitney
U test or the Kruskal-Wallis test was used, respectively. All statistical treatments of data
were done with GraphPad Prism (version 5).

3 Results15

3.1 Bloom development of E. huxleyi during the culture experiments

The increase in chl-a corresponded to the beginning of the exponential growth phase
(Fig. 2a). Maximum chl-a concentration varied between cultures from 7.3 to 19.6µg L−1

and was generally observed on around d20. This peak corresponded to PO4 depletion
(data not shown). The duration of the exponential growth phase varied between 720

(low CO2/13◦C treatment) and 15 d (present and future CO2/18◦C treatment) from
one culture experiment to another. Chl-a concentration then became stationary before
decreasing until the end of the experiment. At 13◦C, a higher maximum chl-a con-
centration was found in the future CO2 cultures (17.3 [15.1; 19.6]µg L−1) compared
to other treatments (10.8 [9.2; 12.4]µg L−1 in the present CO2/13◦C cultures and 10.325
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[9.8; 10.8]µg L−1 in the low CO2/13◦C cultures) (Fig. 2a, left panel). At 18◦C, the
evolution of chl-a concentrations and the maximum concentration obtained were sim-
ilar among the cultures; a maximum chl-a concentration of 9.2 [8.4; 10.1]µg L−1 was
reached in the future CO2/18◦C treatment and 9.1 [7.3; 10.9]µg L−1 in the present
CO2/18◦C treatment (Fig. 2a, right panel).5

At 13◦C, maximum cell abundance was reached between d36 and d40 for fu-
ture CO2 treatments and between d45 and d52 for the experiments at present and
low CO2 (Fig. 2b, left panel). Maximum cell densities varied from 2.22×105 to
3.84×105 cells mL−1 among batch cultures with highest values reached in the future
CO2 cultures (Fig. 2b, left panel). At 18◦C, maximum cell density was reached be-10

tween d34 and d40 depending on the experiment (Fig. 2b, right panel). In the fu-
ture CO2/18◦C culture a maximum of 4.66×105 [4×105; 5.35×105] cells mL−1 was
observed and 6.02×105 [5.2×105; 6.84×105] cells mL−1 in the present CO2/18◦C treat-
ment (Fig. 2b, right panel). For the present CO2 treatments, higher cell densities were
reached in the higher temperature treatment (t-test, p<0.05) while no statistical differ-15

ence in cell abundance was observed between the future CO2 temperature treatments
(Fig. 2b). The growth rate was calculated from the cell density for each treatment (Ta-
ble 1). Growth rates were higher at 18◦C than at 13◦C, with an average of 0.09 d−1

among all cultures at 18◦C and 0.06 d−1 at 13◦C.
At 13◦C, POC increased continuously from d6 during the course of the experiment20

except for the low CO2/13◦C treatment where POC concentration slightly decreased
from d34 onwards (Fig. 2c, left panel). At 13◦C, maximum POC concentration varied
between 1.63 mg C L−1 for the low and present CO2 treatment and 3.09 mg C L−1 for
the future CO2 treatment (Fig. 2c, left panel). At 18◦C, maximum POC concentration
ranged from 4.50 to 6.02 mg C L−1 and concentrations were similar between the CO225

treatments (Fig. 2c, right panel). POC production was favoured by higher growth tem-
peratures and resulted in higher POC concentrations with bloom development in the
18◦C treatments (Fig. 2c).
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3.2 Calcification in E. huxleyi cultures

Increases in PIC concentrations, measured with the Fisons NA-1500 elemental ana-
lyzer, could be measured from d8 onwards in the 13◦C culture experiments. Maximum
PIC concentrations varied between 3.97 and 5.44 mg C L−1 with maximum values ob-
tained in the future CO2/13◦C treatment (Fig. 2d, left panel). The calcification rate was5

higher in the future CO2/13◦C treatment with an average daily rate of 0.17 mg C L−1 d−1

in this treatment and 0.085 and 0.075 mg C L−1 d−1 in the low CO2/13◦C and present
CO2/13◦C treatment, respectively (Table 1).

At 18◦C, PIC concentrations increased from d6 where maximum values ranged be-
tween 5.69 and 7.45 mg L−1 (Fig. 2d, right panel). Highest values were obtained more10

rapidly at present CO2 with a daily rate of 0.20 mg C L−1 d−1 compared to a rate of
0.11 mg C L−1 d−1 at future CO2/18◦C (Table 1).

In both temperature treatments, variability in PIC concentrations was observed be-
tween the CO2 treatments and within the replicates. The measured PIC concentrations
agreed well with the calculated calcite concentrations derived from changes in seawa-15

ter alkalinity (Fig. 3).

3.3 Effect of pCO2 and/or temperature on the PIC and POC concentrations nor-
malized to cell abundance

3.3.1 Cell abundance-normalized POC concentrations

POC concentration was positively correlated to E. huxleyi cell abundance during the20

cell growth phase (Table 2). As a general feature, differences in the ∆[POC]:∆[cell]
ratio were observed among the culture experiments and among duplicate.

More precisely, at 13◦C significantly higher values were found in the future CO2 treat-
ment compared to the present CO2 treatment (34% higher, t-test, p<0.05) (Fig. 4a).
Furthermore, cell abundance-normalized POC levels were higher in the low CO2/13◦C25

compared to present CO2/13◦C treatment by 19%.
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At 18◦C, higher values were found in the future compared to the present CO2 treat-
ment, although this difference was not statistically significant due to elevated standard
deviations per treatment (Table 2).

A two-way ANOVA indicated a significant effect of the pCO2 (p<0.005) on the
∆[POC]:∆[cell] ratio, while neither the effect of the temperature nor the interacting ef-5

fect of pCO2 and temperature on this ratio were significant (p=0.1208 and 0.5755,
respectively).

3.3.2 Cell abundance-normalized PIC concentrations

The PIC was linearly correlated to the abundance of E. huxleyi when Ωcal was higher
than 1 (Table 2).10

At 13◦C, the highest cell abundance-normalized PIC ratio was found in the low CO2
treatment and was significantly different from the present CO2 treatment (by 19%) or
from the future CO2 treatment (by 46%) (t-test, p<0.05) (Fig. 4b). However, no sig-
nificant difference was found between the low CO2/13◦C and the present CO2/13◦C
treatments (t-test, p=0.09). Nevertheless, a one-way ANOVA indicated a significant15

effect of the pCO2 (p<0.05) with a decrease in the ∆[PIC]:∆[cell] ratio with increasing
pCO2 at 13◦C.

At 18◦C, the ratio was lower in the future CO2/18◦C than in the present CO2/18◦C
but the difference was not significant (t-test, p=0.75).

The ratio ∆[PIC]:∆[cell] decreased with temperature, by 34% at present CO2 and by20

7% at future CO2.
Both pCO2 and temperature had a significant effect on the ∆[PIC]:∆[cell] ratio in

the present and future CO2 treatments (two-way ANOVA, p<0.05 and p<0.05, respec-
tively), although no significant interaction was found between both variables (p=0.06).
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3.3.3 PIC:POC ratio

Like cell abundance-normalized PIC, the PIC:POC ratio was lower in the future
CO2/13◦C treatment than in the present or in the low CO2/13◦C treatment by 42%
and 41%, respectively (one-way ANOVA, p<0.05, Fig. 4c).

At 18◦C, the PIC:POC ratio was lower in the future than in the present CO2 treatment5

by 29% (t-test, p<0.05).
With an increase in temperature, the ratio decreased by 23% in the present CO2

treatment and by 7% in the future CO2 treatment.
No interactive effect of pCO2 and the temperature was found (two-way ANOVA,

p=0.09) but a significant effect of the pCO2 (p<0.0001) and of the temperature10

(p<0.05) on the PIC:POC ratio was found.

3.4 Coccolith morphology

SEM analysis revealed variable degrees of coccolith malformation. A significant effect
of the CO2 treatments on coccolith morphology was found at 13◦C (Kruskal-Wallis test,
p<0.0001) as well as at 18◦C (Mann-Whitney U test, p<0.0001) while temperature did15

not significantly affect coccolith morphology (Mann-Whitney U test, ppresent=0.4090,
pfuture=0.1915) (Fig. 5). The percentage of normal coccoliths was more important in
the cultures with low CO2/13◦C conditions (43%) than at present CO2 condition with
22% in the 13◦C and 29% in the 18◦C treatment. Finally, the lowest percentage of
normally formed coccoliths was observed in the future CO2 treatments, with 13% and20

9% at 13◦C and 18◦C, respectively. The percentage malformed coccoliths increased
with increasing pCO2, with 23% and 28% of fragmented coccoliths observed in the
future CO2/13◦C and 18◦C treatment, respectively, while only 7% of the coccoliths
were fragmented in the low CO2/13◦C experiment.
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3.5 Coccosphere size frequency distribution

The mean particle size of CSP was significantly different between the different CO2
and temperature treatments (ANOVA, p<0.0001) (Fig. 6). A clear trend in CSP ESD
reduction was observed with increasing pCO2 and temperature conditions. The mean
particle size of CSP was significantly smaller at 18◦C than at 13◦C (t-testpresent−future,5

p<0.05). Differences in mean particle size of CSP were also found among the CO2
treatments (ANOVA13◦C, p<0.0001, t-test18◦C, p<0.05), with CSP smaller in future
CO2 than in the present CO2treatments (t-test13◦C−18◦C, p<0.05) but CSP not signif-
icantly smaller in the present day CO2 treatment than in low CO2 conditions (t-test13◦C,
p=0.0897). Temperature did not significantly exacerbate the effect of CO2 on the mean10

CSP size (two-way ANOVA, p=0.8261).

4 Discussion

In this study, the bloom development of E. huxleyi was followed from the beginning of
the exponential growth phase. As a general feature in culture experiments, chl-a con-
centration and the particulate component increased while nutrients were consumed,15

reaching a stationary phase where PO4 became depleted and chl-a levels slowly de-
creased while POC and PIC accumulated. This evolution was monitored in cultures
subjected to different treatments of pCO2 and temperature to assess the effect of ocean
acidification and global warming on the organic and inorganic carbon production of
E. huxleyi.20

The chl-a content to the volume of coccosphere (V =π[ESD]3/6) ratio is not signifi-
cantly different between treatments (t-test, p=0.0868). However, higher chl-a concen-
tration and lower cell density were observed at 13◦C compared to 18◦C (Fig. 2). The
smaller size of coccosphere at 18◦C (Fig. 6) is likely to be at the origin of the lower
chl-a per cell ratio at higher temperature.25

In all treatments, a delay between the onset of the POC and the PIC production
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was observed. This delay was longer for the cultures at 18◦C (5 d) than at 13◦C (2 d).
Such a delay has already been observed by Delille et al. (2005) and De Bodt et al.
(submitted), where this delay was shown to increase with increasing pCO2, in dis-
agreement with the results of the present study. This difference could be ascribed to
the acclimation of the algal cells to pCO2 and temperature conditions used in our future5

experimental treatment while neither in De Bodt et al. (submitted) nor in the mesocosm
experiment (Delille et al., 2005) acclimation was carried out.

4.1 Impact of increasing pCO2/temperature on the ∆[POC]:∆[cell] ratio

An increase in the ∆[POC]:∆[cell] ratio was observed in the future CO2 compared to
the present CO2 treatment (at 13◦C and 18◦C), but a higher ratio was also found in the10

low compared to the present CO2 treatment (at 13◦C). No clear effect of the pCO2 was
observed here for the ∆[POC]:∆[cell] ratio and previous studies also showed contradic-
tory results. In batch culture experiments, an increase in the POC production (Riebesell
et al., 2000; Zondervan et al., 2001) is generally observed with increasing CO2 levels
while in mesocosm experiments no significant changes are observed (Delille et al.,15

2005). Nevertheless, a higher loss of POC in the future CO2 mesocosm was obtained.
While the growth rate was more important at 18◦C than at 13◦C, no significant effect of
temperature was observed on the cellular POC content.

Nevertheless, in some treatments corresponding to future conditions (future
CO2/13◦C, present CO2/18◦C, future CO2/18◦C), higher POC concentrations than20

expected from the Redfield stoichiometry were measured. Indeed, a consumption of
32µmol L−1 of nitrates induces a production of 212µmol L−1 of POC (or 2.5 mg L−1

POC). This suggests the occurrence during these experiments of carbon overcon-
sumption, which refers to a continuous uptake of DIC by phytoplankton after nutrient
exhaustion (Banse, 1994). Carbon overconsumption could lead to the exudation of25

carbon-rich dissolved organic matter (DOM) which can aggregate to form extracellular
particulate organic matter (POM) (Schartau et al., 2007). This implies an increase in
extracellular release of primary production at the expense of cellular biomass due to
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increased CO2 levels.

4.2 Impact of increasing CO2/temperature on the ∆[PIC]:∆[cell] ratio

The cell abundance-normalized PIC levels decreased with increasing pCO2 and a re-
duction by 34% in the ∆[PIC]:∆[cell] ratio was measured between the present and the
future CO2 treatment at 13◦C. While the different pCO2 conditions were simulated by5

bubbling gases at fixed CO2 concentrations, we obtained similar results to Riebesell
et al. (2000) and Zondervan et al. (2001) who modified the pCO2 by the addition of
acid/base instead. The effect of increasing pCO2 on E. huxleyi is rather well studied
and it is generally accepted that calcification decreases with increasing pCO2, although
the study of Iglesias-Rodriguez et al. (2008a) showed contradicting results.10

Rost et al. (2008) encouraged studies manipulating multiple environmental factors
to assess their interactive effects. In addition to the pCO2, we also investigated the
effect of temperature on bloom variables. The calcification per cell decreased from
the present CO2/13◦C to the future CO2/18◦C treatment by 37%, yet no significant
interacting effect of pCO2 and temperature on calcification was found. Increasing the15

temperature by 5◦C decreased the calcification per cell by 34% in the culture at present
CO2 and by 7% in the one at future CO2. The latter result was not corroborated by Feng
et al. (2008) who also studied the interactive effect of pCO2 (375 ppm V and 750 ppm V)
and temperature (20 and 24◦C) at two different irradiances (50 and 400µmol m−2 s−1)
using semi-continuous laboratory cultures. As in our study, these authors observed20

a reduction in the cell abundance-normalized PIC with increasing pCO2, but only at
high irradiance (400µmol m−2 s−1). Lower PIC levels at high pCO2 could be explained
by: (1) a lower calcite content per coccolith (2) a decrease in coccolith number per coc-
colithophore cell or (3) a decrease in coccolith production rate, all of them not mutually
exclusive. Our data suggest, however, a reduction in the number of coccoliths per cell25

indicated by the fact that cells were smaller under future CO2 conditions. In addition,
SEM examinations of coccolith morphology point towards a lower calcite content per
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coccoliths at high pCO2.

4.3 Impact of increasing CO2/temperature on the coccosphere size

A decrease in the mean size of CSP with increasing temperature and CO2 conditions
was observed, suggesting either a biovolume reduction or a decrease in coccolith cell
coverage. Coulter size measurements are based on the measurement of the electrical5

signal generated by displacement of an electrolyte volume and thus no differentiation
can be made between the share of biovolume and coccoliths making up the cocco-
sphere. A reduction in the mean coccosphere volume by 10% (±1%) was observed
across treatments with increasing pCO2. This result is in accordance with Engel et al.
(2005) who found lower coccosphere size at high CO2 concentrations.10

Cell volume in protists is known to decrease while cell division increases with in-
creasing temperature (Montagnes and Franklin, 2001; Atkinson et al., 2003). Here,
we noted a decrease in coccosphere volume of 3% per ◦C (present and future CO2
treatments), which is in accordance with the values for biovolume reduction proposed
by Atkinson et al. (2003). With increasing temperature, the growth rate increased while15

a decrease in cell size in parallel to a decrease in calcification was observed and the
effect of temperature was more important at present than at future pCO2. Sorrosa et
al. (2005) also found that a higher growth temperature would induce a reduction in cell
size and intracellular calcification in E. huxleyi.

4.4 Impact of increasing CO2/temperature on the coccolith morphology20

In parallel to the decrease in ∆[PIC]:∆[cell] ratio with increasing pCO2, an increased
share of abnormal coccoliths was observed in our experiments. In addition, the cellular
calcification rate (expressed in pmol PIC cell−1 d−1) decreased while the percentage
of aberrant coccoliths increased, suggesting that the decrease in PIC cell−1 was due
to altered calcite content per coccoliths (Fig. 7). Changes in PIC production have al-25

ready been associated with alterations of coccolith morphology (Langer et al., 2006).
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Riebesell et al. (2000) have also documented E. huxleyi cells with deformed coccoliths
or an incomplete coccosphere in high pCO2 cultures. Contrary to our results, Iglesias-
Rodriguez et al. (2008a) observed an increase in the PIC production with increasing
pCO2 associated with an increase in the coccolith size. While no effect of temperature
on coccolith morphology could be detected in our study, Watabe and Wilbur (1966)5

found that the percentage of abnormal coccolith increased at lower and higher temper-
ature extremes (cultures at 7, 12, 18, 24 and 27◦C). Our temperature range may be too
small to observe such an effect.

5 Conclusions

In the light of our experimental results, E. huxleyi is sensitive to changes in pCO2 and10

temperature. Coccosphere-sized particles showed a size reduction trend with both
increasing temperature and pCO2 concentration. The ratio of the PIC concentration
per cell was shown to be lower at future CO2/18◦C. This could lead to a smaller ballast
effect and thus a reduction in C export as highlighted by a lower PIC:POC rain ratio.

A lower PIC:cell ratio can thus be expected under future pCO2 conditions, which15

is reflected by the deteriorated coccolith morphology measured in our culture exper-
iments, while no significant effect of temperature on the coccolith morphology was
observed. The sole future increase in pCO2 may thus have a larger adverse impact on
the calcification of E. huxleyi than the increase in temperature alone or the interacting
effect of temperature and pCO2.20
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Table 1. Summary of data derived from the culture experiments.

Temperature treatment 13◦C 18◦C
CO2 treatment Low CO2 Present CO2 Future CO2 Present CO2 Future CO2
pCO2 (ppm) 180 380 750 380 750
Duplicate 1 2 1 2 1 2 1 2 1 2

max chl-a (µg L−1) 9.8 10.8 9.2 12.4 19.6 15.1 8.4 10.1 10.9 7.3
max cells density (105 cell mL−1) 2.34 2.34 2.22 2.56 3.84 3.8 6.84 5.20 5.35 4.00
max POC (mg C L−1) 1.85 1.63 1.71 2.09 3.09 2.88 5.16 5.30 4.50 5.52
max PIC (mg C L−1) 4.6 3.98 3.74 5.75 4.53 5.44 5.69 7.45 5.84 6.92
Growth rate, µ (d−1) 0.06 0.04 0.04 0.06 0.07 0.08 0.10 0.09 0.07 0.09
Calcification rate (mg C L−1 d−1) 0.11 0.06 0.06 0.09 0.17 0.17 0.21 0.19 0.13 0.09
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Table 2. Summary of cell abundance-normalized POC and PIC concentrations as deter-
mined by linear regressions y=ax+b for each culture experiments. Duplicate cultures are
presented. The ∆[POC]:∆[cell] ratio was determined during the exponential cell growth phase.
The ∆[PIC]:∆[cell] ratio was determined during the calcification phase when Ωcal>1.

Ratio ∆y :∆x CO2/T treatment ∆t a±SD r2 n

∆[POC]:∆[cell] Low CO2/13◦C
(pmol:cell) 1 8–34 0.77±0.13 0.83 9

2 8–34 0.60±0.02 0.99 6
Present CO2/13◦C
1 8–57 0.55±0.09 0.72 18
2 8–57 0.57±0.05 0.89 16
Future CO2/13◦C
1 8–33 0.83±0.19 0.87 5
2 8–33 0.87±0.15 0.87 7
Present CO2/18◦C
1 4–32 0.36±0.04 0.91 8
2 4–32 0.60±0.04 0.97 10
Future CO2/18◦C
1 4–32 0.42±0.08 0.78 10
2 4–32 0.94±0.13 0.87 10

∆[PIC]:∆[cell] Low CO2/13◦C
(pmol:cell) 1 8–52 1.87±0.14 0.92 17

2 8–52 1.41±0.21 0.71 17
Present CO2/13◦C
1 8–57 1.29±0.19 0.74 18
2 8–57 1.38±0.28 0.66 15
Future CO2/13◦C
1 14–40 1.04±0.33 0.77 5
2 14–40 1.06±0.41 0.62 6
Present CO2/18◦C
1 12–43 0.69±0.12 0.85 8
2 12–43 1.07±0.20 0.8 9
Future CO2/18◦C
1 4–39 0.71±0.09 0.78 12
2 4–39 0.93±0.14 0.84 11
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Figure 1. Scanning electron micrographs of the four categories of coccolith morphology from 

normal coccoliths (cat. 1) to fragmented coccoliths (cat. 4). 
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Fig. 1. Scanning electron micrographs of the four categories of coccolith morphology from
normal coccoliths (cat. 1) to fragmented coccoliths (cat. 4).
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Figure 2. Evolution with time of (a) Chl-a concentration, (b) cell density, (c) particulate 

organic carbon and (d) particulate inorganic carbon during the batch culture experiments. 

Open symbols represent low CO2 treatment, grey symbols present CO2 treatment and black 

symbols future CO2 treatment. Squares and diamonds represent the duplicate culture 

experiments. The left panel presents the culture experiments at 13°C and the right one the 

culture experiments at 18°C. 
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Fig. 2. Evolution with time of (a) chl-a concentration, (b) cell density, (c) particulate organic car-
bon and (d) particulate inorganic carbon during the batch culture experiments. Open symbols
represent low CO2 treatment, grey symbols present CO2 treatment and black symbols future
CO2 treatment. Squares and diamonds represent the duplicate culture experiments. The left
panel presents the culture experiments at 13◦C and the right one the culture experiments at
18◦C.
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Figure 3. Correlation between the PIC concentrations deduced from the TA measurement and 

those measured with a CHN analyzer. Example for the duplicate cultures at future CO2 and 

13°C (n = 25, slope = 1.042±0.064, r2 = 0.92). 
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Fig. 3. Correlation between the PIC concentrations deduced from the TA measurement and
those measured with a CHN analyzer. Example for the duplicate cultures at future CO2 and
13◦C (n=25, slope=1.042±0.064, r2=0.92).
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Figure 4. Concentrations of (a) POC and (b) PIC normalized to cell abundance during the 

batch culture experiments. (c) PIC:POC ratios for each treatment of pCO2 and temperature. 

The standard deviations are also indicated. 
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Fig. 4. Concentrations of (a) POC and (b) PIC normalized to cell abundance during the batch
culture experiments. (c) PIC:POC ratios for each treatment of pCO2 and temperature. The
standard deviations are also indicated.
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Fig. 5. Percentage of coccoliths per category for each treatment of pCO2 and temperature.
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Figure 6 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Mean particle size of CSP for each treatment. The central marker denotes the mean,
the standard error is given by the box boundaries, and the whiskers represent the minimum
and maximum mean values. The white box represents the low CO2 treatment, the grey shaded
boxes the present CO2 treatments, and the black boxes the future CO2 treatments. The right-
most two boxes represent the 18◦C treatments.
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Figure 7. Percentage of aberrant coccoliths (sum of the category 3 and 4) (solid squares) and 

production of particulate inorganic carbon per cell and per day (solid circles) per 

CO2/temperature treatments. 
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Fig. 7. Percentage of aberrant coccoliths (sum of the category 3 and 4) (solid squares) and pro-
duction of particulate inorganic carbon per cell and per day (solid circles) per CO2/temperature
treatments.
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