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We examined the effects of increased temperature, pCO2, and irradiance on a calcifying strain of the marine coccolithophore

Emiliania huxleyi in semi-continuous laboratory cultures. Emiliania huxleyi CCMP 371 was cultured in four temperature and

pCO2 treatments at both low and high irradiance (50 and 400 mmol photons m�2 s�1): (i) 20�C and 375 ppm CO2 (ambient

control); (ii) 20�C and 750 ppm CO2 (high pCO2); (iii) 24
�C and 375 ppm CO2 (high temperature); and (iv) 24�C and 750 ppm

CO2 (‘greenhouse’). The growth of E. huxleyi was greatly accelerated by elevated temperature at low irradiance.

Photosynthesis was significantly promoted by increases in both pCO2 and temperature at both irradiances. Higher cellular C/P

ratios were found in the higher CO2 treatments at high irradiance, indicating a reduced requirement for P. The PIC/POC

(particulate inorganic to organic carbon) ratio remained constant at low light, regardless of CO2 or temperature conditions.

However, both the cellular PIC content and PIC/POC ratio were greatly decreased by elevated irradiance, and were further

decreased by increased pCO2 only at high light, indicating a combined effect of CO2 and light on calcification. These results

suggest that future trends of CO2 enrichment, sea-surface warming and exposure to higher mean irradiances from intensified

stratification will have a large influence on the growth of Emiliania huxleyi, and potentially on the PIC/POC ‘rain ratio’. Our

study demonstrates that it is possible to obtain a more complete picture of global change impacts on marine phytoplankton by

designing experiments that consider multiple global change variables and their mutual interactions.

Key words: calcification, CO2, coccolithophore, Emiliania huxleyi, global change, irradiance, photosynthesis, phytoplankton,

PIC/POC ratio, rain ratio, temperature

Introduction

Atmospheric CO2 concentration has increased
by about a third over pre-industrial levels, with a
continuing increase of around 0.4% per year.
By the year 2100, the atmospheric partial pressure
of CO2 (pCO2) is projected to be 700 parts per
million (ppm) or higher (Alley et al., 2007). As a
consequence, the carbonate buffer system in the
surface ocean will be profoundly influenced
(Wolf-Gladrow et al., 1999). This trend of CO2

enrichment will have a large effect on the
photosynthesis, calcification and elemental com-
position of marine phytoplankton, and could
influence phytoplankton species composition and

succession (Tortell et al., 2002; Hare et al., in press;
reviewed by Riebesell, 2004).
Atmospheric CO2 plays an important role in

global climate regulation by changing the earth’s
radiation budget, temperature, meteorology
and hydrology. Over the past 100 years, global
average temperature has risen by 0.6� 0.2�C
(Alley et al., 2007), mainly because of the release
of CO2 and other greenhouse gases into the
atmosphere. Models have predicted that sea
surface temperature (SST) will be elevated by at
least a further 1–4�C in some areas of the ocean
by the end of this century (Bopp et al., 2001;
Sarmiento et al., 2002). Increased temperature
will lead to accelerated metabolic activity, and
the growth rate of phytoplankton is generally
positively correlated with temperature within a
suitable range (Lund, 1949; Talling, 1955;
Eppley, 1979).
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This trend of global warming, surface seawater
freshening from ice melt and changing rainfall
patterns could also dramatically change oceanic
stratification, circulation, cloud cover and sea ice
cover, as predicted by many coupled climate
models (Cubasch et al., 2001; Sarmiento et al.,
2004). Marine phytoplankton will probably
experience a much higher integrated irradiance in
the near future than is the case today, due to
intensified ocean stratification and mixed layer
shoaling (Boyd & Doney, 2002). As with altered
CO2 and temperature, such changes in
light availability also have large implications for
the growth and photosynthetic processes of
phytoplankton (Raven et al. 2000; Sarmiento
et al., 2004).
Coccolithophores are a biogeochemically-

important functional group of marine phytoplank-
ton that play a crucial role in both the marine
carbon cycle through calcification (Paasche, 2002),
and the marine sulphur cycle through the release of
dimethyl-sulphide (DMS) into the atmosphere
(Holligan et al., 1993). Emiliania huxleyi is the
most abundant and cosmopolitan coccolithophore
and forms extensive offshore blooms, especially in
the North Atlantic (Holligan & Groom, 1986;
Tyrrell & Taylor, 1996). It has been documented
that blooms of E. huxleyi in the natural environ-
ment are often associated with a shallow mixed
layer and high light levels (Nanninga & Tyrell,
1996), due to the high tolerance of this species for
elevated irradiances (Nielsen, 1995).
The photosynthetic carbon fixation rate of

E. huxleyi is well below saturation at the present
day CO2 level of �375 ppm, due to its relatively
inefficient inorganic carbon acquisition mechan-
isms (Riebesell, 2004). Consequently, this species
has usually been shown to increase its photosyn-
thetic rate with rising CO2 concentration (Riebesell
et al., 2000; Rost et al., 2003). There have been
many recent studies examining the potential effects
of global change on E. huxleyi, mostly focusing on
the influence of CO2 enrichment (Riebesell et al.,
2000; Zondervan et al., 2001, 2002; Riebesell, 2004;
Engel et al., 2005). Riebesell et al. (2000) and
Zondervan et al. (2001, 2002) found that enhanced
CO2 levels increased the cellular POC content and
thus decreased the PIC/POC ratio of E. huxleyi
cells. Leonardos & Geider (2005) also observed
that, under nitrogen-limiting conditions, elevated
CO2 increased organic carbon fixation of a non-
calcifying strain at high irradiance (500 mmol
photons m�2 s�1). Engel et al. (2005) carried out
a mesocosm experiment to document the effect of
CO2 concentration on a bloom of E. huxleyi, which
supported earlier findings of reduced calcification
and a deeper particulate organic matter reminer-
alization depth at higher CO2 concentrations.

In the present study, we examine the individual
and combined effects of increased pCO2, tempera-
ture and light on the growth rates, photosynthesis,
calcification and elemental composition of
E. huxleyi during steady-state growth using semi-
continuous incubation methods. These results are
intended to provide insight into how simultaneous
changes in three of the most environmentally
significant global change factors may influence
this ecologically important marine algal species.

Materials and methods

The marine coccolithophore Emiliania huxleyi (Lohm.)
Hay & Mohler (calcifying strain CCMP 371, isolated
from the Sargasso Sea) was maintained in the laboratory
as stock batch cultures in f/2 medium (Guillard &
Ryther, 1962) at 20�C and 50 mmolm�2 s�1. For experi-
ments, we used semi-continuous culturing methods with
a full matrix of temperature, pCO2, and ‘‘high’’ and
‘‘low’’ light conditions. The two irradiances used were
50 mmolm�2 s�1 for low light (LL) and 400mmolm�2 s�1

for high light (HL). Models have predicted that future
mixed layers could be as much as 50–100m shallower in
the North Atlantic where large blooms of E. huxleyi

currently occur (Boyd & Doney, 2002). Calculations
suggest that such a change would be accompanied by up
to an eight-fold increase in the present mean daily
irradiance experienced by these phytoplankton
(Nanninga & Tyrell, 1996). Light was supplied by cool
white fluorescent lamps from one side of the bottles on a
12:12 h light–dark cycle, and measured using a quantum
PAR sensor (Li-Cor 193SA, Lincoln, NE, USA).

Four pCO2/temperature treatments were used in
triplicate to test all possible combinations of these
variables at each irradiance: (i) Ambient: 20�C and
375 ppm CO2; (ii) High pCO2: 20

�C and 750 ppm CO2,
with only CO2 increased; (iii) High temperature: 24�C
and 375 ppm CO2, with only temperature increased; and
(iv) Greenhouse: 24�C and 750 ppm CO2, with both
temperature and pCO2 increased simultaneously.
Continuous gentle bubbling of gas into the incubation
system maintained the CO2 concentration and pH
constant over many days. The pH values and DIC
concentration in the incubation medium were measured
several times during the experiment, with a constant pH
value of 8.1 and 7.9 in low and high pCO2 treatments,
respectively. The calculated pCO2 based on the mea-
sured pH and DIC values were close to the projected
values. Unlike the use of acid additions to change pCO2,
bubbling does not change the carbonate alkalinity of the
system (Tortell et al., 2002).

To begin an experiment, laboratory stock culture was
transferred to 1-l Nalgene polycarbonate bottles at an
initial cell density of �105 cellsml�1, and bubbling
(�3ml min�1) was started. The incubation bottles were
covered with caps containing a gas inlet tube with a
plastic airstone to maximize gas transfer to the liquid
phase, and a gas outflow line to prevent backpressure
build up. After the initial 3 day lag phase, cultures were
diluted with fresh f/2 medium every day to the previous
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day’s cell density in order to maintain constant

exponential growth rates in each bottle. The dilution

rates were determined each day by the growth rates, as

calculated from cell counts from that day and

the previous day. Cultures were kept optically thin

(�105 cells ml�1) to avoid self-shading or CO2 depletion.

Sampling for all analyses was carried out after the

cultures had maintained steady-state growth rates for

47 generations.

Cell numbers were determined using haemocytometer

counts on an Olympus microscope BX51 (Hightech

Instruments, Inc., USA). Specific growth rates (�) were
calculated as: �¼ ln [N(T2)/N(T1)]/(T2�T1), in which

N (T1) and N (T2) are the cell abundances at time T1 and

T2. The growth rate of each bottle was calculated during

each dilution cycle. Samples for chlorophyll a determi-

nation (10–20ml) were filtered onto GF/F glass fibre

filters (Whatman GFC, Maidstone, UK), extracted in

the dark with 90% acetone for 24 h at 4�C, and

measured on a Turner-Designs fluorometer (Strickland

& Parsons, 1972).

Dark-acclimated PS II quantum yield (Fv/Fm) was

measured at room temperature by pulse amplitude

modulation (PAM) fluorometry using a fluorometer

fitted with a liquid suspension cuvette with gentle

stirring (PAM 101, Walz, Germany). Photosynthesis–

irradiance response (PE) curves were obtained by

measuring primary productivity as a function of light

by the 14C method on a photosynthetron (CHPT, Inc,

DE, USA; Fu et al., 2007). 5ml of culture was placed in

each of the 32 7-ml borosilicate scintillation vials and

370,000Bq NaH14CO3 (MP Biomedicals) was added to

the vial. Then the cultures were incubated for 30min in

triplicate at the appropriate experimental temperature

using a photosynthetron with 10 different irradiances

between 10 and 900 mmolm�2 s�1. Dark 14C uptake rates

for blanks were measured with triplicate vials wrapped

tightly in aluminium foil. Samples (150 ml) from the vials

were added to 7-ml scintillation vials with 50 ml phenol
and 4ml of scintillation fluid to determine the total

radioactivity (TA). After incubation, samples were

filtered onto 25-mm Whatman GF/F filters under a

slight pressure differential and rinsed several times with

filtered seawater. Filters were fumed with concentrated

HCl for 2min (Balch et al., 1992 and references therein),

placed in 7-ml scintillation vials with 4ml of scintillation

fluid, and then counted using a liquid scintillation

counter (Wallac System 1400, Wallac Oy., Turku,

Finland). Photosynthetic rates were calculated from

TA, final radioactivity and total dissolved inorganic

carbon (DIC) values. PE curves were fitted to the data

according to the relationship described by Webb et al.

(1974) to estimate chlorophyll-a-normalized maximum

photosynthetic rates ðPB
maxÞ and photosynthetic effi-

ciency at limiting irradiances (�). The saturation point

for photosynthesis Ek was calculated as PB
max=�.

Cellular absorption spectra were measured on

samples collected by filtering the cells onto GF/F filters

at a slight pressure differential (�10 kPa) and deep

frozen at –80�C before analysis. The filters were scanned

from 380 to 750 nm using a spectrophotometer fitted

with an integrating sphere (UV-2401, Shimadzu, USA).

After the residual scattering was corrected by subtract-

ing the optical density at 750 nm, the chlorophyll-
specific absorption coefficient a� was calculated by the
method of Cleveland & Weidemann (1993). The max-
imum quantum yield of carbon fixation �max [mol C

(mol quanta)�1] was calculated as �/�a�, where �a�¼mean
chlorophyll-specific absorption coefficient (Anning
et al., 2000).

Samples for DIC measurements were taken in 20-ml
borosilicate vials, fixed with 0.2ml 5% HgCl2 solution
and stored at 4�C until analysis. DIC was measured in
an acid-sparging instrument, as modified from a design

developed at the Monterey Bay Aquarium Research
Institute (MBARI-clone) by Gernot Friederich (Walz &
Friederich, 1996). For analyses, 1.25-ml samples were

injected into a sparging column in which the CO2

resulting from acid conversion of the DIC pool was
quantified using a Licor infrared analyzer with high
precision flow control with replicate precision of

about� 0.06% (J.H. Sharp, personal communication).

Particulate total carbon (PTC), particulate inorganic
carbon (PIC) and particulate organic nitrogen (PON)
were measured on samples filtered on precombusted

(450�C, 2 h) 13-mm Gelman AE GF filters (Pall
Corporation, USA) and dried at 55�C. For particulate
organic carbon (POC), filters were fumed for 3 h with

saturated HCl to remove all inorganic carbon prior to
analysis (Zondervan et al., 2002). PON, PTC and POC
were then measured by a Costech Elemental
Combustion System (Costech Analytical Technologies

Inc., USA; Hutchins et al., 1998). PIC was calculated as
the difference between PTC and POC.

PIC and POC production was calculated as:

P¼ specific growth rate m (d�1)� cellular POC or PIC

content (pg C cell�1)

For particulate organic phosphate (POP) measure-

ment, samples (10–20ml) were filtered onto precom-
busted (450�C, 2 h) Whatman GF/F glass fibre filters
and rinsed with 2ml 0.17mol l�1 Na2SO4. The filters

were then placed in 20-ml precombusted (450�C, over-
night) borosilicate scintillation vials with 2ml
0.017mol l�1 MnSO4. The vial was covered with
aluminium foil, dried at 95�C, and stored in a desiccator

until analysis. For final analysis, vials were first
combusted at 450�C for 2 h, and 5ml 0.2mol l�1 HCl
was added to each vial after cooling. Vials were then

tightly capped and heated at 80�C for 30min to
digest POP into inorganic phosphate. Digested POP
samples were analysed with the standard molybdate
colorimetric method (Solorzano & Sharp, 1980; Fu

et al., 2005).

For scanning electron microscopy (SEM), 1-ml
cultures were filtered very gently onto 0.65mm poly-

carbonate filters (Osmonics Inc., USA), washed with
NH4OH solution (pH¼ 8) and then air dried. Before
analysis, the filters were coated with gold-palladium in a
Denton Vacuum Bench Top Turbo III coater (Denton

Vacuum, USA) at 1.0 kV and 20mA for 2min. The
images were then examined with an S-4700 Cold
FE-SEM system (Hitachi High Technologies

America, USA).
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Interactive effects of light, temperature and CO2 on
photosynthetic and nutrient parameters were statisti-
cally analysed using a modified 3-way ANOVA test to

detect two- and three-way interactions among the
variables. This test is based on Algina & Olejnik
(1984), as described and implemented by Wilcox

(2003). It uses 20% trimmed means as a measure of
location and a percentile bootstrap method to test for
significance. This modified test was chosen over the
standard 3-way ANOVA because it does not have the

standard assumptions of normality or homoscedasticity
and generally has higher power. All testing was done at
the �¼ 0.05 level. Pair-wise tests were conducted with

one-way ANOVA (Kinnaer & Gray, 1997).

Results

Growth and photosynthesis

The growth of E. huxleyi was greatly accelerated
by increased irradiance at lower temperature
(ambient and high pCO2 treatments, Fig. 1).
However, there was no effect of irradiance in the
high temperature treatments. Under LL, the
growth rate was significantly higher in the high
temperature treatment (p50.05) and was nearly
doubled in the greenhouse treatment, compared
with the ambient treatment. Increased pCO2 alone
did not increase the growth rate at LL (Fig. 1). At
HL, neither elevated temperature nor pCO2

significantly influenced the growth rate. In
addition to the interaction between light and
temperature noted above, the 3-way interaction
test was significant for all three variables for the
growth rate (Table 1), indicating that the tempera-
ture vs. pCO2 interaction was greater at LL than
at HL.
Under LL, Fv/Fm values increased significantly

(p50.05) in both high temperature and greenhouse
treatments, and the greenhouse treatment had the
highest Fv/Fm value (0.66; Fig. 2). In contrast,
under HL, there was no significant difference

Table 1. Significance test results for interactive effects between changing temperature, irradiance and pCO2 based on a
modified 3-way ANOVA (see text)

Parameter Temperature and irradiance pCO2 and irradiance Temperature and pCO2 Temperature, irradiance and pCO2

Growth Rate ��� ���

� ���

PB
max ���

Ek ���

Fv/Fm ���

C/N ���

C/P

N/P

PIC/POC

POC/cell

PIC/cell

PON/cell ���

POP/cell ��� ���

Starred boxes indicate significance at p¼ 0.05.
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Ambient

20°C, 375ppm CO2 

High pCO2
20°C, 750 ppm CO2

High temperature

24°C, 375ppm 

Greenhouse

24°C, 750ppm CO2

Fig. 1. Specific growth rates (�) of Emiliania huxleyi,

calculated from cell numbers, in the four different

temperature and pCO2 treatments at two irradiances

(filled bars: 50 mmol photons m�2 s�1; open bars:

400 mmol photons m�2 s�1). Error bars are standard

deviations (n¼ 3).

F
v/

F
m

0.4

0.5

0.6

0.7

Ambient
20°C, 375ppm CO2

High pCO2
20°C, 750 ppm CO2

High temperature 

24°C, 375ppm 

Greenhouse
24°C, 750ppm CO2

Fig. 2. PS II quantum yield (Fv/Fm) of Emiliania huxleyi in

the four different temperature and pCO2 treatments at two

irradiances (filled symbols: 50mmol photons m�2 s�1; open

symbols: 400 mmol photons m�2 s�1). Error bars are

standard deviations (n¼ 3).
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between the four treatments. All were near the
average value of 0.61, not far from the theoretical
maximum 0.82 for optimally growing cells
(Falkowski & Raven, 1997). Thus there was a
significant interaction between irradiance and
temperature on Fv/Fm values. There was a
stronger effect of increased temperature at low
light than at high light, similar to the growth rate
data shown in Fig. 1.
In the four LL treatments, the chlorophyll

a-normalized photosynthetic rates reached max-
imum values at around 200 mmol photons m�2 s�1

(Fig. 3A). PB
max was lowest in the ambient treat-

ment, and was significantly increased by both
elevated temperature and pCO2 (by 55% and 95%,
respectively). PB

max in the greenhouse treatment was
the highest among the four treatments, and was
2.5-fold higher than the ambient treatment value

(p¼ 0.007), suggesting an additive effect of increas-
ing pCO2 and temperature simultaneously.
�-values had a similar trend to PB

max: At LL,
�-values were almost doubled by both increased
pCO2 alone, and by increased temperature alone
(Table 2, p50.05). The highest value was observed
in the greenhouse treatment, which was 4-fold
higher than in the ambient treatment (p50.05).
In the HL treatments, PB

max saturated at higher
irradiance than in the LL treatments. Only the
ambient treatment reached true saturation at the
irradiances tested, while curve fitting suggested
that true PB

max had not been reached in the high
CO2, temperature and greenhouse treatments.
Carbon fixation was still increasing somewhat
even at the highest light level used in the PE
curve (900 mmol photons m�2 s�1). Thus, the PB

max

values in Table 2 for these three HL treatments are

A-Low Light

Irradiance (µmol photons m-2 s-1)

0 200 400 600 800 1000

P
 (

m
g 

C
 (

m
g 

C
hl

-a
)-1

 h
-1

)

0

1

2

3

4

5
B-High Light

Irradiance (µmol photons m-2 s-1)

0 200 400 600 800 1000

P
 (

m
g 

C
 (

m
g 

C
hl

-a
)-1

 h
-1

)

0

1

2

3

4

5

Ambient 
High pCO2
High Temperature
Greenhouse 
Ambient Fitted
High pCO2 Fitted
High Temperature Fitted
Greenhouse Fitted

Fig. 3. Photosynthesis vs. irradiance curves for Emiliania huxleyi in the four different temperature and pCO2 treatments at two

irradiances. (A). Low light, 50 mmol photons m�2 s�1; (B). High light, 400mmol photons m�2 s�1. Error bars are standard

deviations (n¼ 3) and solid or dashed lines indicate curves fitted to data set for each treatment.

Table 2. Photosynthetic parameters (PB
max, mg C (mg Chl a)�1 h�1; �, mg C h�1(mg Chl a)-1 (mmolm�2 s�1) �1; Ek, mmol

m�2 s�1; �a�, m2 (mg Chl a)�1 and �max, mol C (mol quanta)�1) in the four CO2/temperature treatments under both light
conditions

Treatments PB
max � Ek �a� �max

Low Light Ambient (20�C and 375 ppm CO2) 1.32 (0.03) 0.0144 (0.0030) 94.10 (17.38) 0.021 (0.001) 0.027 (0.014)

High pCO2 (20
�C and 750 ppm CO2) 2.06 (0.13) 0.0274 (0.0075) 78.40 (0.40) 0.018 (0.003) 0.065 (0.028)

High temperature (24�C and 375 ppm CO2) 2.58 (0.18) 0.0254 (0.0039) 102.57 (14.20) 0.018 (0.001) 0.050 (0.009)

Greenhouse (24�C and 750 ppm CO2) 3.31 (0.67) 0.0437 (0.0142) 79.62 (21.00) 0.016 (0.001) 0.095 (0.050)

High Light Ambient (20�C and 375 ppm CO2) 1.91 (0.12) 0.0081 (0.0025) 246.95 (62.89) 0.014 (0.002) 0.020 (0.003)

High pCO2 (20
�C and 750 ppm CO2) 3.19 (0.03) 0.0077 (0.0025) 433.26 (143.30) 0.015 (0.003) 0.017 (0.006)

High temperature (24�C and 375 ppm CO2) 3.02 (0.17) 0.0084 (0.0011) 304.55 (75.91) 0.017 (0.002) 0.022 (0.007)

Greenhouse (24�C and 750 ppm CO2) 3.67 (0.37) 0.0084 (0.0011) 443.92 (104.88) 0.022 (0.005) 0.013 (0.002)

Numbers in parentheses are standard deviations (n¼ 3).
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based on curve-fitting extrapolation from the
measured carbon fixation curves at lower irra-
diances. Ek was reached at �250mmol photons
m�2 s�1 in the ambient treatment, but at
300–440mmol photons m�2 s�1 for elevated CO2,
temperature and greenhouse treatments at HL
(p50.05; Fig. 3B, Table 2). The PB

max value of the
ambient control treatment was much lower than
the calculated values in the other three treatments
(p50.02). However, the maximum photosynthetic
rates of the other three treatments (high pCO2,
high temperature and greenhouse) were not sig-
nificantly different from each other. There was no
significant difference among the �-values in the
four HL treatments; the average value was
0.0082mg C h�1(mg Chl-a)�1 (mmolm�2 s�1)�1

(Table 2).
Compared with the LL treatments, the calcu-

lated PB
max values were higher under HL at the

same temperature and pCO2, with the most
significant difference between the two ambient
treatments (p50.05, Table 2). In contrast, the �-
values in HL were much lower than those in the LL
treatments (Table 2), as is immediately evident
from the initial slopes of the PE curves in Fig. 3.
This trend of reduced �-values leads to signifi-
cantly increased Ek-values (p50.05; Table 1) in
HL. While there was a significant reduction in
cellular chlorophyll a content in the HL cultures
compared to LL cultures (p50.05, 0.16 and 0.22 pg
chl a cell�1, respectively), there was no significant
difference in chlorophyll a between treatments at
each irradiance (data not shown). Likewise, the
absorption coefficient for chlorophyll a (a�) was
not significantly different between any of the
treatments (Table 2). There was no significant
difference of �max values among different
treatments (Table 2).

Cellular POC and PIC content & ratio

The cellular POC values were not significantly
influenced by increased irradiance, temperature or
elevated pCO2 under our experimental conditions
in all eight treatments (p40.05). The average POC
quota was 8.1 pg carbon cell�1 (Fig. 4A). There
was also no significant difference in cellular PIC
among the four LL treatments (average¼ 4.3 pg
carbon cell�1, Fig. 4B). At HL, however, the
cellular PIC content was decreased in all four
treatments relative to LL, by 54%, 78%, 35% and
66% in the ambient, high pCO2, high temperature
and greenhouse treatments, respectively. Also in
HL, cellular PIC quotas were significantly
(p50.05, one-way ANOVA) less in both high
pCO2 treatments relative to the low pCO2 treat-
ment at the same temperatures, by 50% at 20�C
and 41% at 24�C (Fig. 4B). In contrast, under LL,

cellular PIC values were not reduced by increased
pCO2. Changes in cellular PIC/POC ratios were
driven by changes of the cellular PIC values
(Fig. 4C). Like cellular PIC, PIC/POC ratios
were also constant at LL (with an average value
of 0.53), while this ratio was strongly decreased at
HL, by 49%, 75%, 42% and 69% in the ambient,
high pCO2, high temperature and greenhouse
treatments, respectively. PIC/POC ratios were
also decreased by rising pCO2, but only under
HL (by 58% and 50% at 20 and 24�C,
respectively).
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Fig. 4. Emiliania huxleyi. Cellular content of (A) particulate

organic carbon (POC, pg C cell�1); (B) particulate

inorganic carbon (PIC, pg C cell�1); (C) cellular PIC/

POC ratios in the four different temperature and pCO2

treatments at two irradiances (filled bars: 50mmol photons

m�2 s�1; open bars: 400 mmol photons m�2 s�1). Error bars

are standard deviations (n¼ 3).
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SEM micrographs revealed no obvious malfor-
mation of coccoliths on the cells in any of high
pCO2 treatments regardless of changes in PIC/
POC ratios (data not shown). There were no
significant differences between the low and high
temperatures under the same irradiance and pCO2

in either the cellular POC and PIC content or the
cellular PIC/POC ratios (Fig. 4).

Elemental composition

There was a significant interactive effect between
irradiance and pCO2 on cellular POP content
(Table 1, 3-way ANOVA). Under LL, cellular POP
quotas were not significantly affected by increased
pCO2. However, under HL, increased pCO2

greatly decreased the cellular POP content at
lower temperature (Table 3, p50.05 between
ambient and high pCO2 treatments). Elevated
pCO2 significantly increased the C/P ratio from
91 to 124 at lower temperature (20�C), and from 82
to 109 at elevated temperature (24�C). Under LL,
the cellular C/P ratios were relatively constant at
an average of 112. There were also significant
interactive effects of irradiance and temperature on
POP/cell values (Table 1), because increased
temperature had a negative effect on POP/cell at
LL, but a positive effect on POP/cell at HL
(Table 3).
Additionally, there was a significant interaction

between irradiance and pCO2 for the C/N ratio
(Table 1), in which the ratio was increased by
elevated pCO2 only at HL (Table 3). There were no
significant differences in N/P ratios among any of
the treatments (Table 3). The averaged C/N and
N/P ratios of all the treatments were 6.6 and 16.2,
respectively, both close to the Redfield ratio
(Redfield, 1958).

Discussion

Our study demonstrated significant individual and
interactive effects of irradiance, temperature and

pCO2 on the growth rate, photosynthesis and
cellular PIC content of E. huxleyi. The cellular PIC
was greatly reduced by increasing irradiance from
50 to 400 mmolm�2 s�1, and was further reduced by
increased pCO2 but only under HL. Since cellular
inorganic carbon is an indicator of the amount of
coccoliths on the exterior of the cell, this suggests
that a future combination of increased irradiance
and pCO2 may have a much larger negative impact
on the calcification process in E. huxleyi than
changes in pCO2 alone.
The growth of this E. huxleyi strain was

accelerated by increased temperature.
Acceleration of metabolic activity and growth
rates at moderately elevated temperatures is a
common response among phytoplankton (Lund,
1949; Talling, 1955). The growth rate of E. huxleyi
clones from the Gulf of Maine is about 20% higher
at 26�C than at 16�C, and the growth rate of clones
from the Sargasso Sea is almost 60% higher at the
elevated temperature (Brand, 1982). In our study,
E. huxleyi growth rates were more than doubled by
a 4�C increase under LL. The highest growth rates
under both irradiance levels were obtained by
increasing temperature and pCO2 simultaneously.
However, increasing the pCO2 level alone did not
increase the growth rate at LL. This is similar to
results of previous studies (Zondervan et al., 2002;
Leonardos & Geider, 2005) since E. huxleyi cell
division rate is typically not limited by DIC
concentration (Clark & Flynn, 2000). Increased
temperature and pCO2 did not promote the growth
rate at HL as was observed at LL, but we did find
that increased pCO2, temperature and irradiance
had a significant 3-way impact on the growth rate
of E. huxleyi. This indicates a potential for
interactive effects of simultaneous changes in
these three factors in the future ocean.
Increased irradiance alone significantly increased

the growth rate of E. huxleyi, as in previous
work (Paasche, 1967, 1999; Brand & Guillard,
1981; Muggli & Harrison, 1996; Nielsen, 1997;

Table 3. Elemental cell quotas (PON cell�1, pg N cell�1; POP cell�1, pg P cell�1) and C/N, C/P and N/P molar ratios in the

four CO2/temperature treatments under both light conditions

Treatments PON cell�1 POP cell�1 C/N C/P N/P

Low Light Ambient (20�C and 375 ppm CO2) 1.48 (0.46) 0.19 (0.02) 6.69 (0.21) 117 (27) 17.5 (3.6)

High pCO2 (20
�C and 750 ppm CO2) 1.63 (0.26) 0.20 (0.02) 6.50 (0.44) 116 (5) 17.9 (0.9)

High temperature (24�C and 375 ppm CO2) 1.06 (0.13) 0.15 (0.00) 6.86 (0.21) 108 (9) 15.7 (1.7)

Greenhouse (24�C and 750 ppm CO2) 1.28 (0.42) 0.18 (0.04) 7.04 (0.17) 108 (19) 15.4 (3.0)

High Light Ambient (20�C and 375 ppm CO2) 1.53 (0.26) 0.24 (0.04) 6.11 (0.82) 91 (14) 15.0 (1.5)

High pCO2 (20
�C and 750 ppm CO2) 1.40 (0.23) 0.17 (0.00) 6.98 (0.40) 124 (18) 17.8 (1.6)

High temperature (24�C and 375 ppm CO2) 1.68 (0.12) 0.27 (0.04) 5.83 (0.68) 82 (11) 14.2 (1.5)

Greenhouse (24�C and 750 ppm CO2) 1.57 (0.15) 0.23 (0.03) 6.70 (0.18) 109 (14) 16.2 (1.7)

Numbers in parentheses are standard deviations (n¼ 3).
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Rijssel & Gieskes, 2002). Cells of E. huxleyi are
known to adjust chlorophyll content faster than
many other species, which may minimize
photo-damage (Lewis et al., 1984). This type of
photoadaptation may be an adaptive trait under
changing future stratification regimes. It has also
been documented that present-day coccolithophore
blooms usually occur in stratified waters with high
irradiance, probably because E. huxleyi grows
optimally at light levels where many other phyto-
plankton would be photoinhibited (Nanninga &
Tyrell, 1996). The coccoliths on the exterior of the
cells could serve to scatter light, thus playing an
important role in the success of E. huxleyi at high
irradiance (Holligan et al., 1993).
Photosynthesis in E. huxleyi was very responsive

to both elevated temperature and pCO2. Our study
suggested an additive impact of elevating tempera-
ture and pCO2 simultaneously on photosynthesis,
especially at LL. The rate of photosynthetic carbon
fixation is largely controlled enzymatically
(Falkowski & Raven, 1997); logically, therefore,
the PB

max value should be temperature-dependent.
Compared with diatoms and Phaeocystis, E.
huxleyi cells have low affinities for inorganic
carbon, and their photosynthesis is carbon-limited
at present-day oceanic CO2 levels (Rost et al.,
2003; Riebesell, 2004). Consequently, increased
pCO2 could elevate PB

max in this species due to a
stimulation of C fixation by RuBisCO. Under the
same CO2 and temperature conditions, the PB

max

values were increased after the cells acclimated to
HL compared with LL-acclimated cells, indicating
potential promotion of photosynthesis by the
increased irradiance alone.
The responses of photosynthetic rates to elevated

pCO2 in this study were different from the
responses of growth rates. As discussed above,
the cell division rate was not carbon-limited and,
therefore, was not strongly impacted by increased
pCO2. Particularly in the two LL lower tempera-
ture treatments, increased pCO2 almost doubled
the PB

max value, but lowered the growth rate.
One potential outcome of this ‘mismatch’ could
be greater cellular POC storage (Paasche, 1999);
however, our cultures did not exhibit significant
changes in cellular POC content. Other potential
sinks for fixed carbon are release of dissolved
organic carbon, or elevated respiration rates.
Engel et al. (2005) reported a significant increase
in transparent exopolymer (TEP) release under
elevated CO2 growth conditions in a mesocosm
experiment with E. huxleyi. Although we did not
measure dissolved organic carbon release in our
experiment, this process needs to be evaluated in
future work to understand the implications of the
decoupling of growth and photosynthesis that we
observed in our study.

Photosynthetic efficiency (�) is a measure of
the efficiency of carbon fixation per unit light
absorbed. Under LL, the �-value was
greatly promoted by increases in both pCO2 and
temperature. This indicates that the cells may have
been able to re-allocate energy from carbon
concentration mechanisms and enzyme activity to
carbon fixation in a high temperature and CO2

environment. Compared with the LL treatments,
the cells grown at HL had much lower �-values.
Furthermore, there was no significant difference
between the four treatments at HL. This suggested
that, for cells growing at 400 mmol photons
m�2 s�1, the energy demand for the photosynthetic
process is already saturated (which could be
observed from the PE curves), even under the
ambient control condition. The rise in Fv/Fm,
� and PB

max of LL cells grown under elevated pCO2

and temperature provides evidence for increased
photosynthetic activity through enhanced
PSII efficiency and carbon fixation. In contrast,
the HL grown cells appear to show a rise in
productivity based on carbon fixation alone.
Ek is the optimum irradiance level for the cells to

maintain a balance between photosynthetic energy
capture and the capacity of the photosynthetic
system to process this energy (Falkowski & Raven,
1997), and so indicates the saturation light level for
photosynthesis. At LL, due to the simultaneously
increased PB

max and �-values with either increased
pCO2 or temperature (or both), the Ek values in the
four treatments were not significantly different.
For the cells grown at HL, the Ek values were
obviously increased relative to LL values (p50.05),
showing acclimation to the higher irradiance.
At subsaturating irradiance, E. huxleyi cells have
the advantage of greater light capture due to
increased potential photoabsorption ability, with
more PSII reaction centres and larger
light-harvesting antennae (Harris et al., 2005),
although these results were from a non-calcifying
strain.
Calcification is a light-dependent (Paasche,

2002) and energy-requiring (Paasche, 1965;
Linschooten et al., 1991) process, with chloroplast
pigments as the main regulators (Paasche, 2002).
In addition, because calcification and photosynth-
esis exhibit a differing dependence on irradiance,
the PIC/POC ratio usually decreases at lower
irradiances (Balch et al., 1996; Paasche, 1999;
Zondervan et al., 2002). However, in our study, the
PIC/POC ratios had the opposite trend and
decreased significantly at HL compared to LL.
A possible reason for this difference is the
irradiances used in the incubations. Previous
studies suggest that the saturating irradiance
for calcification in E. huxleyi ranges from
72 to 4500 mmolm�2 s�1 (Paasche, 1964), much
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lower than that for photosynthesis (351–
1000 mmolm�2 s�1, Zondervan et al., 2002). In
our study, calcification but not photosynthesis may
have already been photoinhibited at
400mmolm�2 s�1, leading to significantly
decreased cellular PIC content compared to the
LL cultures. We documented a trend of decreased
cellular PIC/POC production under greatly
increased irradiance in our E. huxleyi strain. If
this is the case for most calcifying strains of this
ecologically dominant marine coccolithophore,
then future mixed layer shallowing could poten-
tially have a large impact on the export of PIC
relative to POC into the deep ocean (the marine
rain ratio) and on the whole marine carbon cycle.
In addition to the effect of irradiance alone,

increased pCO2 further decreased the cellular PIC/
POC ratio at lower temperature under HL (Fig. 4),
while pCO2 had little effect under LL. Riebesell
et al. (2000) and Zondervan et al. (2001, 2002)
found that increased pCO2 of 750–880 ppm
reduced calcification and caused visually obvious
malformation of coccoliths in two species of
coccolithophores, E. huxleyi and Gephyrocapsa
oceanica. They examined these effects only under
light-saturated conditions but not under light-
limitation. In contrast, we found no evidence for
malformed coccoliths at any pCO2 in our
experiment.
Previous work has suggested that a lower PIC/

POC ratio at higher pCO2 is mainly caused by a
higher cellular POC quota, since photosynthesis is
more sensitive than calcification to changes in CO2

concentration (Rost & Riebesell, 2004). However,
our study did not find significantly more POC/cell
from increased pCO2 under any growth conditions,
indicating that the decrease we observed in PIC/
POC ratios under HL was completely driven by a
net decrease in cellular calcification. One possible
explanation could be that calcification supplies
CO2 (or protons) for photosynthesis when carbon
fixation is limited by inorganic carbon concentra-
tion at lower pCO2. However, it has still not been
determined if these two processes are really
coupled (Rost & Riebesell, 2004), and why this
did not occur under LL is also unknown.
Another important question is how the stoichio-

metry of phytoplankton will respond to predicted
changes in the future marine environment, and
how this will influence marine biogeochemistry.
Recently, several models have been published that
describe variations in algal stoichiometry as a
consequence of physiological acclimation and
adaptation (Geider et al., 1998; Klausmeier et al.,
2004). Under saturating light levels and nutrient-
replete conditions, Burkhardt et al. (1999)
observed a large CO2 effect on the elemental
ratios of some diatom species. However, this only

occurred when aqueous CO2 concentrations were
lower than 10mmol kg�1, a level that is substan-
tially below present day CO2 levels in the ocean.
In addition, this stoichiometric response to CO2

was not observed under light-limiting conditions
(Burkhardt et al., 1999).
None of these studies observed a significant

effect on the chemical composition of marine
phytoplankton cells from CO2 increases at levels
realistically expected in the near future. Our study
found that CO2 availability had a large impact on
the C/P ratio only under higher irradiance.
This was mainly caused by a decreased cellular P
quota when pCO2 increased from 375 to 750 ppm.
Recent work with the marine cyanobacteria
Synechococcus (Fu et al., 2006, 2007) and
Trichodesmium (Hutchins et al., 2007) has also
demonstrated increases in cellular C/P ratios over a
similar range of changing pCO2. At higher pCO2,
the green alga Chlamydomonas requires less ATP
and NADPH for carbon fixation (Wykoff et al.,
1998). This could be one explanation for the
reduced POP content of E. huxleyi cells in this
treatment in our experiment, although the CCM
physiology of these two groups of algae is quite
different. This trend might indicate a decreased
demand for phosphorus by E. huxleyi under future
global change scenarios.
It has been suggested that, when phytoplankton

cells expend energy to transport carbon under
carbon-limited conditions, they may need to
compensate by reducing the cost of other meta-
bolic processes (Schneider, 2004). Therefore, the
process of carbon acquisition could potentially
come at the expense of energy consuming processes
such as nitrate reduction (Gervais & Riebesell,
2001). However, in our study, there was no
significant variability in cellular N quotas between
different pCO2 treatments.
Statistical tests examining the effects of changing

the three variables at the same time showed
significant interactive effects on some of the
parameters we measured, These include tempera-
ture and irradiance interactive effects on growth
rate, PB

max, Fv/Fm, PON/cell and POP/cell; pCO2

and irradiance interactive effects on �, Ek, C/N and
POP/cell; and a further interaction of all three
factors at once on growth rate (Table 1). Although
the physiological reasons for some of these
interactions still remain to be fully determined,
our experiments provide evidence that simulta-
neous future trends in multiple global-change-
related factors may alter, reinforce or negate each
other in complex ways, and thus have unforeseen
impacts on marine phytoplankton. These impacts
cannot be easily predicted using a reductionist
approach in which only one factor is considered
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at a time (Fu et al., 2007; Hutchins et al., 2007;
Hare et al., in press).
A further complicating factor is that there are

strain-specific differences in carbon concentrating
mechanisms and pathways of DIC utilization for
photosynthesis and calcification in different cocco-
lithophorid species (Shiraiwa, 2003). Strain-level
physiological variability may explain some of the
differences between our results and those of
previous studies using the same species. These
types of intraspecific differences will need to be
understood before we can obtain a complete
picture of how this cosmopolitan group of algae
will react to global change processes.
In addition to changes in the three factors we

examined, basic alterations in nutrient supplies and
biological factors such as competition and preda-
tion are also likely in the near future. These
additional influences will also need to be addressed
collectively in future experimental studies.
Nevertheless, our work represents an important
step towards a better understanding of the full
consequences of global change for marine phyto-
plankton. Simultaneous increases in temperature,
irradiance and pCO2 in the upper ocean over the
coming years will probably have a great cumulative
impact on marine coccolithophores such as
E. huxleyi, fundamentally influencing the future
oceanic rain ratio and the marine and global
carbon cycles.
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