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Abstract. Four strains of the coccolithophote. huxleyi  from laboratory culture experiments. Following the semi-
(RCC1212, RCC1216, RCC1238, RCC1256) were grownnal study by Riebesell et al. (2000), the first widely adopted
in dilute batch culture at four Clevels ranging from notion was that coccolithophores decrease their calcifica-
~200uatm to ~1200uatm. Growth rate, particulate or- tion rate with increasing Cg® concentration (decreasing
ganic carbon content, and particulate inorganic carbon conpH) in a linear fashion (see also Zondervan et al., 2001).
tent were measured, and organic and inorganic carbon proFhese studies were conducted on one culture strain of each
duction calculated. The four strains did not show a uniformof two closely related specie€. huxleyi and Gephyro-
response to carbonate chemistry changes in any of the anatapsa oceanicaboth gephyrocapsid coccolithophores that
ysed parameters and none of the four strains displayed a reare relatively small £ 8 um), but numerically dominant in
sponse pattern previously described for this species. We coreoccolithophore assemblages in modern oceans. A subse-
clude that the sensitivity of different strains Bf huxleyito quent study showed that one culture strain of each of the two
acidification differs substantially and that this likely has a larger, heavily calcifying coccolithophoré&zalcidiscus lep-
genetic basis. We propose that this can explain apparentlyoporus and Coccolithus braarudii did not follow the re-

contradictory results reported in the literature. sponse pattern previously reported Errhuxleyi(Langer et
al., 2006). WhileC. leptoporudisplayed an optimum curve,
1 Introduction C. braarudiiwas insensitive over the G{pH) range tested.

_ o This clearly demonstrated that there is no uniform response
Anthropogenic CQ emissions cause a decrease of surfacepf coccolithophores to acidification.

seawater pH, a process termed ocean acidification (Royal For E. huxleyj apparently conflicting results have been
Society, 2005). Among the adverse effects of ocean acidreported. In direct contrast to the results of Riebesell et
ification on marine organisms, reduction in the capacity ofg). (2000), a recent study reported tiEathuxleyiincreases
calcifiers to build shells has received special attention beits calcification rate in response to increasing,@dncentra-
cause calcium carbonate precipitation in surface waters anflon under light saturation (Iglesias-Rodriguez et al., 2008a).
its subsequent export to the sediments play important rolegespite an active debate on the subject (Riebesell et al.,
in the global carbon cycle (Van Cappellen, 2003). In terms2008; Iglesias-Rodriguez et al., 2008b), it is presently un-
of calcite eXpOI’t to Sediments, the COCCOlithOphoreS, unicel‘known Why apparent|y Contradictory resu'ts ha\/e been ob_
lular haptophyte algae that cover the cell surface with minutetained in different studies of. huxleyi One striking fact is
intracellularly-produced calcite platelets (the coccoliths), arethat in every study a different culture strain of this species
one of the most important groups of calcifiers in today’s has been used. Bearing in mind that different species of coc-
oceans (Baumann et al., 2004). colithophore have been shown to exhibit different responses
The question of how coccolithophores will respond 1o tg carbonate chemistry changes, it can be hypothesized that
ocean acidification has attracted increasing attention OVefntra-specific responses also exist. To test this, we cultured
the last decade. To date, the majority of evidence stemsoyr strains ofE. huxleyiunder light saturation and four dif-
ferent CQ concentrations, and measured, inter alia, calcifi-
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Table 1. Information on culture strains used in this and previous studies. Max. annual SST was taken from the World Ocean Atlas

(www.nodc.noaa.ggv

Strain Code Isolation Date  Location of sampleSeawater Max. annual Experimental Morphotype  Study
from which culture temperature at  SST at sampling temperature
isolated time of sampling location

RCC1212 9/2000 3L S1PI8E 15°C 21°C 20°C This study
(South Atlantic,
off South Africa)

RCC1216 9/1998 18 S16950E 11°C 18C 17C This study
(Tasman Sea,
off New Zealand)

RCC1238 11/2005 391N 18°C 25°C 20C This study
13950 E
(North Pacific,
off Japan)

RCC1256 7/1999 624 N20°20W  9°C 1#C 1rC This study
(North Atlantic,
off Iceland)

PLY B92/11A 4/1992 6016 N 5°14' E 10°C 16°C 15C Riebesell
(Bergen, Norway; etal., 2000
mesocosm bag)

NZEH (COWPO6) South Pacific, ~18°C 1oC Iglesias-
off New Rodriguez
Zealand etal., 2008a

CCMP371 6/1987 32N62° W ? 25C 20 and 24C Fengetal.,
(Sargasso Sea; 2008
50 m depth)

termination of the experiments resulted in the consumption
of less than 5% dissolved inorganic carbon (DIC), ensuring

Clonal cultures of. huxleyi(strains RCC1212, RCC1216 a quasi-constant carbonate system over the course of the ex-

RCC1238, and RCC1256) were grown in aged, sterile-P€riment.

filtered (0.2um pore-size cellulose-acetate filters) North Sea Samples for alkalinity measurements were filtered through
seawater enriched with 1Q0nol L~1 nitrate, 6.25:mol L~1 0.6u.m nominal pore-size glass fibre filters (Whatman GF/F),
phosphate, and trace metals and vitamins as in f/2 mediunpoisoned with 1 ml35gt1HgCl, and stored in acid-
(Guillard and Ryther, 1962). Information on the strains, washed 300 ml borosilicate flasks & DIC samples were
which were obtained from the Roscoff Culture Collection sterile-filtered through 0.2m pore-size cellulose-acetate sy-
(www.sb-roscoff.fr/Phyto/RCY; is given in Table 1. Cul- ringe filters and stored in acid-washed 13 ml borosilicate
tures were grown under a 16/8 hour light/dark cycle. Ex-flasks free of air bubbles atQ. Total alkalinity (TA) was
periments were carried out at a light intensity of 4090l calculated from linear Gran plots (Gran, 1952) after po-
photons m?s~1 in an adjustable incubator (Rubarth Ap- tentiometric titration (in duplicate) (Bradshaw et al., 1981;
parate GmbH, Germany). The temperature used wa€ 17 Brewer et al., 1986). DIC was measured photometrically
for RCC1216 and RCC1256, and°ZD for RCC1212 and (Stoll et al., 2001) in triplicate. Precision of the TA measure-
RCC1238. We chose different temperatures as opposed tments was~3 umol L~ and accuracy~4 umolL~1. For

a standard temperature in order to grow each strain near itBIC measurements, precision wagtumolL~! and accu-
optimum temperature for growth. Salinity, measured with racy ~5umolL~1. The carbonate system was calculated
a conductivity meter (WTW Multi 340i) combined with a from temperature, salinity, and the concentrations of DIC,
TetraCon 325 sensor, was 32. Cells were pre-adapted to extA, and phosphate using the DOS program &9s (Lewis
perimental conditions for approximately 12 generations andand Wallace, 1998). The equilibrium constants of Mehrbach
grown in dilute batch cultures (Langer et al., 2007). Eachet al. (1973) refitted by Dickson and Millero (1987) were
data point presented in the tables and figures is the meansed. Samples for determination of total particulate carbon
value of triplicate culture experiments. G@vels were ad- (TPC) and particulate organic carbon (POC) were filtered
justed by adding calculated amounts of HCI or NaOH to theonto pre-combusted (12 h, 530) 0.6..m nominal pore-size
medium. Low cell densities<{50 000 cells mit!) even atthe glass fibre filters (Whatman GF/F) and stored-&20°C.

2 Material and methods

Biogeosciences, 6, 2637646 2009 www.biogeosciences.net/6/2637/2009/
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Prior to analysis, 23QL of an HCI solution (5 mol/L) was
added on top of the POC filters in order to remove all inor-
ganic carbon. TPC and POC were subsequently measured
on a Euro EA Analyser (Euro Vector). Particulate inorganic
carbon (PIC) was calculated as the difference between TPC
and POC. For determination of cell density, samples were
taken at the beginning and the end of experiment and counted
immediately after sampling using a Coulter Multisizer Il
Growth rate (1) was calculated as :

w=(nc1—Inco)Ar~t 1)

wherecg andc; are the cell concentrations at the beginning
and the end of experiment, respectively, axdis the dura-
tion of incubation in days.

Particulate inorganic carbon production, i.e. calcification
rate (Ric, pg PIC celt! ¢—1) was calculated according to:

)

with cellular inorganic carbon content = pg PIC per cell.
Particulate organic carbon productionp@?, pg POC
cell"1 4—1) was calculated according to:

Ppic = u * (cellular inorganic carbon content

Ppoc= w * (cellular organic carbon content

©)

with cellular organic carbon content = pg POC per cell.

3 Results and discussion
3.1 Summary of results

E. huxleyiRCC1212 and RCC1216 both slightly decreased
growth rate in response to increasing £€@ncentration (de-
creasing pH), while RCC1238 slightly increased growth rate
(Fig. 1, Tables 2 and 3). RCC1256 displayed a marked
decrease in growth rate with increasing £€ncentration
(Fig. 1, Tables 2 and 3). Cellular PIC content decreased with
increasing CQ@ concentration in RCC1212 and RCC1216,
while it increased in RCC1256 (Fig. 2, Tables 2 and 3).
RCC1238 exhibited no change in cellular PIC content over
the range of CQconcentrations tested (Fig. 2, Tables 2 and
3). Cellular POC content increased slightly in RCC1216 with
increasing CQ concentration, while cellular POC content
of RCC1212 did not change (Fig. 2, Tables 2 and 3). In
RCC1256 cellular POC content increased markedly with
increasing CQ concentration and in RCC1238 cellu-
lar POC content remained unaltered up~t680uatm CQ
and decreased at930patm CQ (Fig. 2, Tables 2 and 3).
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RCC1212 and RCC1216 both slightly decreased their PICFig. 1. _Growth rates of the fouE. huxleyistrains versus C§&con-
production, i.e. calcification rate, in response to increasingeentration. (A) RCC1238,(B) RCC1216,(C) RCC1256, andD)
CO; (Fig. 3, Tables 2 and 3). RCC1256 showed an optimumRCC1212- Errorbars represent standard deviation of three culture

curve with highest calcification rate #600uatm CQ and a
pronounced decrease of calcification rate-800uatm CQ
(Fig. 3, Tables 2 and 3). Calcification rate of RCC1238
did not change over the range of g@oncentrations tested
(Fig. 3, Tables 2 and 3). POC production of RCC1212 and
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Table 2. The carbonate system.

experiment  TALmol/kg] TC [umol/kg] pH(NBS) CQ [patm] HCG; [umol/kg] C@‘ [wumol/kg] omega calcite

RCC1238 1 2522 2086 8.45 206 1768 311 7.6
RCC1238 2 2302 2050 8.19 395 1858 179 4.4
RCC1238 3 2184 2039 7.96 681 1907 110 2.7
RCC1238 4 2107 2013 7.83 929 1902 80 2.0
RCC12161 2487 2102 8.42 218 1821 273 6.7
RCC1216 2 2281 2067 8.16 422 1898 153 3.7
RCC1216 3 2177 2060 7.93 729 1941 93 2.3
RCC1216 4 2075 2029 7.71 1201 1930 56 14
RCC1256 1 2456 2049 8.46 193 1756 286 7.0
RCC1256 2 2240 2022 8.17 399 1853 155 3.8
RCC1256 3 2136 1993 8.00 587 1865 106 2.6
RCC1256 4 2051 1974 7.81 915 1872 69 1.7
RCC12121 2517 2067 8.47 194 1741 319 7.8
RCC1212 2 2313 2066 8.18 409 1877 176 4.3
RCC1212 3 2203 2071 7.93 752 1944 103 25
RCC1212 4 2128 2053 7.77 1096 1947 71 1.7

Table 3. Growth rate, cellular POC and PIC content, POC and PIC production of thé&efdurxleyistrains used SD = standard deviation.
Experiment codes are the same as in Table 2.

experiment  growth cellular PIC cellular POC PIC POC PIC/

rate content content production production POC

no. m SD [pgPIC/cell SD [pgPOCicell SD [pgPIC/cell*day] SD [pgPOC/cell*day] SD SD

RCC12381 148 0.07 8.81 0.77 10.40 0.74 13.10 1.74 15.47 180 0.85 0.01
RCC12382 164 0.01 8.29 0.31 10.41 0.60 13.57 0.52 17.04 1.00 0.80 0.02
RCC12383 167 0.02 7.70 0.58 11.58 0.81 12.89 1.10 19.39 152 0.66 0.02
RCC12384 160 0.02 8.42 0.26 9.59 0.80 13.48 0.52 15.34 1.23 0.88 0.08
RCC12161 1.14 0.01 10.67 0.76 10.50 0.94 12.13 0.86 11.94 1.08 1.02 0.02
RCC12162 1.14 0.05 10.68 0.78 11.47 0.88 12.05 1.18 12.94 1.33 093 0.01
RCC12163 111  0.00 9.99 0.97 12.33 0.57 11.07 111 13.67 0.66 0.81 0.04
RCC12164 101 0.02 8.56 1.23 12.90 0.11 8.67 1.15 13.09 0.15 0.66 0.09
RCC12561 128 0.01 9.65 1.08 12.38 1.04 12.39 1.47 15.88 124 0.78 0.10
RCC12562 1.28 0.01 10.92 0.63 13.34 1.00 13.95 0.83 17.03 131 0.82 0.01
RCC12563 1.14 0.03 12.07 1.15 16.57 1.53 14.35 0.90 18.86 166 0.73 0.00
RCC12564 0.83 0.01 12.23 0.01 16.98 0.58 10.16 0.09 14.12 045 0.72 0.03
RCC12121 099 0.02 9.61 0.22 10.88 0.85 9.52 0.03 10.78 0.70 0.89 0.06
RCC12122 098 0.01 9.35 0.51 11.41 1.12 9.18 0.55 11.21 1.14 0.82 0.04
RCC12123 095 0.03 8.86 0.46 12.69 1.07 8.39 0.69 12.02 1.39 0.70 0.02
RCC12124 0.87 0.02 6.85 1.44 11.97 0.85 5.92 1.15 10.37 093 058 0.14

RCC1216 remained unaltered over the Cfange tested, 3.2 Varyingresponses oE. huxleyito changing carbon-
while RCC1256 and RCC1238 both displayed an optimum ate chemistry
curve with the highest POC production -ab90uatm CGQ

and~680u.atm CQ, respectively (Fig. 3, Tables 2 and 3). ynder our experimental conditions, differences were found
Both strains (RCC1256 and RCC1238) showed a decrease i, every measured variable (Tables 2 and 3) for the four

POC production at approx. 92@tm CG (Fig. 3, Tables 2 (agted strains d. huxleyi(RCC1212, RCC1216, RCC1238,
and 3). The PIC/POC ratio of RCC1216 and RCC1212 de-rcc1256). Based on our results (Table 3, Figs. 1-4), we
creased by ca. 30% with increasing £n a linear fash-  gjistinguish three types of responses represented by the fol-
ion (Fig. 4). The PIC/POC ratio of RCC125.6. varied little lowing clones: (1) RCC1212 and RCC1216 (2) RCC1238
over the CQ range tested. Apart from a minimum at ca. (3) RCC1256. Apart from the culture strain, the only other
700uatm CQ, the same trend was observed in RCC1238,5iaple in this set of experiments was temperature, with

(Fig. 4). two strains (RCC1216 and RCC1256) grown at@7and

Biogeosciences, 6, 2632646 2009 www.biogeosciences.net/6/2637/2009/



G. Langer et al.: Strain-specific responseg&nfiliania huxleyi

20
134 A
16 1
14 4
= 121 POC
il
5 10 A
R
64 PIC
4]
2 RCC1238
0 T T T T
0 200 400 600 800 1000
CO; [patm]
20
18 B
16 1
14 POC
= 12
B
E 10
3
= 8
o PIC
4]
2 RCCI1216
0 T T T T T T
0 200 400 600 800 1000 1200 1400
COj [patm]
20
TERe POC
16 1
14 4
= 12 4
3 PIC
10 4
9]
3
a8 4
6
4]
24 RCC1256
0 : . . .
0 200 400 600 800 1000
CO [patm]
20
184 D
16 1
= 121
8
o 10 4
9]
w
a 84
6 PIC
4]
27 RCC1212
0 T T T T T
0 200 400 600 800 1000 1200
CO; [patm]
Fig. 2. Cellular PIC and POC content of the fol. huxleyi

strains versus C®concentration.(A) RCC1238,(B) RCC1216,

pg C i cell * day

pg C / cell * day

pg C /cell * day

pg C / cell * day

2641

25
A
20
POC
15
PIC
10 4
5
RCC1238
0 T T T T
0 200 400 600 800 1000
€O, [patm]
25
B
20
15 4 POC
10 4
PIC
5
RCCI1216
0 T T T T T
0 200 400 600 800 1000 1200 1400
CO, [patm]
25
C
20
POC
15
10 PIC
54
RCC1256
0 T T T T
0 200 400 600 800 1000
CO; [patm]
25
D
20 A
15
POC
s PIC
RCCI1212
0 T T T T T
0 200 400 600 800 1000 1200

CO; [patm]

rorbars represent standard deviation of three culture experiments. gard deviation of three culture experiments.

www.biogeosciences.net/6/2637/2009/

Fig. 3. PIC and POC production of the foHr huxleyistrains versus
CO, concentration.(A) RCC1238,(B) RCC1216,(C) RCC1256,
(C) RCC1256, andD) RCC1212. Open circles represent cellular and (D) RCC1212. Open circles represent POC production and

POC content and closed circles represent cellular PIC content. Ergjosed circles represent PIC production. Errorbars represent stan-
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two (RCC 1212 and RCC1238) at 2D. The rationale for

this was to compare responses between strains that were in
a physiologically similar state in relation to their optimum
growth rate. Temperature can influence metabolic processes
at different rates and had a single temperature been used,
comparison of responses could potentially have been biased
by differing relative physiological condition of cells having
differing temperature optima for growth. Therefore we grew
every strain near its optimum temperature (Fig. 5). In fact,
for E. huxleyigrown in light-saturating conditions, tempera-
ture does not appear to strongly influence PIC and POC pro-
duction rates, at least over the range used in our experiment:
Feng et al. (2008) showed that for a given combination of
CO, and light conditions, a temperature shift 6fC}(from

2(rC to 24C) did not cause a significant quantitative or rel-
ative difference in PIC and POC responseR.ihuxleyistrain
CCMP371 (originating from the Sargasso Sea). The observa-
tion that at each temperature in our experiment the responses
of the two strains differed leads us to conclude that tempera-
ture did not dictate the response pattern observed.

Presently, the scientific debate on the issue of differing re-
sponses oE. huxleyiin previous studies centres on experi-
mental protocols in general, and on the method of carbonate
chemistry manipulation in particular (Iglesias-Rodriguez et
al., 2008a; Iglesias-Rodriguez et al., 2008b; Riebesell et al.,
2008). In experimental studies on coccolithophores, the car-
bonate system has been manipulated either by changing TA
or by changing DIC. The former is achieved by adding acid
or base to the seawater, whereas the latter is achieved by bub-
bling a batch of seawater with Geenriched/CQ-depleted
air. In the case of a DIC change, every parameter of the car-
bonate system apart from TA is changed; in the case of a TA
change, every parameter of the carbonate system apart from
DIC is changed (in a closed system). In the first study on
E. huxleyj the TA-manipulation method was employed and
a decrease of calcification rate with increasing,@0ncen-
tration reported (Riebesell et al., 2000). In the most recent
study, the DIC-manipulation method was employed and an
increase of calcification rate with increasing £€ncentra-
tion was observed (Iglesias-Rodriguez et al., 2008a). The
latter authors argued that their results were unlikely to be
due to physiological traits of a particular strain Bf hux-
leyi, implying that the difference in response was due to the
difference in the method of carbonate chemistry manipula-
tion. If this were so, the results of Feng et al. (2008), who
found a decrease of calcification rate with increasingp CO
concentration even though they used the DIC-manipulation
method, could not be explained. Likewise, the response of

(D) RCC1212. Errorbars represent standard deviation of three culstrains RCC1238 and RCC1256 in our study (Fig. 3, Table 3)

ture experiments.

Biogeosciences, 6, 2632646 2009

would be aberrant. A literature review, which can be found in

a paper by Ridgwell et al. (2009), provides more facts adding
to the point. It is therefore highly unlikely that the method
used to manipulate the carbonate system causes differences
in response patterns.

www.biogeosciences.net/6/2637/2009/
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18 In fact, it has recently been shown that the method of car-
bonate chemistry manipulation does not affect the response
pattern of anotheE. huxleyiclone (Shi et al., 2009).

We therefore conclude that the sensitivity of different
strains ofE. huxleyito changes in carbonate chemistry differs
substantially. This becomes especially obvious when com-
paring the response patterns in detail, i.e. looking not only at
calcification rate. In addition to calcification rate, the POC
021 RCC1238 production, PIC and POC content, and growth rates of the
o0 1 1 15 20 2 e e different strains also showed different trends over the range
of carbonate chemistry tested. We propose that these strain-
L specific differences can explain the apparent contradictions
1:(7 B in the literature, because in every previous study a different
strain was used (Feng et al., 2008; Iglesias-Rodriguez et al.,
2008a; Riebesell et al., 2000, this study; see Table 1).
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> Considerable phenotypic variation is known between isolates

4 classified asE. huxleyi In this respect, focus has centred
27 Recizlo on morphological variation of coccoliths, reflecting the mor-
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10 12 14 16 18 20 22 24 26 phological tradition in coccolithophore taxonomfg. hux-
Temperature [°C] leyiis currently separated into five morphotypes, where types

s A and B are the best characterized and most widely rec-

el C ognized (Young and Westbroek, 1991; Young et al., 2003).

" In the search for a genetic basis for this phenotypic vari-

o] ation, studies involving multipl&e. huxleyiculture clones
f o using molecular techniques such as RAPD and microsatel-
ERTY lites have shown ample evidence of interclonal genotypic
5 06 variation within theE. huxleyimorpho-species (Medlin et

0.4 al., 1996, Iglesias-Rodriguez et al., 2006). One study has

02 RCC1256 correlated phenotypic and genotypic variation, identifying a
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oo e s 0 e photypes (Schroeder et al., 2005). Pseudo-cryptic species
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18 molecular data supporting earlier morphological and geolog-

i D ical evidence (8ez et al., 2003), but fdE. huxleyithe ques-

147 tion of whether different phenotypes or genotypes represent
=17 reproductively isolated species or interbreeding populations
=10 within a species complex remains to be resolved.

; o8 In contrast to studies on morphology and genetics, the ma-

] jority of information on the physiology oE. huxleyiresults

"4 from studies on single culture clones (see review of Paasche,

2] recia 2002), in some cases demonstrating phenotypic plasticity,

0.0

2 i.e. a phenotypic change in response to change in an envi-
Temperature [°C] ronmental parameter. Multi-clone surveys of, for example,
alkenone content (Conte et al., 1998Enhuxleyihave been
Fig. 5. Growth rates of the fouEmiliania huxleyistrains versus  conducted, demonstrating variation between clones, which
temperature(A) RCC1238/(B) RCC1216(C) RCC1256, andD) presumably has a genetic basis. Studies demonstrating phe-
RCC1_212. Errorbars represent standard deviation of three culturﬁotypic plasticity within clones, phenotypic variation be-
experiments. tween clones, and variability in phenotypic plasticity be-
tween clones (i.e. variable response patterns), as revealed in
our study, are rarer.
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Strain-specific responses in growth rateEofhuxleyito (New Zealand) displayed very similar responses (see Table 3
temperature and salinity changes were described more thaior overview) and they might be regarded as being connected
two decades ago, when it was found that strains isolated fronby the Antarctic circumpolar current, which could possibly
geographically separated water masses within the westerallow for genetic exchange between the populations. As
North Atlantic exhibited different responses (Brand, 1982;a general caveat, we note that experiments on many more
Brand, 1984). Coastal strains generally differed physiologi-strains would be needed to consolidate the conclusion that
cally from oceanic strains (Brand, 1982, 1984). On the onevariability in the response d&. huxleyito changing carbon-
hand, the two “coastal” (i.e. from within 10 km of the shore) ate chemistry does not clearly correlate with biogeographic
strains used here (RCC1256 and RCC1238) indeed differedrigin or morphotype of the strain.
from the two ‘oceanic’ strains (RCC1212 and RCC1216). We propose that the observed differences in response of
On the other hand, the two coastal strains (RCC1256 andt. huxleyiisolates to changing carbonate chemistry have a
RCC1238) did not behave similarly at all. Therefore, the genetic basis. At present, it is impossible to speculate as to
distinction coastal / oceanic is not sufficient to explain strain-whether this could be due to, for example, gene differenti-
specific responses. ation, allelic sensitivity, or gene regulation effects (see Via

Surface seawater GQconcentrations at the locations of et al., 1995). Relatively little is known about the physio-
sampling for strain isolation do not provide a hint as to alogical mechanisms, let alone the genetic basis, of carbon
reason for the differences in response pattern. The COacquisition and processes involved in calcification in coccol-
concentration in the Tasman Sea (RCC1216), off Japatithophores. A better understanding of these aspects would
(RCC1238), and off South Africa (RCC1212) is approxi- undoubtedly shed light on the variability in the response of
mately 32Quatm and does not vary greatly over the coursecoccolithophores (and other calcifiers) to ocean acidification.
of the year (Takahashi et al., 2002). South of Iceland
(RCC1256), CQ concentration ranges from ca. 2iatm in 3.4 Implications for model studies and the fate of
August to ca. 36@.atm in February (Takahashi et al., 2002). coccolithophores
If ambient CQ concentration was the parameter determin-
ing the response pattern, all strains except RCC1256 wouldCalcification shifts the carbonate system towards higher
have been expected to have responded similarly, which wa€0, concentrations. Diminished calcification, and a de-
not the case. creased PIC/POC ratio, in the future would, therefore, lead

The morphotype seems to have no influence on the reto a negative feedback on atmospheric G&@ncentration
sponse pattern. The two strains that exhibited similar re{Zondervan et al., 2001). Prediction of the strength of the
sponses belong to two different morphotypes, RCC1216 beCO,-calcification feedback is impaired by species-specific
ing a type R and RCC1212 being a type B, and the tworesponses to acidification in combination with the unresolved
coastal strains (RCC1238 and RCC1256), which differed inquestion of which calcifier is the most prolific (Ridgwell et
response from each other as well as from the oceanic straingl., 2007). If our results foE. huxleyiare representative
belong to the same morphotype, namely type A. Interestfor coccolithophores in general, or even for other calcifying
ingly the two type A strains (RCC1238 and RCC1256) ex- groups such as the foraminifera, it would be unrealistic to de-
hibit the weakest (RCC1238) and the strongest (RCC1256)ine a representative response as an input for an Earth system
responses. The intermediate responses are displayed by theodel. Since this is an important and widely discussed issue,
type R (RCC1216) and type B (RCC1212). The type B mor-further studies addressing strain-specific effects are clearly
photype is described as the more delicate form (compared twarranted.
type A and type R) which is often assumed to be more vulner- Such studies are also desirable for shedding light on the
able to acidification. Our data show that this is not the caseguestions of if and how coccolithophores could cope with
We think it more plausible to assume that the susceptibilitya future acidified ocean. Judging from culture studies only,
to acidification related effects is connected with some phys4t can be inferred that some strains will suffer from reduced
iological process, for instance a transmembrane transport ofalcification, e.gGephyrocapsa oceanicdC71 (Riebesell
ions. et al., 2000), some. huxleyistrains (Table 3), an@alcidis-

Since the strains used in the present study were isocus leptoporusAC365 (=RCC1135) (Langer et al., 2006),
lated from samples from locations separated by at leaswhile some will be unaffected, e.g. huxleyiRCC1238
a few thousand kilometers (Table 1), it appears reason{Table 3) andCoccolithus braarudiiAC400 (=RCC1200)
able to regard them at least as different populations with(Langer et al., 2006). Given that calcification actually is ben-
specific genetic features and potentially as genetically iso€ficial for coccolithophores (the function of calcification is
lated cryptic or pseudo-cryptic species. RCC1256 (Iceland)still unknown), shifts in dominance between species and/or
and RCC1238 (Japan) showed two types of responses, nebetween clones within a species might therefore be expected.
ther of which resembled the response of RCC1212 (South However, short-term culture studies alone are not a suf-
Africa) and RCC1216 (New Zealand). The two southern-ficient basis from which conclusions regarding the fate of
hemisphere strains, RCC1212 (South Africa) and RCC121&occolithophores in the future can be drawn, because the
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possibility of adaptation is not taken into account. Com-  sus growth temperature relationshipEn huxleyiand Gephyro-
bining results from culture experiments with data from the capsa oceanicaGeochim. Cosmochim. Ac. 62, 51-68, 1998.
sedimentary archive, it was hypothesized tBateptoporus ~ Dickson, A. G. and Millero F. J.: A comparison of the equilibrium
is in principle able to adapt to changing carbonate chem- constants for the dissociation of carbonic acid in seawater media,
istry of seawater (Langer et al., 2006). The authors spec- Deep-SeaRes., 34, 1733-1743, 1987.

ulated that the population might be genetically diverse and €"9: Y- Warner, M. E., Zhang, Y., Sun, J., Fu, F.-X., Rose, J. M.,

that strain-specific responses to carbonate chemistry chan esand Hutchins, D. A Interactive effects of increased pOiBm-
P P y 9 perature, and irradiance on the marine coccolithopBoreixleyi

Woult_j lead to a high degree of. adaptive potential'of the (Prymnesiophyceae), Eur. J. Phycol., 43, 87-98, 2008.
species. The results fd. huxleyipresented here point t0  Gran " G.: Determination of the equivalence point in potentiometric
the possibility that this morphospecies is heterogeneous with titrations of seawater with hydrochloric acid, Oceanol. Acta, 5,
regard to responses to changing carbonate chemistry. This 209-218, 1952.

highlights the need to consider adaptation when trying to pre-Guillard, R. R. L. and Ryther, J. H.: Studies of marine planktonic di-

dict the performance of coccolithophores in the future. atoms, I,Cyclotella nanngHustedt) andetonula convervacea
(Cleve), Can. J. Microbiol., 8, 229-239, 1962.
Iglesias-Rodriguez, M. D., Schofield, O. M., Batley, J., Medlin, L.
K. and Hayes, P. K.: Intraspecific genetic diversity in the marine
coccolithohoreE. huxleyi(Prymnesiophyceae), The use of mi-
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