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Abstract. The effect of carbonate ion concentration absorption of large quantities of atmospheric carbon implies
([CO%‘]) on calcification rates estimated from shell size and changes in the carbonate system equilibrium, notably a de-

weight was investigated in the planktonic foraminiféou-
lina universaand Globigerinoides sacculifer Experiments
on G. sacculiferwere conducted under two irradiance lev-
els (35 and 335 umol photonsths—1). Calcification was ca.
30% lower under low light than under high light, irrespective
of the [C@*]. Both O. universaandG. sacculiferexhibited

crease in pH and carbonate ion concentration gqp pH

has already decreased by 0.1 units compared to pre-industrial
values and will further decrease by 0.3 to 0.4 units by 2100
(Feely et al. 2004 Orr et al, 2005. Such changes may
significantly influence the calcification rates of various or-
ganisms. Previous studies have reported that ocean acidi-

reduced final shell weight and calcification rate under lowfication negatively impacts calcification in coccolithophores,
[CO%‘]. For the [C(i_] expected at the end of the century, pteropods, corals, and commercial shellfish (&gebesell et

the calcification rates of these two species are projected tal., 200Q Leclercq et al.200Q Gazeau et al2007 Comeau

be 6 to 13% lower than the present conditions, while the fi-et al, 2009, but some species or strains may be unaffected at
nal shell weights are reduced by 20 to 27% @runiversa  elevatedpCO, (e.g.,Iglesias-Rodriguez et aR008. Reduc-
and by 4 to 6% foiG. sacculifer These results indicate that ing the calcification rate of planktonic organisms can have
ocean acidification would impact on calcite production by opposite effects on the carbon cycle. Firstly, it decreases
foraminifera and may decrease the calcite flux contributionthe positive feedback of calcification on atmospheric,CO
from these organisms. (Gattuso et a).1999 Wolf-Gladrow et al, 1999. Secondly,
ocean acidification will decrease the role of ballast that cal-
cium carbonate has by facilitating the export of organic mat-
ter to the deep ocearA(mstrong et al. 2002 Klaas and
Archer, 2002. Understanding the possible effects of ocean
acidification, therefore, requires investigating the response of
the major calcifying organisms.

Planktonic foraminifera are widespread calcifying proto-
Z0a, responsible for 32—-80% of the global deep-ocean calcite
fluxes Schiebel 2002. Moy et al. (2009 reported that the
modern shell weight o6. bulloidesis 30 to 35% lower than
that measured from the sediments. They attributed the dif-
ference to reduced calcification in response to ocean acidifi-
cation. Several experimental results also indicate that ocean
acidification can impact planktonic foraminifera notably by

1 Introduction

Due mostly to human activities, the atmospheric carbon
dioxide (CQ) partial pressure is currently increasing. De-
pending on the socio-economic scenarios, the @@el will
reach 490 to 1250 ppmv by 210@rentice et a).2001).
About 25% of the total anthropogenic G@missions have
been absorbed by the oce&abpine et aJ.2004). However,
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Table 1. G. sacculiferinitial and final mean sizeS{ and Sz), final weight ;) and estimated initial weightX;), duration of the experiment
from collection to gametogenesia() and mean weight increasa () under the different [C@_], total alkalinity (TA), pH and irradiance
levels. See Table Al of Russel et al. (2004) for similar informatio®onniversa

Light [CO37] TA  pH S; S Wi At Wi Aw
(umolkg™)  (UEgkg™h) (um) (um) (Hg) (d) (Hg) (Q)
71.9 2055 7.66 372 625 338 6.1 145 19.3
124 2165 7.90 388 699 49.0 7.0 160 33.0
139 2204 7.95 430 691 476 6.7 19.0 285
HL 233 2365 821 380 662 476 7.4 156 320
455 2680 853 399 667 57.1 6.3 16.6 405
504 2741 859 38 678 514 6.8 154 36.1
566 2827 8.64 401 637 485 55 17.0 315
Mean 303 664 482 6.6 162 319
71.9 2055 7.66 384 509 201 43 150 5.1
124 2165 7.90 366 507 203 42 143 6.0
139 2204 7.95 446 601 264 3.7 210 54
LL 233 2365 821 403 585 379 52 175 205
455 2680 853 397 541 292 45 163 129
504 2741 859 379 503 208 39 147 6.0
566 2827 8.64 406 528 287 4.1 169 118
Mean 399 550 29.1 45 16.8 123
Combined HH+LL 396 603 38.0 55 165 214

reducing their shell thickness and weigBtj(na et al, 1999 was manipulated by adding NaOH or HCI to filtered sea
Russell et a.2004. However, these results were obtained aswater. Foraminifera were kept in this modified seawater in
by-products of geochemical studies focusing on shell compo<losed borosilicate glass culture vessels of 125 ml, with no
sition and did not provide any quantitative estimates of cal-headspace to prevent exchange with atmospheric CO
cification rates. The carbonate chemistry of the solutions was analysed
In this article, the results of different geochemical exper- by measuring alkalinity via Gran titration using a Metrohm

iments are reanalysed in order to provide quantitative estiopen-cell autotitrator (mean precision: 10puEqky that
mates of the effect of ocean acidification on foraminiferal was calibrated against certified reference material provided
calcification. We focus on two widespread species of plank-by A. Dickson. Seawater pH and culture media pH were
tonic foraminifera that both harbour photosymbior@sbu- determined potentiometrically and calibrated with standard
lina universaandGlobigerinoides sacculifer NIST buffers. The pH values are reported on the NBS scale.

Alkalinity and pH measured at the start and termination of

the experiments were used to calculate initial and final car-
2  Material and methods bonate chemistry using CO2SYBefvis and Wallace1998

and the dissociation constantsM&hrbach et al(1973 re-

Data used in this investigation originate from two previous fitted by Dickson and Millera(1987).

studies. The first study was conducted during summer 2000 Globigerinoides sacculifewas grown at 26¢£1)°C in sea-

on Orbulina universain Catalina Island, CaliforniaRus- ~ water with a salinity of 36.2(0.2). Data include measure-
sell et al, 2004 and the second study target&dobigeri- ments of the initial and final size (um), the survival tinze |
noides sacculiferin Puerto Rico in the summer of 2006 days from collection to gametogenesis), and final weight of
(R. da Rocha, A. Kuroyanagi, G.-J. Reichart, and J. Bi-the shell #f; ug) of each specimen measured prior to iso-
jma, unpublished data). In both cases, individuals were coltopic analysis. Only individuals that underwent gametoge-
lected by scuba-divers, and grown in the laboratory untilnesis and grew at least one chamber were used for subse-
gametogenesis. They were fed regularly (every third dayguent analysis. The initial shell weighW(; ug) was esti-
starting on the day of collection) and kept under a 12:12 hmated from initial shell size and using the measured shell
light:dark cycle. O. universawas cultured under high irra- Size vs. weight regression obtained under “ambient”$CjO
diance (300 to 400 pmol photonsis~1) whereasG. sac- (233 umolkg?, Fig. 1, Table 1). The initial and final or-
culifer was grown under high (HL) and low (LL) irradiances ganic carbon weight of each foraminifera was calculated us-
(335 and 35 pmol photonsTis™1, respectively). [C@‘] ing a conversion factor (0.089 pg C ) Michaels et al.
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: — : : : Data forO. universawere taken directly from Table Al of
72 umol kg™ A Russell et al(2004 and only the results obtained at 22
124 pmol kg | were used. Results from their experiment | and Il, even
139 pmolkg though similar, were kept separate because the number of
233 pmol kg specimens per sample was different. The average shell length
:312451 “22: :qu (1m) and weight (pg) of mature specimens were used to esti-
E66 ﬁmol kgl mate the length-weight relationship for each condition. Un-
fortunately, critical measurements, such as initial size or sur-
vival time, were not reported. The survival time in the labo-
ratory (Ar) was assumed to be 7.4 days because this was the
mean survival time at 22C observed in experiments carried
out at the Catalina Island laboratoityofnbard et al.2009.
0 ' ' ' ' ' ' All specimens grew a spherical chamber, which represented
10 ' ' ' ' ' ' 95% of the final shell weight_ea et al, 1995 Russell et al.
2004. The initial (pre-spherical) weight of the shell¥()
80t . was, therefore, estimated to represent 5% of the final weight.
The organic carbon weight¥org) Was calculated from the
final size of adultO. universa(spherical form) and the spe-
cific conversion factor of 0.018 pg C I, as reported by
Michaels et al(1995. The calcification rate was then cal-
culated as described in Eq.)(
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3 Results
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In the G. sacculiferexperiments, the average initial size was
396(92) um with a minimum size of 190 um and a maxi-
mum size 716 um (Table 1). Irradiance had a strong effect
F A= 399 | kal on bothAr and final size. Under the LL condition, the in-
pmol kg : . .
6 480 pmol kg S ° dividuals _reproduced, on average, two days earlier an(_j ata
=0 ] smaller size (about 100 pm less) than under HL. The differ-
< ent [COSZ‘] conditions had little or no effect ot and the
final size of the organisms (Table 1). Only the final shell
weight seemed to be influenced by [@Q, and individuals
had generally heavier shells when grown under highiqo
conditions (-test, P<0.001 in all cases). This result indi-
cates that the shell thickness is influenced by%Cp)ut not
8 . . . . . . the general growth pattern. However, sinke and the ini-
00 300 4008he”5?£ngth?3%) 700 800 tial and final shell sizes influenced the final shell weight, a
better indicator of calcification that is independent of these
parameters must be used.

iRy
o

—— 212 pmol kg* 0 C
= 301 umol kél 3

2] o)
o o

N
o

Shell weight (ug)

N
o

Fig. 1. Length-weight relationships obtained for different [?Q . . . . .
conditions forG. sacculiferunder HL(A) and LL (B) andO. uni- The relationships between shell size and weight (Fig. 1,

versa(C). For a better view, regression lines are only shown for Tat?'e 2) hig_hlighF the role O_f [_C§T], yet these shell S_iZ_e'
G. sacculifer Parameters of the regression lines are indicated inweight relationships were still influenced iy and the ini-
Table 2. tial size of the individuals. The shell length-weight rela-

tionships were similar between HL and LL but differed un-
der ambient [CG] condition (233 umolkg'). The HL
1999 assuming a spherical shells shape. The geometric avand LL data at ambient [CO] were, therefore, combined
erage weight Worg, 1g C) was then calculated. In order to and used to estimate the initial shell weight of individuals
estimate calcification rates independently from the individ- based on the initial shell size. On average, the initial shell
ual size, it was normalized per unit of cytoplasmic carbonweight represented 35% of the final weight under HL and
(CingpgCld: 61% under LL. Consequently, the shell size-weight differ-
ences observed among the various ECpconditions are
_ Wi=W ) larger under HL conditions (Fig. 1a) than under LL condi-
- WorgAt tions (Fig. 1b). FoiG. sacculifer under all conditions, the
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Table 2. Parameters of relationships between lend@thdnd shell weight¥) obtained for the different species, under different @(Dand
light conditions forG. sacculifer All the relationships are expressediis=a L?. Covariance analyses on log-transformed data were used to
test the effect of [C@_] and irradiance on the final shell weigfit. P <0.01;**: P <0.005;***: P<0.0001.

Test HLALL
Species [cd Light a b R? n a b
G.sacculifer — _ HL 1671072 1.18 0.81 11 o
' LL  1.44x10% 189 085 7
G. sacculifer HL  1.13x1072 127 029 8
124 LL  355x10°5 212 073 12 ns
G. sacculifer 139 HL  1.56x10~3 158 054 11 s
LL  4.95x107% 1.70 0.89 18
G. sacculifer HL 2.63x10°4 1.86 0.62 20
233 LL  166x10°5 229 091 34 ° ns
HL+LL  3.60x10™®> 2.17 0.87 54
G. sacculifer 455 HL  6.71x10™% 174 056 13 NS
LL 1.87x10%4 190 0.86 13
G. sacculifer 504 HL  1.41x10°% 161 073 15 ns
LL 5.65x107% 1.69 066 12
G. sacculifer 566 HL  1.41x10™° 233 09 13 s
LL 557x107%4 173 084 20
Test within LL rxx ns
Test within HL ok ns
O. universa 212 3.9%107% 361 084 7
O. universa 301 544¢1078 322 093 8
O. universa 399 52510°7 289 085 6
O. universa 480 1.1%10°10 425 098 6
Test withinO. universa Fkk ns

exponentd of the regressions were not significantly differ- of the final weight, only a final size of 700 um was con-
ent at various [C@T], whereasqa is significantly different  sidered, in order to minimize the pre-culture (field-grown)
(covariance analysis on log-transformed data; Table 2). Un<contribution to shell mass. Within a similar size range, the
der HL, for a given sizeG. sacculifergrown at low [C@_] final shell weight for boths. sacculiferandO. universain-
(72, 124 and 139 pmol kg}) were lighter than at “ambient”  creased significantly with increasing [@Q. However, due
(233umolkg?l) and 504 umol kgt conditions. The heav- to their different modes of calcification growth (final sphere
iest weights forG. sacculiferunder HL were achieved at formation vs. consecutive chamber additions), the §C0
high [cog—] conditions (455 and 566 1 mol kg). Only two effect was greater faD. universacompared tds. sacculifer
weight groups can be identified at LL with heavier shells greater for large individuals d. universaand greater un-
grown at [CG ] of 233, 455, and 566 pmol kg and lighter ~ der HL than under LL forG. sacculifer Indeed, the ef-
shells produced at concentrations of 72, 124, 139 and, surfect of [C0§_] was not significant foiG. sacculiferin LL
prisingly, 504 pmol kg?!. In both irradiance conditions, the conditions. However, the final shell weight GE sacculifer
difference in weight as a function of increasing [EQwas ~ obtained in LL was 20 to 26% lower than under HL. This
greater for the largest specimens. Similar observations werdifference means that field-grown contribution to shell mass
made forO. universa The exponents of all relationships was higher in LL conditions and may have hidden calcifi-
were not significantly different and can be approximated by acation differences. Calcification rates normalized per unit
mean exponerit of 3.42, but the parameteris significantly ~ biomass were calculated from previous weights and survival
different for the different relationships (Table £). universa  time measurements. The biomass-normalized rate of calci-
shell weights increased with increasing [E;Q)(Fig_ 1c). fication declined significantly with decreasing [@Q for
Figure 2 shows the shell weight as a function of 339 both species (Fig. 3). The relationships between calcification
) ) . : . 1 1 — —1 ;
(Table 2, Fig. 1) for different ranges of shell size. Since (C:Hgd "pgC™) and [CG ] (umol kg™?) can be written as

the initial weight ofG. sacculiferaccounts for a large part (£ Standard deviation):
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Fig. 2. (A) and G. sacculifer (B) as a function of the Fig. 3. Effect of the carbonate ion concentration on the biomass-
carbonate ion concentration for different final shell sizes. normalized rates of calcification i®. universa(A) and G. sac-

The regression lines correspond to the following rela- culifer (B) calcification rates. Error bars indicate the standard devia-
tionships with the corresponding confidence intervals: tion observed between the different foraminifera individuals within

W;=0.049£0.002[CO5™ ]+1167(+0.67), R?=0.99 for 500um  Similar conditions.

O. universa W;=0.077(:0.00D[CO5 ™ +134(+4.8), R?=0.94

for 550 umO. universa W =0.116(+0.04) [CO%‘]+14.3(¢8.6), R2—=0.04 forO. universaexp. )
R?=0.83 for 600 um O. universa Ws =0.031(£+0.008

— -3 —
[CO§*]+41.9(i2.9), R2=0.73 for 700 pm G. sacculifer in C=247(+0.89)-10 [CO% 1+2.7(+£0.23) (®)
700 umG. sacculiferin LL. All relationships have slopes signifi- Despite the large variability, which led to [OWR2

cantly different from zero #<0.02) except forG. sacculiferLL
forwhlch the low regression S|gn|f'|ca.nlce does pot allow to pe.rformfrom zer0 (F1g9=7.48; P=0.0075 for G. sacculifer HL;
this test. The slopes are not significantly different (covariance A . ) _ .
analysis;P>0.1) whereas the intercepts are significantly different F1.102=6.36; P—0.013f1 forG. sacpullferLL, F125=34.2;
(P<0.0001). Similar relationships obtained for the same species?” <0-0001 for O. universa experiment | andFy4=8.3;
(Bijma et al., 2002) were added for comparison. P=0.0045 forO. universaexperiment I1).

Due to the calcification of its large spherical chamber, the

calcification rate oD. universavas 2.5 to 4 times larger than

the slopes of all relationships were significantly different

C =6.5(+2.3)-10 4[CO5 | +0.67(+0.08) (2)  for G. sacculifer(HL). The calcification ofG. sacculiferin

LL conditions was reduced by 30% on average compared to
R?=0.07 for G. sacculifer(HL) HL. [CO?] levels did not strongly influence this proportion.
C =3.4(£2.7)-10*[CO5 | +0.47(+0.08) (3)

4 Discussion and conclusions

R2=0.03 for G. sacculifer(LL) _ _
The observation that [CD] affects the shell weight of

C=270(£0.97)- 10*3[005_] +1.3(£0.34) (4) foraminifera is consistent with previous studi&gjiha et al,

www.biogeosciences.net/7/247/2010/ Biogeosciences, 725572010
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1999 2002 Russell et al.2004. However, earlier work calculated for this species (Fig. 3), but this rate is not rep-
did not provide quantitative estimates of the response ofresentative of the calcification rate during trochospiral shell
foraminifera calcification to changes in seawater carbonatgrowth. It should be noted th&. universa produces this
chemistry. The final shell weight was impacted by both thefinal spherical chamber over a period of several days of con-
initial shell weight and the time needed until gametogenesiginued calcification.

(Ar). ForO. universathe weight of the initial shell that was Irradiance had a significant effect both on growth and cal-
calcified in the field was negligible~5% of final weight),  (ification of G. sacculifer At low irradiance, the time be-
whereas it was about half of the final weight @rsacculifer  yeen collection and reproduction) was shorter; further-

At also varied under the two different light conditions used yqre the final shell weight and the rates of calcification were
for G. sacculifer with gametogenesis occurring two days |gwer compared to high irradiance (Figs. 1-3, Table 1). Cal-
earlier under high irradiance than under low irradiance. Ingification was 30% lower in LL than in HL. This is consistent
contrast to previous estimates, the rate of calcification noryin previous results oiG. sacculifer(Erez 1983 and O.
malized per unit biomass was either not influenced or onlyynjversa(Lea et al, 1995. These studies indicated rates of
slightly influenced by the initial shell size antlr. Hence,  cajcification 3 to 4 times higher in the light than in the dark,
the [CG;~]impact on the final weight was certainly biased in \yhich correspond to a 66—75% decrease in dark conditions.
G. sacculifer Effectively calculating the rate of calcification  gjmilar observations have been made on other photosynthetic
by normalizing the mass increase by the time required to Prezalcifying organisms such as zooxanthellate cor@iat{uso
cipitate should Iee_td toa bett(_ar approximation of the §Cp ~ etal, 1999 Moya et al, 2006 Schutter et a).2008, which
effect on the calcite production. To our knowledge, this is fyther highlights the strong interactions between irradiance
the first report providing a first order estimate of the £ 54 calcification rate. Planktonic foraminifera calcify mostly

effect on calcification rates of planktonic foraminifera. during daytime, and only 10 to 30% of the calcite is added
Our estimate of the calcification rate was, however, ”Otduring the night folO. universgLea et al, 1995. Symbiotic
free of biases, particularly in the case@funiversaTheini-  g19ae may facilitate calcification during daytime by increas-

tial shell size and survival time of this species in culture WaSing the pH in the vicinity of the shellRink et al, 1998.

not available and was estimated from independent observay, contrast, the respiration process at night reduces the pH
tions. Therefore, the organic weight could not be calculatedyrgynd the foraminifera. As a result, night calcification may
as the average weight during the experiment but only as §e more affected by a decrease in bulk ECGD At extremely
function of the final shell weight. This uncertainty influences 21 e . :
the calcification estimates @. universabut it does not af- low [CO3 ]’. _nlght calcification may p_otentlglly stop prior

. e . _to day calcification or lead to shell dissolution. Irradiance
fect the conclusion that calcification decreases as a functio as a strong effect on the calcification under HL and only a

of decreasing [C§7] and the final weight observations. This slight effect under LL, yet the response (slope) to changes

b'afegogstar'()te?gc:ra\_’;':gé S?:%L‘rgf::?gccﬁgeég tt?]ee rcilc'-in bulk [Cogf] was not significantly different between the
quire W val " u . "two irradiance conditions. Therefore, the potential effect of
fication rate on a cytoplasmic carbon content basis, the lat

. . JCO2~] on dark and light calcification cannot be separated.
ter is assumed to be related to the size of the shell. Befor s | 9 P

) ) . his eventually originates from the fact that foraminifera also
gametogenesis, cytoplasm usually fills the final chamber ®Mhave the ability to control the pH in the seawater vacuoles
tirely. This assumption did not introduce large variability.

. . fi [cificati .2 Nooij |
However, during collections(= 0), cytoplasm may not have gggg or calcificationBeentov et al.2009 Nooijer et al,

entirely filled the last chamber, which may explain, in part,
the variability observed between individuals. The _final shell weight (Figs. 1 and 2) and the calcification
Foraminifera calcify intermittently. They calcify new rate (Fig. 3) clearly depended on [éq- In the case of LL
chambers every few days within only a few hours (e_g_'gondltlon§ forG. sgpculn‘er the weight offset betwgen. ini-
Sperg 1988 Hemleben et a).1989. Shortly before un-  tial and fmal_condmons was too low to obsgrve significant
dergoing gametogenesis, they add an additional layer of sothanges in flpgl shelllwe|ght (Fig. 2b), but_ its calcification
called gametogenic calcite, which can account for 4 to 20%ate was significantly influenced by [€] (Fig. 3b). Over
of the final weight of the shell 0®. universa(Hamilton et the full range of [C@"] tested, calcification rates increased
al., 2008. Hence, foraminiferal calcification is not a con- between 34 and 44% fdg. sacculiferand 34 to 41% for
stant process, and our estimates are averages over the c@) universaresulting in a shell weight increase between 24
ture period involving primary, secondary and gametogenicto 34% for G. sacculiferand 64 to 87% forO. universa
calcite. If [cog—] affects gametogenetic calcification differ- The potential impact of ocean acidification on foraminifera
ently, massive addition of gametogenetic calcification maycalcite production can be estimated from these results. For
hide reduced calcification of earlier formed carbonat. this purpose, we assume that in the surface ocean the cur-
universaproduces a thin juvenile trochospiral test and a largerent global [CC§_] is around 200 umol kgt (corresponding
thick spherical chamber at the end of its life cycle. This mas-to the year 2004), 225 pmol kg for the preindustrial pe-
sive calcification is responsible for the high calcification rateriod, 279 umolkg?! for the last glacial maximum (LGM)

Biogeosciences, 7, 24255 2010 www.biogeosciences.net/7/247/2010/
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conditions and 110 umol kg under the 1S92a “business as future Behrenfeld 2006. As a result, foraminiferal abun-
usual” scenario as defined by the Intergovernmental Panefiance or growth rate could decline, thereby adding to the
on Climate Change (IPCC) and projected for the year 210Megative impact of ocean acidification. The combined effect
(Orr et al, 2009. Under these conditions, the present rate of of temperature, [C§T] and food availability, thus, need to
calcification ofG. sacculiferand O. universawould be 1.5  be investigated in order to estimate the impact of global en-
to 3.5% lower than preindustrial values and 5 to 10% lowervironmental changes on foraminiferal calcite flux.

than during the LGM. The present calcification would yield a
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