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Abstract. Evidence of increasing concentrations of dis- 1 Introduction

solved carbon dioxide, especially in the surface ocean and

its associated impacts on calcifying organisms, is accumusSince the mid 19th century, utilization of fossil fuels and
lating. Among these organisms, benthic and planktonicland use change have impacted biogeochemical carbon cy-
foraminifera are responsible for a large amount of the glob-cling, leading to global environmental perturbations (see e.g.
ally precipitated calcium carbonate. Hence, their responséPCC report, 2001, 2007). Increased levels of atmospheric
to an acidifying ocean may have important consequences fo€CO, resulted in increased concentrations of dissolveg CO
future inorganic carbon cycling. To assess the sensitivity of(CO,(aq) especially in the surface ocean (Caldeira and Wick-
benthic foraminifera to changing carbon dioxide levels andett, 2003). It has been estimated that the oceans have taken
subsequent alteration in seawater carbonate chemistry, wep approximately 30% of the COemitted (Sabine et al.,
cultured specimens of the shallow water spedesmonia  2004) and thereby mitigated human induced global warm-
tepidaat two concentrations of atmospheric £@30 and  ing. In addition, this also resulted in surface ocean acidifica-
1900 ppmv) and two temperatures (IDand 15C). Shell  tion. Increasing atmospheric G@oncentrations from 280
weights and elemental compositions were determined. Im{pre-industrial value) to 380 ppmv (current value) decreased
pact of high and lowpCO, on elemental composition are oceanic pH by approximately 0.1 unit (Orr et al., 2005). Es-
compared with results of a previous experiment were specitimates of future atmospherigCO, suggest values reach-
mens were grown under ambient conditions (380 ppvm, nang 800—1000 ppmv by the end of this century (IPCC, 2001),
shell weight measurements of specimen grown under amequivalent to another 0.3 unit decrease in ocean pH (Caldeira
bient conditions are, however, available). Results indicateand Wickett, 2005).

that shell weights decrease with decreasingCiPalthough Since marine calcifying organisms build their calcare-
calcification was observed even in the presence of calciunpus skeletons according to the simplified reactiorfiCa
carbonate under-saturation, and also decrease with increagHCO; — CaCQ + CO, + H20, an impact of C@ on

ing temperature. Thus both warming and ocean acidificatiorbiocalcification is expected. Indeed, an increasing humber
may act to decrease shell weights in the future. Changes igf field and laboratory studies demonstrate the impact of in-
[CO37] or total dissolved inorganic carbon do not affect the creased seawater [G@y] and related changes in carbonate
Mg distribution coefficient. On the contrary, Srincorporation chemistry on both planktonic and benthic marine calcifying
is enhanced under increasing [€Q. Implications of these  organisms, such as coccolithophores, corals, shellfish and
results for the paleoceanographic application of foraminiferaforaminifera (e.g. Bijma et al., 1999; Kleypas et al., 1999;
are discussed. Leclercq et al., 2000; Riebesell et al., 2000; Zondervan et
al., 2001; Delille et al., 2005; Gazeau et al., 2007). In turn,
a decrease in calcification of marine calcifiers may act as
a negative feedback on atmospheric Qévels (assuming

Correspondence tdD. Dissard the organic pump remains constant) (Riebesell et al., 2000;
BY

(ddissard@yahoo.fr ) Zondervan et al., 2001; Ridgwell, 2007). Establishing an
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accurate relationship betwe@€ O, and calcification is cru-  ray, 1991; Pascual et al., 2002) and seasonal regimes (Brad-
cial for assessing the impact of such a feedback in the futureshaw, 1961; Walton and Sloan, 1990) under which it can sur-

During calcification, elements such as Sr and Mg are in-vive. This robustness makes tepidaa particularly suit-
corporated into biogenic calcium carbonate. The ratio ofable species for experimentation. In 2006, live specimens
these elements to Ca depends on the physical and chemdf A. tepida(referred to as molecular type T6E by Hay-
cal conditions in the calcification environment. Therefore, ward et al., 2004, further referred to Astepidg were col-
elemental compositions of foraminiferal shells have becomdected at an intertidal flat in the German Wadden Sea (near
an important tool to estimate past oceanic conditions. (e.g.Porum). Sediments were sieved over a 630 pm mesh to re-
Boyle 1981; Marchitto et al., 1998; Martin et al., 1999; move larger meiofauna, keeping the finer fraction with the
Rickaby and Elderfield, 1999; Russell et al., 2004; Hall foraminifera in stock-cultures. Less than two weeks after
and Chan, 2004, 2005). Magnesium occurred in seawategollection, living individuals ofAmmoniawere picked from
with nearly constant ratios to calcium (for the last 1Myr, the stock cultures. They were screened under an inverted mi-
Broecker and Peng, 1982), and variations in Mg/Ca in ben-croscope (Zeiss Axiovert 200M) for pseudopodial activity (a
thic foraminiferal shells on shorter timescale are shown tosign for vitality) and subsequently transferred to one of eight
be mainly related to changes in temperaturd@irfberg et  semi-closed aquaria. Aquaria contained filtered seawater
al., 1996; Rathburn and DeDeckker, 1997; Rosenthal et al.(0.2 um) of salinity 33 (natural seawater from the North Sea,
1997; Hastings et al., 1998; Lea et al., 1999; Toyofuku etnear Helgoland) or salinity 24 (natural seawater diluted with
al., 2000; Lear et al., 2002; Reichart et al., 2003; Anand etdeionised water, to mimic salinity near the collection site)
al., 2003; Barker et al., 2004). However, other environmental(Table 1). Two gas mixing pumps (DIGAMIX, H. @éthoff
parameters like salinity, pH or [@], may influence Mgin-  MeRtechnik GmbH) were used to adjust €O, of the cul-
corporation as well. Abrupt changes in the elemental compo4iure water. To prevent evaporation, the water was bubbled
sitions of benthic foraminiferal shells with water depth have with air pre-saturated with water. Th€O, of the water was
been related to changes in the local carbonate ion concentradjusted to 230 ppmv (pH=8.4) and 1900 ppmv (pH=7.5), re-
tion (McCorkle et al., 1995; Elderfield et al., 1996; Marchitto spectively. The duration of the experiment was one and a
et al., 2000). However, contradictory responses to variationdalf months. Salinity and pH (NBS) levels were verified ev-
in pH or [CO§], on Mg incorporation into foraminiferal cal- ery second day (WTW conductivity meter 330i with Tetra-
cite, have been observed in recent field and culture stud€on 325 electrode; WTW pH 3000 with Schott BlueLine
ies (Lea et al., 1999; Russell et al., 2004; Elderfield et al.,Electrodes calibrated with NIST buffers) (Table 1). To mini-
2006; Rosenthal et al., 2006; Rathmann and Kuhnert, 2008)nize bacterial growth and changes in salinity (due to evapo-
The application of calcitic Sr/Ca ratios in paleoceanographyration), growth media were replaced every two weeks. Sam-
is less straightforward, although it appears to be marginallyples were taken at the start and end of each replacement for
influenced by temperature (Rathburn and DeDeckker, 1997¢lissolved inorganic carbon (DIC), total alkalinity (TA), and
Mortyn et al., 2005). Recent studies have shown that vari-elemental composition (ICP-OES) measurements. Dissolved
ations in [C@‘] and consequently in the calcite saturation inorganic carbon samples were sterile-filtered (0.2 um) and
state ) may determine Sr incorporation (Lea et al., 1999; stored in 13 mL-borosilicate flasks free of air-bubbles aC4
Russell et al., 2004; Mortyn et al., 2005; Rosenthal et al.,until they were measured photometrically with an autoana-
2006; Rathmann and Kuhnert, 2008). lyzer (Technicon TRAACS 800, Brané&ilbbe, Norderstedt,

In order to quantify the effect of ocean acidification on Germany) with an average precision of 10 umatkdased
foraminiferal calcification and to improve the robustness ofon triplicate analyses. Alkalinity samples were stored in
proxy based reconstructions, we cultured foraminifera un-300 mL borosilicate flasks at°€ and measured in tripli-
der controlled physico-chemical conditions. We combinedcate by potentiometric titration with an average precision of
shell weight and size measurements with Mg/Ca and Sr/C8UEqkg* (Brewer et al. 1986). Total alkalinity was cal-
analyses of specimens of the symbiont barren, shallow wate¢ulated from linear Gran Plots (Gran, 1952). The carbon-

speciesAmmonia tepidagrown under differenbCO, condi- ate chemistry was kept constant during the experiments (Ta-
tions (230 and 1900 ppmv) two temperatures (10 antiC)5  ble 1). Foraminifera were fed with a mixture of dried algae
and two salinities (24 and 33). (Phaeodactylum triconortum, Dunaliella salimadIsochri-

sis galbana at the beginning of the experiment and every
second week when growth media were changed. To each

2 Material and methods growth medium, 5mg/L of the fluorescent compound cal-
cein was added. This fluorescent-labelling technique was
2.1 Collecting and culturing foraminifera used as a means to distinguish newly grown calcite (fluo-

rescent) from pre-existing calcite (non fluorescent) after ter-
The symbiont-barren speciédsnmonia tepidds character- mination of the experiments (Bernhard et al., 2004; Dissard
ized by the broad range of temperatures (5 t6@pPPas- et al., 2009a) (Fig. 1). Only chambers labelled with calcein
cal et al., 2008 ), salinities (12 to 40; Brasier, 1981; Mur- were measured by LA-ICP-MS. The Mg and Sr distribution
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Table 1. Carbonate chemistry of the culture media. Experiments ran for one and a half months. Alkalinity and DIC were analysed every
two weeks, salinity and pH every second day. Numbers represent average values of Alkalinity, DIC, salinity and pH measured for each
experimental condition, [HCOS ], [CO%‘], pH cal., andpCOscal. were calculated with the GCBys program (Lewis and Wallace, 1998)

from measured alkalinity, DIC, temperature and salinity.

Experimental T ALK DIC Average pH meas. pHcal. [HCOg] [CO?] pCOocal
Conditions (uegkg) (umol kg1 Salinity (NBS) (NBS) (umolkg™1) (umolkg™1) (PPMV)
Sal 24, 10°C, 230 ppmv 1868 {-26) 1703 14) 24.7 @0.4) 8.31 #0.07) 8.33 3.0 1573 119 232

Sal 24,10°C, 1900 ppmv 1916 (67) 1981 (61) 24.8 @0.5) 7.49 0.04) 7.46 0.5 1868 19 2017
Sal 24, 15C, 230 ppmv 1891 ¢33) 1696 27) 24.7 @0.4) 8.39 0.06) 8.33 3.6 1546 141 239

Sal 24, 15C, 1900 ppmv 1931 @47) 1971 @83) 24.6 @0.4) 7.53 0.05) 7.50 0.6 1869 25 1940
Sal 33, 10°C, 230 ppmv 2558 (15) 2232 @59) 33.2 ¢0.5) 8.36 +0.09) 8.41 5.7 1987 236 223

Sal 33, 10°C, 1900 ppmv 2507 (44) 2526 €36) 32.8 ¢0.5) 7.52 0.03) 7.59 1.0 2404 42 1803
Sal 33, 15C, 230 ppmv 2537 (54) 2175 @81) 32.7 ©0.5) 8.39 0.11) 8.41 34 1904 263 229

Sal 33,15C, 1900 ppmv 2506 (17) 2504 @41) 33.1 ¢0.6) 7.61 0.03) 7.59 1.2 2383 51 1868

coefficients D(E)=(E/Ca)ca/(E/Ca)sw, representing the dis-
tribution of the element (E), between calcite (ca) and the
agueous phase (sw) from which the minerals form, were cal-
culated for all experimental conditions. The culture experi-
ments were conducted in two parallel series at 10 arftC15
(maximum temperature deviation during the experiment was
0.5°C).

2.2 Measurements with Laser Ablation-ICP-MS
2.2.1 Cleaning procedures

Since the foraminifera were cultured without sediment, a rig-
orous cleaning procedure as required for specimens collected
from sediment cores, was not necessary. Instead, a modified
cleaning procedure was adopted, in which organic matter is o _
removed by soaking for 30 min in a 3-7% NaOCI solution Fig. 1. Newly formed champers are V|s_|ble under fluorescent light
before analysis (Gaffey and &mniman, 1993). A stereomi- as aresult of the incorporation of calcein.

croscope was used during cleaning and specimens were re-

moved from the reagent directly after complete bleaching. . o

The samples were immediately and thoroughly rinsed Withponstant a}t 40wt % in .aII foramlnlferal shells, and .because
deionised water to ensure complete removal of the reagenf! allows direct comparisons with element to Ca ratios from

After cleaning, specimens were checked with scanning elecet-chemical itUd'es' %gncentra_tlons of Mg and Srwere cal-
tron microscopy and showed no visible signs of dissolution. cUlated using“Mg and®*Sr. An in-house matrix matched
carbonate standard was used to verify potentially different

2292 Laser Ablation-ICP-MS ablation behaviour for glass and carbonate. Simultaneous
monitoring of Al and Mn allowed us to discard profiles con-

Newly formed chambers were ablated using an Excimer lasef@minated, or part of the profiles, from further calculations of
(Lambda Physik) with GeoLas 200Q optics inside an abla-€lemental concentrations.

tion chamber flushed with helium (Reichart et al. 2003).

Pulse repetition rate was set at 6 Hz, with an energy den2.3 Size/weight measurements

sity at the sample surface of 4 J/&mAblation craters were

80 um in diameter (Fig. 2) and ablated material was analyzedizes of the foraminiferal shells were measured (maximum
with respect to time (and hence depth) using a quadrupol@iameter) with a stereomicroscope (ZEISS Stemi SV 11).
ICP-MS instrument (Micromass Platform ICP-MS). Analy- They were subsequently washed with deionised water, dried
ses were calibrated against NIST SRM 610 glass, using conin an oven at 50C for 3 h, and transferred to a desiccator.
centration data of Pearce et al. (1997) with Ca as an interThe following day, foraminifera were weighed using a Mi-
nal standard. Calcium is ideal, because the concentration isro Analytical Lab Balance (Mettler Toledo UMX2) with a
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for each experimental condition (Figs. 3 and 4). Shells were -
weighed after laser ablation. Although some material is re- 5 15/ $33
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moved during ablation, the amount can be neglected since
only a small part of the last chamber (from an average of
about 20 chambers per individuals) was removed. Moreover,
since a similar amount of material was removed from each
shell, inter experimental differences are not affected. Dif-

ferent experimental conditions (carbonate ion concentration

N
o

shell weight (ug)
o

-
o

and temperature) may influence the number of new cham- ° P e
bers grown during the experiment. To avoid systematic off- 0

sets caused by the contrasting experimental conditions only o = 400 400  S60
specimens (size range 350-500 um) that added two or three maximal shell diameter (um)

new chambers during the experiment were used for weigh

}:ig. 3. Weight (ug) versus size (um) of foraminifera grown under
230 ppmv (closed circles) and 1900 ppmv (open circles), &C10
salinity 24 (a), at 15°C, salinity 24(b), and at 15C, salinity 33
(c). Data for 10°C and salinity 33 not available. Full lines repre-

. sent linear regression for each experimental condition. Dashed lines
The semi-enclosed culture system allowed us to bubblg,gicate the corresponding 95% confidence interval for the regres-
the growth medium with air with different presgiCOs. sion.

Differences in pCO, result in differences in [Celaq)],

pH and DIC (DIC=[CG]+[HCO; ]+[CO2(aq)]), while TA

(TA%[HCO§]+2[CO§*]+[B(OH);]+[OH*]+[H *]) remains  creases the calcite saturation st@t€Q2=lon Activity Prod-
constant. Laboratory experiments can be a powerful tool tauct (IAP)/Ksp, where Ksp represents the solubility product
elucidate natural processes. To reveal the underlying mechef calcite) below saturation (less than 1). On the other hand,
anisms, however, it is often necessary to alter the physicobubbling with a low concentration of G230 ppmv) allows
chemical conditions beyond the range typically observedus to mimic the impact of extremely low atmosphepiCO,

in nature. Therefore, two extreme values for £Q900  on the carbonate chemistry of the seawater, with a significant
and 230 ppmv) were selected. Dissolved inorganic carbondecrease in DIC and an increase in pH (Table 1). This results
pH and TA of the growth media bubbled with ZCO, of in a significant increase of the calcite saturation sfaté\s
1900 ppmv are given in Table 1. ACO, of 1900 drives the = COy is more soluble in cold water, pH arfd are lower at
system to lower [C@‘] (Bjerrum, 1914) and, therefore, de- 10°C compared to 15C. A decrease in salinity from 33 to

analyses.

2.4 Carbonate system

Biogeosciences, 7, 81-93, 2010 www.biogeosciences.net/7/81/2010/
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30 rr————" ber of new chambers per specimen was higher than at salinity

a 33. The results of the LA-ICP-MS measurements are shown

in Table 2. The limited size<100 um) of chambers did

20 1 ) not allow multiple analyses of single chambers. To avoid
i an impact of ontogeny only measurements from specimens

between 350 pm to 500 um were taken into account. None of

the newly added chambers showed abnormalities.

25
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shell weight (ug)

. 5 150 3.2 Weight measurements

300 350 400 450 500
maximal shell diameter (um)

Specimens grown at aCO, of 1900 ppmv, when cultured
under the same temperature and salinity conditions, are gen-
erally lighter than those grown at aCO, of 230 ppmv
(Fig. 3). Specimens grown at &, when grown under the

1900 ppm / S 24 samepCO;, and salinity conditions, are lighter compared to
the specimens grown at 2Q (Fig. 4a and b). Only the newly
grown chambers are responsible for the observed differences,
since the initial parts of the shells were grown under natural
conditions. The observed differences between the different
experiments will, therefore, underestimate the impact of the
different variables.

— N N w
w o (6] o

shell weight (ug)

-
o

5]
N\

re = 10C

o 15°C .
. , : , ; 3.3 Elemental concentration
300 350 400 450 500

maximal shall dameter (Hr) The Mg/Ca of A. tepida is low (between 0.4 and
_ _ _ o ~ 0.8 mmol/mol; Table 4) compared to other species (Bentov

Fig. 4. Weight (lg) versus size (um) of foraminifera grown at salin- and Erez, 2006). Overall values of Sr/Ca ratios vary between

ity 24, under 230 ppmy{a) and 1900 ppmyb). Closed squares rep- 1 25 and 1.50 mmol/mol (Table 4). The Mg and Sr distribu-

resent foraminifera grown at € and open squares foraminifera i, coefficients are calculated for each experiment and plot-

grown at 15°C. Full lines represent linear regression for each ex- . - N

) - Sent fine : ,fed against [C&] (Figs. 5 and 6). At salinity 33, D(Mg)

perimental condition. Dashed lines indicate the corresponding 95% v with The i in D(M

confidence interval for the regression. m_Cre_ases St_rong y wit tempe_zrature. € mcre_ase in D( _g)
with increasing temperature is much less obvious at salin-
ity 24. At 15°C D(Mg) increases with increasing salinity,

24 decreases both [€4] and [Coi_]- As a result, TA de- yvhich is not obser.ved at €. Due to loss of s_pecimens dur-
creases by approximately 25% afdy 50%. The carbonate N9 samp!e handlmg,'elemental concentrations of theCLO
system was calculated from TA, DIC, temperature, and salin2nd 5?‘“_””)/ 33 experiment are baseq on a small number of
ity using the CQ Sys program (Lewis and Wallace 1998) fo_ramlnlfera (Table_ 2), increasing thel_rerror. A larger uncer-
(equilibrium constants of Mehrbach et al. (1973), as refittedt@inty could result in an underestimation of the D(Mg) of the
by Dickson and Millero (1987), were chosen). Omega valueseXPeriment at salinity 33, TG, explaining the lack in cor-
are presented in Table 1. In order to cross-check analyses, pFlation. No appreciable change in D(Mg) with [€Q was
values calculated with the GCBys program (pH calculated), pbgerved in our experlmgnts (Fig. 5a). Due to technical lim-
based on DIC and TA measurements, and measured pH valtations no control experimentp€O,=380 ppmv) could be

ues during the experiment (pH measured) are compared ifUn during this series experiment. However, an additional set
Table 1. of data obtained on specimens grown in different culture ex-

periments (investigating the impact of salinity on Mg incor-
poration) is presented for comparison Figs. 5b and 6. These

o

3 Results experiments were performed following the same protocol as
described in Sect. 2.1, but under different salinity (20, 33 and
3.1 Calcite added and survival rate 40) andpCO, conditions (380 ppmv) (for detailed informa-

tion see Dissard et al., 2009b). Under similar salinity and
In all experiments at least 50% of the specimens added newemperature conditions, a slight increase in DMg is observed
chambers (Fig. 1), regardless of variatiorpi@0, (Table 2).  for specimen grown under ambiep€0O, (380 ppmv), rela-
Even at undersaturated conditiorf2 € 1) most specimens tive to specimen grown under either low (230 ppmv) or ele-
survived and calcified, no dissolution was observed. At salin-vated (1900 ppmvpCO,. However these variations remain
ity 24, which is closer to their natural environment, the num-too small to be statistically significant (Fig. 5b). For Sr, a

www.biogeosciences.net/7/81/2010/ Biogeosciences, 7, 81-93, 2010
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Fig. 5. Mg distribution coefficient (D(Mg)) versus [C$] (umol kg~1) at 10°C, salinity 24 (grey); 15C, salinity 24 (red); 10C, salinity
33 (green); and 1%C, salinity 33 (blue)a); and at 10 C, salinity 33 (green); 15C, salinity 33 (blue); 10C, salinity 33, 380 ppmv (pale
green); 15 C, salinity 33, 380 ppmv (pale blue); 2C, salinity 20, 380 ppmv; 15C salinity 20, 380 ppmyv; 10C, salinity 40, 380 ppmv, and

15°C salinity 40, 380 ppmv (whitelb). Data for ambient atmospheric conditions (380 ppmv, labelled D9) are from Dissard et al. (2009b).
The first to third quartile (box), range (dotted line) and median (thick line) are shown for each experiment.

Table 2. Number of individuals at the start of the experiments, number of specimens that added new chambers, total number of added
chambers, number of LA-ICP-MS measurements used for elemental concentration calculations.

Experimental Number of specimens Number of specimens Number of new Number of LA-ICP-MS
Conditions at the beginning of the presenting new chambers added measurements used for
experiment chambers at the end of elemental
the experiment concentrations

Sal 24, 10 °C, 230 ppmv 50 31 64 10
Sal 24, 10 °C, 1900 ppmv 50 41 86 19
Sal 24, 15 °C, 230 ppmv 50 29 82 15
Sal 24, 15 °C, 1900 ppmv 50 33 83 17
Sal 33, 10 °C, 230 ppmv 50 30 67 5
Sal 33, 10 °C, 1900 ppmv 50 30 63 3
Sal 33, 15 °C, 230 ppmv 50 29 47 11
Sal 33, 15 °C, 1900 ppmv 50 31 65 12

progressive DSr increase is observed with increasingﬁ[qo
(Fig. 6).

4 Discussion

4.1 Temperature and [CG5~] impact on shell weight

Shell weights were higher in the lopCOg, high calcite sat-

concentration agrees well with previous publications focus-
ing on other calcifying organisms. Indeed, although some
coccolithophores show species specific (Langer et al., 2006),
and even strain specific (Langer et al., 2009) responses, most
studies indicate a decrease in calcification at higher,]CO
(e.g. Gattuso et al., 1998; Kleypas, 1999; Bijma et al., 1999;
Gattuso and Buddemeier, 2000; Riebesell et al., 2000; Zon-
dervan et al.,, 2001). Culture studies on two planktonic
foraminifera, Orbulina Universaand Globigerinoides sac-

uration state, experiments (Fig. 3), although this differenceculifer, (Russell et al., 2004; Bijma et al., 1999, 2002) re-
was not as strong in the higher salinity (33 versus 24) cul-port that [C@—] primarily controls shell thickness and, by

tures (Fig. 3). Unfortunately, due to technical limitations extension, shell weight. Recently, Moy et al. (2009) report
no control experimentspCO,=380 ppmv) could be run for  that modern planktonic foraminifera shell weigh@ gbige-

this series of experiments. No shell weight measurementsina bulloideg collected from sediment traps in the Southern
are available for the specimen grown under ambjgdO,  Ocean, are 30-35% lower than those preserved in the un-
condition as this additional data set was obtained from a dif-derlying Holocene sediments, consistent with reduced cal-
ferent set of culture experiments (see Sect. 3.3). The overaltification as a consequence of ocean acidification. These
positive correlation between shell weight and carbonate ion

Biogeosciences, 7, 81-93, 2010 www.biogeosciences.net/7/81/2010/
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perature and [C@ ] both influence significanthyAmmonia
tepida shell weight. Nevertheless, the small temperature
range applied in our experiments (10 to°T do not al-

low us to determine if temperature or [<§q primarily con-

trol the shell weight oAmmonia tepidaMany possible pa-
rameters may lead to the different responsAmimonia tep-

ida shell weight to changes in temperature, when compared
to planktonic foraminifera, like lower optimal growth tem-
peratures, or variations in symbiotic activity for planktonic
symbiont-bearing species (e@. sacculifer Bé et al., 1982).

016
—
g
D
&

0.14

P4 4.2 [CO3 ]impact on Mg/Ca

4 o Incorporation of Mg inA. tepida shells is independent
of changes in the carbonate ion concentration of the cul-
ture medium (Fig. 5a). Even though a slight increase in
DMg is observed for specimen grown under ambig@O;
(380 ppmv) relative to specimen grown under similar salinity
and temperature conditions and either low (230 ppmv) or el-
evated (1900 ppmwy)COy, these variations remain too small
to be statistically significant (Fig. 5b). Interestingly, speci-

380 ppmv (pale blue); 18C, salinity 20, 380 ppmv; 15C salin-  MeN grown in experiments in which [@O] was increased

ity 20, 380 ppmv; 10C, salinity 40, 380 ppmv, and P& salin- by increasing the salinity (40) of the culture medium, present

ity 40, 380 ppmv (white). Data for ambient atmospheric conditions a significant rise in DMg when compared to the specimen

(380 ppmv, labelled D9) are from Dissard et al. (2009b). The firstgrown in experiments in which the [C%O] was increased by

to third quartile (box), range (dotted line) and median (thick line) bubbling of the culture medium with low concentrations of

are shown for each experiment. pCO, (230 ppmv) (Fig. 5b). These observations indicate that
salinity of the culture medium impact significantly the Mg in-
corporation, while the [C§T] seem to play a minor role on

oihe elemental composition of the calcitic shellsfoftepida

To our knowledge, only two culture studies previously inves-

012
1
F

T T T ‘! T T T T T T T T T T
19 25 42 43 47 51 119 129 139 141 221 236 244 263
[COs?]

Fig. 6. Sr distribution coefficient (D(Sr)) versus [§O]
(umolkg™1) at 10°C, salinity 24 (grey); 18C, salinity 24 (red);
10°C, salinity 33 (green); and 1%, salinity 33 (blue); at
10°C, salinity 33, 380ppmv (pale green); 46, salinity 33,

observations are in good agreement with the study of de Mo

et al. (2009) who also report a good correlation between de

crease in planktonic foraminifera shell weigiGl¢bigeri-  tigated the effect of [C&7] (or pH) on Mg incorporation into
noides ruberfrom the werstern Arabian sea) and anthro- foraminiferal shell carbonate. Lea et al. (1999) measured the

pogenically induced ocean acidification, suggesting strong!!9 concentration of the symbiont bearing spedsuni-
control by [C@*]. On the other hand, it has been sug- versaand symbiont barren speci€s bulloidesgrown under

gested that shell thickness is closely related to temperaturdifférent pH conditions. They observ;ad for both species a
(Barker and Elderfield, 2002). However, the latter is alsodecrease in Mg/Ca ratios of about 6% per 0.1pH unit in-
related to changes in carbonate chemistry as 6@ubil- crease. Russell et al. (2004) report for the same species a

ity in seawater depends on the temperature (see Sect. 2.4.?i.milar Mg/Ca decrease of about 7% .(universa and 16%
Subsequent dissociation of g into HCO; and CC%‘,

G. bulloide§ respectively per 0.1 unit increase below am-
induce a temperature dependence of the open ocean watBfent PH (8.2). No significant changes in Mg incorporation
[CO%‘]. Planktonic foraminifera shell weight have been

were observed in the same study above ambient pH. Both
shown to increase with increasing temperature (Barker an

Jea et al. (1999) and Russell et al. (2004) modified seawa-
Elderfield, 2002), therefore, the co-variation of these two pa-€" Py adding NaOH and HCI (constant DIC, varying TA),

rameters made it difficult to deconvolve their respective im-WNereas in our experiments carbonate chemistry was mod-
pact on shell weight. In sediment cores from the North At- 1€d through bubbling with air with different prespCO;
lantic, Barker and Elderfield (2002) observed a decrease ifvarying DIC, constant TA). This fundamental difference in
G. bulloidesshell weight from the last termination towards 2diustingpgCQ, could potentially affect trace element incor-
the Holocene. Considering that [@Q decreases while poraU_on dlffe_rently._When_stud_ylng t_r_le impact of carbonate
temperature increases during the deglaciation, this suggesf{1emistry on isotopic fractionation, Bijma etal. (1999) tested
that [C@*] is the primary control of foraminiferal shells this by culturlng planktonic foraminifera under (1) constant
weight. In our experiment, even though shells weight in- 1A+ @nd varying DIC, and (2) constant DIC, and varying TA.
creases with increasing [@O] (Fig. 3), they are also ob- Flogr both eléperlmental approach@@'bulma umvgrsagh(_—:‘ll
served to decrease with increasing temperature (and therd- © a@ndé=C decreased as [GO] increased with similar

fore increasing [C& ]) (Fig. 4a and b), suggesting that tem- SIOPES.
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Table 3. Measured [Mg1], [Sr2t], [Ca?t] (mg/kg), Mg/Ca and Sr/Ca (mmol/mol) of the growth media. The experiment ran for one and
a half months. Growth media were changed every two weeks. The numbers indicated represent average valés} §ifid, [Cat],
Mg/Ca and Sr/Ca for each experimental condition.

Experimental Average Average Average Average Average
conditions Mg *] [Sr*] [Ca® Mg/Ca Sr/Ca

in mg/kg in mg/kg in mg/kg in mmol/mol in mmol/mol
Sal 24, 10 °C, 230 ppmv 775 (£21) 4.5 (£0.1) 242 (£5) 5297 (£51) 8.54 (+0.03)
Sal 24, 10 °C, 1900 ppmv 782 (£28) 4.6 (£0.2) 245 (+8) 5270 (£53) 8.52 (+0.04)
Sal 24, 15 °C, 230 ppmv 777 (£22) 4.5 (+0.1) 242 (+6) 5286 (+37) 8.55 (+0.04)
Sal 24, 15 °C, 1900 ppmv 782 (£28) 4.5 (+0.1) 244 (£7) 5279 (£30) 8.50 (+0.03)
Sal 33, 10 °C, 230 ppmv 1083 (+37) 6.0 (£0.2) 331 (£8) 5392 (+81) 8.40 (+0.08)
Sal 33, 10 °C, 1900 ppmv 1024 (£27) 6.0 (£0.1) 329 (+6) 5390 (+68) 8.37 (+0.06)
Sal 33, 15 °C, 230 ppmv 1085 (+39) 6.1 (£0.2) 332 (£9) 5391 (+69) 8.38 (+0.06)
Sal 33, 15 °C, 1900 ppmv 1073 (£25) 6.1 (£0.2) 331 (+8) 5344 (£74) 8.38 (+£0.06)

Table 4. Measured Mg/Ca and Sr/Ca ratios in foraminiferal calcite in mmol/mol and calculated distribution coeffigigytand D(sy, for
each experimental condition. Uncertainties (standard deviation (one sigma) calculated per experimental condition) are presented in brackets

Experimental Average Average D(Mg)= D(Sr)=
Conditions Mg/Ca Sr/Ca ((Mg/Ca)ca/(Mg/Ca)sw)  ((Sr/Ca)ca/(Sr/Ca)sw)
in mmol/mol in mmol/mol x107
Sal 24, 10 °C, 230ppmv 0.47 (x0.12) 1.33 (£0.10) 8.8(£2.3) 0.156 (+0.011)
Sal 24, 10 °C, 1900ppv 0.44 (£0.19) 1.25 (£0.17) 8.4(£3.6) 0.147 (+0.020)
Sal 24, 15 °C, 230ppmv 0.52 (£0.13) 1.50 (£0.09) 9.8(+£2.5) 0.176 (£0.011)
Sal 24, 15 °C, 1900ppv 0.51 (£0.13) 1.34 (£0.13) 9.6(£2.5) 0.157 (+0.016)
Sal 33, 10 °C, 230ppmv 0.52 (x0.15) 1.47 (£0.16) 9.6(=2.7) 0.175 (+0.019)
Sal 33, 10 °C,1900ppmv 0.47 (£0.09) 1.35 (£0.20) 87(+1.7) 0.161 (+0.024)
Sal 33, 15 °C, 230ppmv 0.79 (£0.25) 1.48 (£0.13) 15.6(+4.7) 0.176 (+0.016)
Sal 33, 15 °C,1900ppmv 0.77 (£0.28) 1.38 (£0.14) 14.5(£5.3) 0.165 (+0.017)

To our knowledge no others culture studies have beenA[CO%f]. Still, in our experimental setum[CO%f] is ma-
carried out to investigate Mg incorporation as a function nipulated by bubbling with presgtCO; air. In the abyssal
of [CO%‘] in benthic foraminifera. In the natural environ- ocean, [C@_]saturationincreases mainly with water depth as
ment Martin et al. (2002), Lear et al. (2004), and Elder- a result of increasing pressure. In that case a potential ef-
field et al. (2006) observed lowered Mg/Ca ratios in the fect of pressure on the distribution coefficient D(Mg), instead
foraminiferal calcite ofCibicidoides species, at tempera- of carbonate ion concentration, can not be excluded. Also
ture below~3°C, coinciding with a steep increase in the Rathburn and DeDecker (1997) did not observe any depar-
oceanic [C(é‘] gradient. Also, Rosenthal et al. (2006) re- ture from the established Mg/Ca versfiSC calibration be-
port a decrease of Mg/Ca ratio in the shells of the aragodow 3°C for Cibicidoidessp., whereas Rathmann and Kuhn-
nitic specieHoeglundina eleganbelow the aragonite satu- ert (2008), observe only little resemblance between temper-
ration level (15 umol/kg). Therefore, Elderfield et al. (2006) ature corrected Mg/Ca ratio©(idorsalis umbonatusand
suggested that below a certais{CO3 ] threshold value, [CO3].
D(Mg) is lowered by a linear carbonate ion effect. In order In a recent study Raitzsch et al. (2008) report that varia-
to compare our values with these studies we calculated theons in DIC affect temperature corrected Mg/Ca values of
calcite saturation IeveA[Cog‘], using the equation from C. wuellerstorfi In our experiments, Mg distribution co-
Broecker and Peng (1982), whe‘ﬂ{CO%‘]:[CO%‘]insnu - efficients inA. tepidacalcite do not respond to changes in
[Cog_]saturation Calcite [ch_]saturatiorFKSp/[Cé?ﬂ (Ksp DIC. Th_e_variati(_)ns in D(Mg) obs_erved between experimen-
was calculated following Millero (1995), and [E5 is based 1@l conditions (Fig. 5a), are explained by changes in temper-
on measured concentrations in our growth media) (Table 3)2ture and salinity alone.
The range oﬂ[CO%f] calculated for our experiments varies .
from —26 pmol/kg to 213 pmol/kg. These values include the 4-3 [CO3 "] impact on Sr/Ca
A[CO%‘] range below which D(Mg) should be reduced by
a linear carbonate ion effect. However, we do not observelhe incorporation of Sr increases with increasing fiCP
any significant variation in Mg incorporation as a function of (increasing pH) (Fig. 6). To test for significance, statistic

tests performed with the statistic program R (R Development

Biogeosciences, 7, 81-93, 2010 www.biogeosciences.net/7/81/2010/
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Table 5. Statistical test (Shapiro-test, F-test, and t-test) applied to DSr values, using statistic program R (R Development Core Team (2005);
http://www.r-project.org).

Normality test

Experimental conditions p-value Shapiro-test [CO3Z']
(wmol kg™")

Sal 24, 10°C, 230ppmv 0.12 19

Sal 24, 10°C, 1900ppmv 0.14 119

Sal 24, 15°C, 230ppmv 0.73 25

Sal 24, 15°C, 1900ppmv 0.005 significant deviation from normality 141

Sal 33, 10°C, 230ppmv 0.32 42

Sal 33, 10°C, 1900ppmv 0.30 236

Sal 33, 15°C, 230ppmv 0.42 51

Sal 33, 15°C, 1900ppmv 0.10 263

Variance test (F-test)

Experimental conditions p-pvalue variances between

the 2 pCO, traitments

Sal 24, 10°C 0.076 non sign.
Sal 24, 15°C 0.178 non sign.
Sal 33, 10°C 0.636 non sign.
Sal 33, 15°C 0.898 non sign.

t-test of means one sided, to test whether lower [CO5”] show a lower mean Dysr)

Experimental conditions p-pvalue t-statistic
the 2 pCO, traitments

Sal 24, 10°C 0.0590 -1.62 almost sign. Alpha=6 %
Sal 24, 15°C 0.0003 -3.85 significant

Sal 33, 10°C 0.2187 -0.87 excluded

Sal 33, 15°C 0.0622 -1.60 almost sign. Alpha=7%

Core Team (2005); http://www.r-project.org) were applied ditions. None of them appeared to be significantly differ-
to the data (Table 5). First, normalities were checked byent. Finally, a F-test (one sided) was made in order to test
the means of a Shapiro test. Only one experimental conwhether lower [C(é‘] resulted in lower mean DSr at con-
dition (§=24, 15°C, 230 ppmv) appears to deviate signifi- stant temperature and salinity conditions. “ When consid-
cantly from normality. Subsequently, a F-test was appliedering alpha=7% (alpha representing the probability level at
to look at the variance to the mean value of the experimentsvhich to reject the null hypothesis), mean DSr values mea-
run at same salinity and temperature, but vary@, con- sured at enhanced [C%O], are significantly higher compared

www.biogeosciences.net/7/81/2010/ Biogeosciences, 7, 81-93, 2010
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to mean DSr measured at lower [@Q, for three of the four 30

experimental conditions (24%o, 2C; 24%o, 15°C; 33%, | i

15°C). For these three conditions, the incorporation of Sr | e e

can be considered to increase significantly with increased SifCa = -0.364 +0.2017pH (0. universa)

Sr/Ca (mmolimol)

[CO%‘]. At salinity 24, Sr/Ca ratios increased from 1.25 1

to 1.33, and from 1.34 to 1.50, for an increase of 0.8 unit 1

15 — '

tios increased from 1.35 to 1.47 and from 1.38 to 1.48, for | r/,/f—f’f:?

the same pH increase of 0.8 unit, at°@and 15C, re- _ =

spectively. These results are in good agreement with pre-

vious observations made by Lea et al. (1999) £05% in-

increase per 0.1 pHunit) fdD. universa(Fig. 7). However, 10 -

these two studies also show insensitivity of Sr/Ca to pH in

another planktonic foraminiferal specigs, bulloides. To

explain this species-specific response, Russell et al. (2004) o T T o T

activity of the symbionts and hence calcification rateOin PH (NBS)

universa Strontium in turn is affected by the calcification o _ ) o )

rate in inorganic calcite precipitation (Nehrke et al., 2007). Fi9- 7. Sr/Ca ratios inAmmonia tepidgsolid lines -this study-,

SinceG. bulloideshas no symbionts, no impact of pH was average of the Sr/Ca ratios calculated per experimental condition,
o . lines, Lea et al., 1999 and Russell et al., 2004) anGliobigeri-

barren speC|es,. therefore. changes |.n pH (oriC]@do_not noides bulloidegdoted lines, Lea et al., 1999), versus pH (NBS).

(only) affect Sr incorporation via an impact on symbiont ac-

tivity.

A control of [CO%‘] on the Sr/Ca in the shell of benthic equal temperature and salinity, increasing g:pinduced
However, the positive correlation of [GO] with other envi- likely that higher [CG ] induces an increase of the Sr in-
ronmental parameters such as temperature (see Sect. 4.1.) @rporation via increasing calcification rate.
salinity (Zeebe and Wolf Gladrow, 2001) observed in the nat-
ural environment makes the interpretation of the Sr incorpo-
difficult. Rosenthal et al. (2006) support the observation that
higher [C@*] increased the Sr incorporation in the arago- Ammonia tepida shell weight increases with increas-
nitic benthic foraminifetHoeglundina elegans waters un-  ing [CO%‘], and decreases with increasing temperature.
dersaturated with respect to aragonite. On the other handgpanges in [C@‘] or DIC do not affect significantly the Mg

pH, at 10 and 18C, respectively. At salinity 33, Sr/Ca ra-

crease per 0.1 pHunit) and Russell et al. (2004)£0.8% 1

proposed that changes in ambient pH impact photosynthetic 72 7.6 8 84
observed.Ammonia tepidalike G. bulloides is a symbiont same color code used as in Fig. 6),0mbulina universa(dashed
foraminifera was first suggested by Elderfield et al. (1996).increasing shells weight (see Sect. 4.1). Hence, it seems
ration into foraminifera as a function of changes in @(D, 5 Conclusions

Rathman and Kuhnert (2007), observed an increase of the Sfistribution coefficient ofA. tepida but D(Sr) increases with

incorporation of the endobenthic spec@sumbonatusvith - increasing [C@] (increasing pH). Furthermore it is shown
decreasing [C&] of the pore-water. thatA. tepidais able to calcify at undersaturated conditions
In our experiments, the Sr concentration/ftepidain- (2~ 0.5), without showing signs of dissolution.

creases with increasing temperature and salinity (Table 4
Fig. 6). As explained in Sect. 2.4., GAs more solu-

ble in cold water. Hence an increase in temperature leads
to a decrease in [Cffaq)], and a subsequent increase in
[CO§*]. On the other hand, an increase in salinity by evap-

oration increases both [€5] and [CCg_]. In contrast to  Anand, P., Elderfield, H., and Conte, M. H.: Calibration of Mg/Ca
Mg, D(Sr) increases with increasing [(gq independently thermometry in planktonic foraminifera from a sediment trap

whether the [C& ] increase of the culture medium is due to _ M® seriespaleoceanographyl8(15), 28.1-28.15, 2003,
. R . . Barker, S. and Elderfield, H.: Foraminiferal calcification response
increased salinity or to bubbling with lowCO, concentra-

. . L to glacial-interglacial changes in atmospheric£Science, 297,
tions (230 ppmv), (Fig. 6). Therewith it appears that 3:@ 83%_836 Zoog_ g P L

is the main parameter controlling Srincorporation. InorganiCgarker, s., Kiefer, T., and Elderfield, H.: Temporal changes
precipitation experiments suggest that higher Sr/Ca is associ- in North Atlantic circulation constrained by planktonic
ated with higher calcification rates (Lorens, 1981; Tesoriero foraminiferal shell weights, Paleoceanography, 19, PA3008,
and Pankow, 1996). In our experiments we observed that, at doi:10.1029/2004PA001004, 2004.

Edited by: T. Trull
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