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Abstract. Ocean acidification (decreases in carbonate ionelevatedpCO,, which induces C@ fertilization effects by
concentration and pH) in response to rising atmosphericalgal symbionts, versus associated changes in seawater car-
pCO; is generally expected to reduce rates of calcificationbonate chemistry, which decreases a carbonate concentra-
by reef calcifying organisms, with potentially severe impli- tion. Our findings suggest that ongoing ocean acidification
cations for coral reef ecosystems. Large, algal symbiontmight favor symbiont-bearing reef foraminifers with hya-
bearing benthic foraminifers, which are important primary line shells at intermediateCO; levels (580 to 770 patm) but
and carbonate producers in coral reefs, produce high-Mg calbe unfavorable to those with either hyaline or porcelaneous
cite shells, whose solubility can exceed that of aragonite proshells at highepCO, levels (near 1000 patm).

duced by corals, making them the “first responder” in coral
reefs to the decreasing carbonate saturation state of seawa-

ter. Here we report results of culture experiments performed;  |ntroduction

to assess the effects of ongoing ocean acidification on the

calcification of symbiont-bearing reef foraminifers using a The oceans have taken up about one-third of the anthro-
high-precisionpCO, control system. Living clone individ-  pogenic carbon dioxide released into the atmosphere over the
uals of three foraminiferal specieBgculogypsina sphaeru- past 200 years (Sabine et al., 2004). According to the Inter-
lata, Calcarina gaudichaudjiand Amphisorus hemprich)i  governmental Panel on Climate Change (IPCC) Special Re-
were subjected to seawater at fig€0; levels from 260 to  port on Emission Scenarios (SRES), atmospherie @4ll

970 patm. Cultured individuals were maintained for about 12rise further, up to a partial pressure of 500-1000 patm by the
weeks in an indoor flow-through system under constant waend of the century (Meehl et al., 2007). This absorption of
ter temperature, light intensity, and photoperiod. After the CO, into the surface ocean changes seawater chemistry, re-
experiments, the shell diameter and weight of each culturedulting in decreases in pH and carbonate ion concentration,
specimen were measured. Net calcificatiorBofsphaeru-  and increases in the concentrations of bicarbonate and hy-
lata and C. gaudichaudii which secrete a hyaline shell and drogen ions. It will also lead to a decrease in the saturation
host diatom symbionts, increased under intermediate levelstate of seawater with respect to calcite and aragonite, two
of pCO, (580 and/or 770 patm) and decreased at a highecommon forms of calcium carbonate secreted by marine cal-
pCO; level (970 patm). Net calcification @&&. hemprichij  cifying organisms (Orr et al., 2005). Calcification of marine
which secretes a porcelaneous shell and hosts dinoflagetalcareous organisms is strongly dependent on the carbonate
late symbionts, tended to decrease at eleva€®,. Ob-  saturation state of seawater, suggesting that ocean acidifica-
served different responses between hyaline and porcelaneotign will adversely affect marine calcifying taxa, with po-
species are possibly caused by the relative importance ofentially severe implications for marine ecosystems such as

coral reefs (Kleypas et al., 1999).
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Culture experiments with reef calcifying organisms such2 Materials and methods
as corals, coralline algae, molluscs, and foraminifers suggest
that ocean acidification will adversely impact their calcifica- 2 1 Target species
tion (e.g. Gattuso et al., 1998; Kuffner et al., 2008; Kuroy-

anagi et al., 2009; Ries et al., 2009), leading to a reduction inl'hree species of large, algal symbiont-bearing benthic
coral-reef biodiversity and the net accumulation of reef car-¢ raminifers were selecté d for this studyBaculogypsina

bonates n the futur.e (Hoeg.h-.GuIdberg etal., 2007). I‘."jlrg.e‘sphaerulata(Parker and Jones)Calcarina gaudichaudii
reef-dwelling benthic foraminifers (defined as mature indi- , ~ - : : .
d’'Orbigny in Ehrenberg, andmphisorus hemprichkhren-

viduals> 1 mm in diameter) are shelled protists that are hostb .
erg. These species are commonly found on macrophytes

to algal endosymbionts (Lee, 1998; Hallock, 1999). They.on coral-reef flats in the northwest Pacific (e.g. Hoheneg-

are one of the primary producers and carbonate producers Iaer, 1994) and are important primary producers and carbon-

coral reefs (Hallock, 1981; Langer et al., 199.7; Hoheneggerate producers in their environments (e.g. Sakai and Nishihira,

200(.5; Fujita and ngimura, 2008), secreting hllg_h-magne.smnhggl- Hohenegger, 2006; Fujita and Fujimura, 2008). Shells
calcite (HMC; Raja et al, .2005)’ th? S.OIUb”'ty of which of all three species are composed of high-magnesium calcite
can exceed that of aragonite at a similar seawple0y 1 a00r0x 10 Mg mol %: Saraswati et al., 2004). Shell
level (Morse et al., 2006). Therefore, reef foraminifers with ! i . L
. . . walls of B. sphaerulataand C. gaudichaudiiare perforate
h|gh—magne3|um galcne she_lls may be the f|rst. responders and have a hyaline (i.e. clear, glassy) appearance, whereas
among reef calcifying organisms to the_ q§cre_asmg S"’Itur&mort]hose ofA. hemprichiiare impérforate and appear p,orcela—
state (.)f seawqper qaused by ocean acidification. neous (i.e. shiny, white, and smooth like porcelaBaculo-
During calcification, foraminifers are able to elevate the gypsina sphaerulatandC. gaudichaudiare host to diatom
pH at the site of_ calcification (vesicles or seawater Vac'endosymbionts Whereaé hemprichiiis host to dinoflag-
;Jo?/lezz 2?’ oggogh';:bﬁ\é%izera\gta:r p;)égE)rez’lnzgc():?éifizn'ellate endosymbionts (Lee, 1998). In addition, these three
" . ) ' species have been observed to reproduce asexually during
seawater, foraminifers would require more energy to ele—Spring and summer (Sakai and Nishihira, 1981; Hoheneg-

vate the intracellular pH, leading to a decrease in calcifi—ger 2006). Thus, asexually reproduced clone individuals can
cation. Previous culturing results have indicated that shellbe used for culture experiments to exclude the effect of ge-

weights of both planktonic and benthic foraminifers reduce .. L :
) . . "~ “netic variability on the experimental results. For more de-
with decreasing [C© ] or pH (Bijma et al., 1999, 2002; S 4 .
tailed information on the taxonomy, biology, and ecology of

Dissard et al., 2010; Lombard et al., 2010). Calcification *hese species, se@f®yer and Kiiger (1990) and Hoheneg-
(measured as increments of shell weight and diameter) Oger (1994)

Marginoporg a large, dinoflagellate symbiont-bearing ben-
thic foraminifer, is reduced as pH becomes lower (Kuroy-
anagi et al., 2009). Culture experiments usiig tracer 2.2 Maintenance until asexual reproduction
techniques of reef foraminifers have also shown that the car-
bon uptake ratio is dependent on pH and concentrations oAdult individuals just before asexual reproduction (agamont
inorganic carbon and calcium, and decreases when the pH @r shizont) were collected during low tide on nearshore
the concentrations of these elements are lower than those aéef flats: B. sphaerulataand C. gaudichaudiinortheast of
the present seawater (ter Kuile et al., 1989). Ikei Island, Okinawa, Japan (283 N, 128°00E) on 26
However, the effects of ocean acidification on calcification April and 22 May 2009, and\. hemprichiion a reef moat
of diverse large, algal symbiont-bearing and reef-dwellingalong the Oudo coast, south of Okinawa Island®(Z5N,
benthic foraminifers have been assessed in only one specigd2742 E) on 28 May 2009. Collected individuals were
(Marginopora kudakajimensj&uroyanagi et al., 2009). Re- maintained separately in small Petri dishes filled with natu-
cent studies have shown that the response of marine calcifyral seawater at room temperature (approximately@5sun-
ing organisms to ocean acidification varies both within andder a natural light:dark cycle near a window (light inten-
among species (e.g. Fabry, 2008; Langer et al., 2009; Riesity, ~100 umolnt2s-1). Because C. gaudichaudiiand
et al., 2009; Ridgwell et al., 2009). Moreover, in our previ- B. sphaerulataare commonly found in high-energy reef-flat
ous study (Kuroyanagi et al., 2009), we controlled the pHenvironments (Hohenegger, 1994), these species were main-
by adding an acid or base, rather than by bubbling<CO tained under continuous water motion produced by using
enriched air through the seawater, though the latter wouldh continuous-action shaker (approximately 30 rpm; in vitro
better reproduce the present anthropogenic changes and ti$haker, Wave-PR, TAITEC Inc., Saitama, Japan). In con-
ocean’s response. Therefore, in this study, we conducted &ast,A. hemprichiiindividuals were maintained under stag-
culture experiment using a high-precisip@0O, control sys-  nant conditions on a flat shelf, because they are commonly
tem to assess the effect of ocean acidification on calcificatioriound in relatively calm reef-moat environments (Hoheneg-
of symbiont-bearing reef foraminifers. ger, 1994). These individuals were not fed during mainte-
nance, and the culture medium was changed weekly.
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< 2.4 Culture protocol

Each foraminifer culture cage consisted of a clear vinyl hose
(5¢cm long; inside diameter, 2.5cm) with a cell strainer
(100 um mesh, BD Falcon, Inc) at each end. For each clone
population, 40 individuals of each species (i.e. a total of 120
g S T individuals per cage) were put into a cage. A set of five cages
for the five pCO, levels were prepared for each of the two
clone populations: and 8. Before the start of experiment,
another 40 clone individuals of each species were preserved
in ethanol. Each cage was placed in a water bath and attached
!@ﬁjmpresw | ; to the tank wall with a suction cup. Thus, there were a total
d - of 10 water baths (five treatmentstwo clone populations).
_— Seawater within the culture cages was circulated by fixing
. o . them in a path of a water jet within the water bath. Culture
Fig. 1. The schematic diagram of culturing set-up. See the text forcages containing clone individuals were maintained for ap-
explanation. proximately 12 weeks (from 6 July to 30 September 2009) at
a constant water temperature (2#£98.1°C), light intensity
After a few weeks, these adult individuals reproduced (60 pmol ”TZS O, and photoperiod (12 h). _Durlng the cul-
asexually. Juveniles of the clone populations were kept unlure experiments, filamentous algae at_tachlng to_the surfaces
f the culture cages were removed biweekly with brushes.

der th diti the adults for 4 to 6 ks unti . .,
erhe same conditions as the adulis 1or 4 1o B Weeks un Irgmall air bubbles inside the cages, probably produced by the

the experiments were started. To determine differences i hot thesis of the alaal biont d with
characteristics within species under experimental conditionsP.pc;ttzzyn esis ot the algal symblonts, were removed with a

two clone populations of each species were used, tagged a4 )
At the end of the experiment, the cages were removed from

populationsy (alpha) and3 (beta). X X X
the water baths and kept cool until later analysis. Cultured in-
2.3 High-precision pCO; control system dividuals were picked from each cage, cleaned with a brush
and distilled water, and air-dried. Of the 40 cultured indi-
Clone individuals of the three foraminiferal species wereviduals, 20 were selected randomly for measurements, ex-
placed into culture cages and subjected to seawater with difeluding dead individuals (i.e. those that did not grow or had
ferentpCO; levels. pCO, in each culture cage was adjusted no protoplasm). Mortality during the experiments was very
by bubbling CQ gas through the seawater, and a constantow, less than 2.5 % for each population. Twenty individuals
pCO, level was maintained by a high-precisipl€O, con-  from those preserved in ethanol at the start of the experiment
trol system developed with the cooperation of Kimoto Elec- (hereafter, “initial individuals”) were also randomly selected
tric Co., Ltd. (Osaka, Japan). This system is composed ofor comparison with the cultured individuals.
CO; dissolution and measurement towers (height, 1.78 m),
into which gaseous C{s dissolved in seawater by bubbling 2.5 Measurements
it from the bottom of the towers (Fig. 1). The seawagt@O,
is continually monitored in the equilibrated air flowing out The shell diameter and shell weight of each initial and cul-
from the measurement tower surface and adjusted as needédred individual was measured. The shell diameter (the av-
by controlling the CQ concentration in the air by mixing erage of the maximum diameter from the final chamber and
CO; and dilution-air (dried air with a low C®concentra- that crossing the first at the center of the test and perpendic-
tion) into the filtered (pore size, 1 um) seawater. ular to it) was measured to the nearest 1 um on microscope
The pCO; of the culture medium was adjusted to one of photographs using image analysis software (Photomeasure,
five pCOy levels (approximately 260, 360, 580, 770, and Kenis Inc., Osaka, Japan). Shell weight was measured to the
970 patm, Table 1) corresponding to the estimated preindusrearest 0.1 g using a microbalance (Thermo Cahn C-35 mi-
trial value, the present value, and future values predicted bygrobalance, Thermo Electron Corporation).
IPCC SRES (Meehl et al., 2007), respectively. Seawater Growth (calcification) rates were estimated from the in-
temperature and chemistry (salinity, pH, and total alkalinity) crement of shell diameter and weight during the experimen-
were measured twice a week, and the averaged values wetal period. Although time-course measurements have not
used for calculating the saturation state of seawater with rebeen conducted in this experiment to avoid the loss of cul-
spect to calcite (Table 1). tured specimens and to minimize stress to them during ma-
nipulation, our previous culture experiments using clones of
Marginopora kudakajimensi@Kuroyanagi et al., 2009) sta-
tistically confirmed that shell diameter increased with time
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Table 1. Mean physical and chemical conditions in eggbO, treatment. Standard deviations are shown fof @fd pCO,. The mean
salinity and total alkalinity, which were measured repeatedly during the experiments, were 34.4 and 2188 fimiebgctively. The value

of DIC (dissolved inorganic carbonfc, andQarg (saturation state of seawater with respect to calcite and aragonite) was calculated from
the total alkalinity ang»CO.

Treatment Temperature ptht25°C  pCOp DIC Qcal  Larg
*C) (atm)  (umolkgh)

Preindustrial  27.5 8.140.028 26129 1796 6.39 4.24

Present 27.4 8.0/20.033 360t19 1865 532 3.53

Future 1 275 7.926:0.039 580+30 1958 391 2.60

Future 2 275 7.826:0.035 77456 2007 318 211

Future 3 27.6 7.75€:0.038 972+43 2043 269 1.78

over the range of seawater pH examined (from 7.7 to 8.3;
NBS scale). On the other hand, culturing studies of other
species of reef foraminiferg\(nphisteginapp.) showed that

growth rates of juvenile clones were faster than those of ma:
tured ones (Hallock et al., 1986). Thus, calcification ratesi =
obtained in this experiment are averaged or underestimated

2.6 Statistical analysis — -
Initial 260 360 580 770 970
The shell diameter and weight data sets were analyzeu PCO: (uatm
by one-way analysis of variance (ANOVA) for differences ) o )
Fig. 2. SEM images of cultured individuals at variop€0, lev-

ar::)engb?;\jggpwﬁtﬁiznlzvg{!‘; sV(\a/th (tar?esclj?f?(lafrlgﬁzg (:)Igs/\r/ Egieesaci‘nls (scale bar = 100 um). Photographs are shown for average-sized
. o , ... specimens from the populatian of each species. (A to FBac-
palr of means was analyzed with a Tukgy§ Honestly Signif- ulogypsina sphaerulata(G to L) Calcarina gaudichaudiji (M to
icant Difference (HSD) test. These statistical analyses Wergry Amphisorus hemprichii (A, G, M) initial individuals, (B, H,
performed with JMP 7.0.2 (SAS Institute Inc.). N) specimens subjected to 260 patm, (C, |, O) specimens subjected
to 360 patm, (D, J, P) specimens subjected to 580 patm, (E, K, Q)
specimens subjected to 770 patm, (F, L, R) specimens subjected to
3 Results 970 patm.

All individuals cultured at differenpCO, levels grew more

than twice as large as the initial individuals during the ex- populations. One-way ANOVA indicated significant dif-
perimental period (Fig. 2). SEM images of cultured spec-ferences in shell weight among the differen€0O, levels
imens did not show any traces of shell dissolution. Shellin both populations ¥ = 4; P < 0.001 for populatione,
weight was positively correlated with shell diameter, but the P < 0.0001 for populatiorB). Tukey’s HSD post hoc test of
statistical analysis indicated that shell weight was more de-each population showed that individuals grown gCO; of
pendent orpCO; than shell diameter, as reported by Kuroy- 770 patm had significantly heavier shell weights than those
anagi et al. (2009) as well. This difference is partly becausegrown at 360 or 970 patmP(< 0.05). Mean shell weights
shell diameter does not exactly reflect three-dimensionabf individuals grown at gpCO, of 580 patm were signifi-
shell growth, in particular irB. sphaerulataand C. gau-  cantly heavier than those of individuals grown at 970 patm
dichaudii which have subglobular to bilenticular shells with (P < 0.05). In populations, individuals grown at 580 patm
spines (Fig. 2). Thus, the following description of culturing were also significantly heavier than those grown at 260 or

results is focused on foraminiferal shell weight. 360 patm f < 0.05). Moreover, in both populations, indi-
viduals grown at 260 patm were found to be heavier than
3.1 Baculogypsina sphaerulata those grown at 360 patm, although mean shell weight was

not statistically significant between these two treatments.
The mean shell weight of initial individuals &. sphaeru-

lata was about 4 g for both populations (Fig. 3). Atthe end 3.2 Calcarina gaudichaudii

of experiment, the mean shell weight of the cultured indi-

viduals varied from 15 to 25 ug. The shell weight was rel- The mean shell weight of initial individuals of. gau-
atively heavier at intermediateCO; levels in both clone dichaudiiwas about 16 and 13 ug for populatian and 3,

Biogeosciences, 8, 2082698 2011 www.biogeosciences.net/8/2089/2011/
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Fig. 4. Mean shell diameter and weight 6&lcarina gaudichaudii

after culture for about 12 weeks at fiygCO, levels. Values are
meanst SE of the 20 clone individuals sampled in each treatment.
Different letters above plotted treatment values indicate a signifi-
cant differenced, = 0.05) in shell weight according to Tukey’s HSD
eprOSt hoc test. Dashed and solid arrows show mean shell diameter
and weight of clone individuals, respectively, at the start of the ex-
periment.(A) Populationy, (B) populationg.

Fig. 3. Mean shell diameter and weight Baculogypsina sphaeru-
lata after culture for about 12 weeks at fip€O, levels. Values are
meanst SE of the 20 clone individuals sampled in each treatment.
Different letters above plotted treatment values indicate a signifi-
cant differenced, = 0.05) in shell weight according to Tukey's HSD
post hoc test. Dashed and solid arrows show mean shell diamet
and mean weight of clone individuals, respectively, at the start of
the experiment(A) Populationx, (B) populationg.

respectively (Fig. 4). At the end of experiment, the mean® and from 30 to 83pg in populatiof. The mean shell
shell weight of the cultured individuals varied from 30 to Weight tended to decrease at elevatedO,. One-way

50 g in populationy, and from 35 to 55 g in population ANOVA indicated significant differences in shell weight
B. It was generally lower at elevatgeCOy, but higher at ~@mong differentpCO; levels in both populationsH = 4;

intermediatepCO; levels. One-way ANOVA indicated sig- £ <0.01 for populationy, and P < 0.0001 for population
nificant differences in shell weight among differem€0,  £)- Tukey's HSD post hoc test showed that in population

levels in both populationsH = 4, P < 0.0001). Tukey’s indivi_duals grown at g CO, of 580 patm had significantly
HSD post hoc test of each population showed that individ-n€avier shell weights than those grown at 770 or 970 patm
uals grown at @CO, of 260 patm had significantly heavier (£ <0.05). In populatiorg, individuals grown at @ CO, of
shell weights than those grown at 970 patfh< 0.05). In 260 patm had significantly heavier shell weights than those
populatione, individuals grown at 260 and 770 patm were 9rown atpCQ levels of 580 patm or more < 0.05). Mean
significantly heavier than those grown at 580 or 970 “atmshell wglghts of individuals grown at 770 patm were signifi-
(P <0.05). In populationg, individuals grown at 260 and C@ntly lighter than those grown at othe€0; levels in pop-

580 patm were significantly heavier than those grown at 360ulationg (P < 0.05).
770, or 970 patmi < 0.05).

3.3 Amphisorus hemprichii 4 Discussion

The mean shell weight of initial individuals &. hemprichii 4.1 Scrutiny of culture experiments

was about 5 and 9 ug for populationand 8, respectively

(Fig. 5). At the end of experiment, the mean shell weight of Prior to discussing the effect of elevated seawa@0, on
the cultured individuals varied from 30 to 50 pg in population the calcification of symbiont-bearing reef foraminifers, we

www.biogeosciences.net/8/2089/2011/ Biogeosciences, 8, 20862011
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60 800 (30°C) than that in the cultured condition (276). How-
o] &P A (A) i ever, long-term exposures of high light and temperature may
é cause stress (bleaching) on symbiont-bearing foraminifers.
40 4 Water motion also influences the metabolic activity of
these foraminifers. Becaud®. sphaerulataand C. gau-
dichaudiilive in high-energy environments ad hemprichii
prefers relatively calm environments (Hohenegger, 1994),
water motions inside the cages might have been weaker
than those in the natural environment, in particular for the
two hyaline species. Furthermore, cultured foraminifers
were not fed during the experiments. Lee et al. (1991)
showed that food availability did not influence growth rates
§ (8) — of symbiont-bearing perforate (hyaline) foraminifein{-
phistegina lobifery, whereas imperforate (porcelaneous)
foraminifers @Amphisorus hemprichiand Marginopora ku-
dakajimensiy grew better in fed conditions than in unfed
conditions. Therefore, all these variables might have not
been optimum conditions for cultured foraminifers. Nev-
- 400 ertheless, since cultured individuals were maintained in the
300 homogeneous conditions except {8€0,, observed differ-
ences in the calcification rates can be interpreted to be caused
by differentpCO; levels.
Experimental results indicate that responses of
foraminiferal calcification (measured by the increment
of shell weight and diameter) to differemiCO, levels
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Fig. 5. Mean shell diameter and weight Aimphisorus hemprichii

after culture for about 12 weeks at fiygCO, levels. Values are ied bet i | lati ithi . Th
meanst SE of the 20 clone individuals sampled in each treatment, Va/'€d DEWEEN WO clone popuialions within a Species. €

Different letters above plotted treatment values indicate asignificanf’a”a_bIIIty between clone populations S{“QQGSts the presence
difference ¢ = 0.05) in shell weight according to Tukey’s HSD post Of diverse genotypes or ecotypes within a foraminiferal
hoc test. Dashed and solid arrows show mean shell diameter angPecies and/or a symbiotic algal type, which have different
weight of clone individuals, respectively, at the start of experiment. physiological adaptations tpCO,, as suggested for the
(A) Populationx, (B) populations. cocolithophoreEmiliania huxleyi(Langer et al., 2009; Ridg-
well et al., 2009). Langer et al. (2009) demonstrated that
four strains ofE. huxleyidid not show a uniform response
need to scrutinize causes producing variability in the datato carbonate chemistry changes, which likely has a genetic
possible problems associated with culturing experimentspasis. Although the possibility of various genotypes or
and other factors that might affect calcification rates. ecotypes has not yet been demonstrated in symbiont-bearing
Reef foraminifers are usually subject to a large diurnalreef foraminifers, diverse genotypes have been found within
variation in reef-waterpCO,, which ranges from 100 to a single morphospecies of planktonic foraminifers from
1000 patm (e.g. Suzuki, 1994). Thus our studied ranges ofjeographically separated water masses (e.g. de Vargas et al.,
carbonate chemistry are not beyond the tolerance limit 0f2002).
the physiology and growths of reef foraminifers. However, The variability in average shell weight among fiy€0,
clone individuals were not pre-incubated in cultured condi-treatments within a clone population is mostly due to differ-
tions prior to experiments. The introduction to altered sea-ent growth rates of the cultured specimens (i.e. the number
water carbonate chemistry may require time for foraminifersof chambers added during the experimental period). Kuroy-
to acclimate and therefore cause them stressed particularly @inagi et al. (2009) also showed both shell weight and diame-
the beginning of the experiment. ter of Marginopora kudakajimensidecreased with lowering
Environmental variables other than carbonate chemistryseawater pH. Variability in shell wall thickness among indi-
affect calcification rates. Light intensity in this experiment viduals subjected to differeqptCO, levels may be partly at-
(60 umol nT2s~1) was much darker than average daytime tributed to differences in shell weight, as shown in planktonic
levels in their foraminiferal habitats as well as light satura- foraminifers (Barker and Elderfield, 2002; de Moel et al.,
tion levels in a short-term light experiment (Fujita and Fu- 2009; Moy et al., 2009). De Moel et al. (2009) showed that
jimura, 2008). Measurements of photosynthesis and respiraighter shells were produced in planktonic foraminifers in-
tion of the three foraminiferal species with algal symbionts fluenced by ocean acidification and seasonal upwelling. Our
in various temperatures (Fujita, unpublished data) indicateprevious experiment (Kuroyanagi et al., 2009) also showed
that net photosynthesis was enhanced in higher temperatuithe shell weight oMarginopora kudakajimensidecreased
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with lowering seawater pH for specimens with an identical protoplasmic growth and chamber formation (i.e..Gertil-
shell diameter. Detailed SEM examinations are necessary t@ation effects). Enhancement of calcification by photosyn-
find differences in shell wall thickness of the cultured speci-thesis has been also demonstrated by Iglesias-Rodrigues et

mens among differerCO, levels. al. (2008) inE. huxleyj and suggested by Ries et al. (2009)
in coralline red and calcareous green algae. Although other
4.2 Effects of pCO> on the calcification of experimental results have suggested that photosynthesis by
symbiont-bearing reef foraminifers isolated in situ diatom symbionts is saturated at the inorganic

carbon concentration of the present seawater (ter Kuile et al.,
As discussed above, experimental results in this study may 989), further studies are needed to measure photosynthetic
contain some “noises” affecting calcification rates. Thusrates of algal symbionts at variop€0; levels.
we discuss below mainly statistically significant results that |n contrast toB. sphaerulataand C. gaudichaudii cal-
were common to the two clone populations within a species cification in A. hemprichiidid not increase significantly at
Calcification was enhanced at intermedia€0, levels  intermediatepCO; levels. A declining calcification trend
in the two species with a hyaline sheB.(sphaerulataat  of A. hemprichiiat intermediateyCO; levels is possibly at-
580 and 770 patm and. gaudichaudiiat 580 or 770 patm),  tributed to the decrease in carbonate concentration. Culture
compared with that at the presep€O;, level. In contrast,  experiments using*C tracer techniques showed that uptake
calcification inA. hemprichiidid not increase significantly of dissolved inorganic carbon into the shellafhemprichii
at intermediatepCO;, levels. Furthermore, calcification in increased linearly as a function of the carbonate concentra-
all three species studied tended to be reduced at the highegbn (ter Kuile et al., 1989). Therefore, for this species,
pCO; level (970 patm). seawater carbonate chemistry may largely influence calci-
The result of the two hyaline species is similar to the find- fication, compared with C@fertilization effects discussed
ings of previous culture experiments by Iglesias-Rodriguesabove.
et al. (2008) and Ries et al. (2009). Iglesias-Rodrigues et Calcification in all three species studied tended to be re-
al. (2008) reported increased calcification and net primaryduced at the highegiCO, level (970 patm). These results
production in the coccolithophoiemiliania huxleyiat high  suggest thapCO, levels of around 1000 patm and higher
pCO, (750 patm). Ries et al. (2009) obtained parabolic (pH of 7.7 on the seawater scale) are a limiting factor fo,CO
calcification response patterns (i.e. positive at intermediatéertilization effects for the two hyaline species. Le Cadre
pCO, [600 to 900 patm] and negative at the highp€1O, et al. (2003) showed that in low pH seawater, pseudopo-
[2856 patm]) in four of the 18 benthic marine taxa that they dial emission of a hyaline specieArimonia was reduced
examined. or stopped, implying a disturbance of the metabolic activity
Enhanced calcification of the two species with a hyalineof the foraminifer. Further studies are needed to investigate
shell at intermediatp CO, levels may be related to increases metabolic activity in relation to chamber formation (calcifi-
in the concentrations of dissolved inorganic carbon (in par-cation) of symbiont-bearing foraminifers in highCO, sea-
ticular, of bicarbonate ions; Table 1). Howev&fC tracer  water.
studies of inorganic carbon uptake by the perforate (hyaline) Although not all observations were statistically signifi-
foraminifer Amphistegina lobiferalemonstrated that only a cant, calcification tended to decrease frp8O, of 260 to
very small increase of uptake was observed at inorganic car360 patm in the three species examined. Culture experiments
bon concentrations higher than those of present seawater (tessing 1C tracer techniques (ter Kuile et al., 1989) have
Kuile et al., 1989). This is possibly because regardless of exdemonstrated that in perforate specids lpbiferg the op-
ternal pH and carbonate chemistry, the intracellular pH andimum pH for calcification is between pH 8.2 and 8.9 (NBS
the ratio between dissolved carbon dioxide, bicarbonate, andcale), but in an imperforate speciegs. hemprichi), they
carbonate ions can be modified by foraminiferal protoplasmfound no optimum pH for calcification, which increased very
(Bentov et al., 2009; de Nooijer et al., 2009). steeply above pH 8.4 (NBS scale). These results indicate that
Photosynthesis by algal symbionts may be enhanced unreef foraminifers with both hyaline and porcelaneous shells
der intermediateyCO, levels. The photosynthesis by algal can calcify more effectively in seawater at a pH higher than
symbionts provides host foraminifers with substantial pho-the present level.
tosynthates, which become a source of energy for metabolic Our findings suggest that ongoing ocean acidification fa-
activity (Hallock, 2000). In addition, photosynthates (carbo- vor symbiont-bearing reef foraminifers with hyaline shells
hydrates) may be used for the organic matrix in foraminiferalat intermediatepCO, levels (580 to 770 patm) but be unfa-
shells, which is critical in initiating and directing chamber vorable to those with either hyaline or porcelaneous shells
formation (Hallock, 1999). The removal of host metabolites at higherpCO, levels. In future, relatively high calcifica-
such as N and Pcﬁ* by symbionts might aid calcification tion rates of symbiont-bearing hyaline foraminifers but low
of the host foraminifers because such metabolites can interealcification rates of porcelaneous ones compared with pre-
fere with crystal formation (ter Kuile et al., 1989). Thus, vious rates may be attributed to ocean acidification. These
enhanced photosynthesis by algal symbionts may promoteontrasting differences in calcification rates may lead to the
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dominance of hyaline foraminifers over porcelaneous ones irBijma, J., Honisch, B., and Zeebe, R.: Impact of the ocean car-
symbiont-bearing reef foraminiferal communities. bonate chemistry on living foraminiferal shell weight: comment
This possibility also explains the dominance of large ben- on “Carbonate ion concentration in glacial-age deepwaters of
thic foraminifers with hyaline shells during the warm pe-  the Caribbean Sea’, edited by: W. S. Broecker and E. Clark,
riod of the Cenozoic. Atmospheric G@oncentrations were Geochem. Geophys. Geosyst., 3, 1064, 2002.
more than 1000 ppm for the Paleocene and early Eocenéj,e[';/loglr’u';'ﬁ’m (Ze:n(s}s%n, AG.Q/Ir‘ll(,jPZeeeetS;S’;. “I]E CPl;lI’J]ESC?OI:Ja rﬁi.ﬁ::er(r)z;)ln’
then decllne_d into the middle Eocene (Pearson and Palmer’ shell thinning in the Arabian Sea due to anthropogenic ocean
2000;. _Dem'c‘?o e'.[.al., 2003_)' AIthoth large benthic acidification?, Biogeosciences, 6, 1917-19#%;10.5194/bg-6-
foraminifers diversified following the terminal Cretaceous  1917.20092009.
extinctions, a reduction of the genetic diversity and a simul-ge Nooijer, L. J., Toyofuku, T., and Kitazato, H.: Foraminifera
taneous diversification at species level and a considerable in- promote  calcification by elevating their intracellu-
crease of their shell size and adult dimorphism, which are lar pH, P. Natl. Acad. Sci. USA, 106, 15374-15378,
referred to as a larger foraminiferal turnover, appears to have doi:10.1073/pnas.090430613009.
been coeval with the Late Paleocene Thermal Maximumde Vargas, C., Bonzon, M., Rees, N. W., Pawlowski, J., and
(Orue-Etxebarria et al., 2001), when atmospheric, @® Zaninetti, L._: A molecular a_pproach_tq biodiyers_ity and .bio-
ceeded over 2000 ppm (Pearson and Palmer, 2000; Demicco 9809'@phy in the planktonic foraminifeBlobigerinella si-
et al., 2003). During the middle Eocene, when atmospheric gg?;‘gelrgl(glsoorg'?%r_'éggg?gg)o'\g('g?ggloe;mo"’ 45, 101-116,
CO; levels were similar to or hlgher tha'." _presen_t (Pear,sonDissard, D., Nehrke, G., Reichart, G. J., and Bijma, J.: Im-
and Palmer, 1999), Ia'rge benthic forgmmllf_ers with hyal.lne pact of seawatepCO, on calcification and Mg/Ca and Sr/Ca
shells such adlummulitesextremely diversified and domi- ratios in benthic foraminifera calcite: results from culturing
nated tropical, shallow-water carbonate environments (Hal- experiments withAmmonia tepidaBiogeosciences, 7, 81-93,
lock et al., 1991). Their modern descendants host diatom doi:10.5194/bg-7-81-201@010.
symbionts in tropical shelf environments (Lee, 1998). Thus,Demicco, R. V., Lowenstein, T. K., and Hardie, L. A.: Atmo-
diversification and predominance of hyaline, large benthic sphericpCO, since 60 Ma from records of seawater pH, cal-
foraminifers during the middle Eocene may partly be ex- cium, and primary carbonate mineralogy, Geology, 31, 793-796,

plained by relatively highyCO,, which induced CQ fer- doi:10.1130/g19727,2003. ~ »
tilization effects by algal symbionts. Erez, J.: The source of ions for biomineralization in foraminifera

and their implications for paleoceanographic proxies, Rev. Min-
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