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Decrease in volume

and density of foraminiferal
shells with progressing ocean
acidification

Azumi Kuroyanagi'™, Takahiro Irie?, Shunichi Kinoshita'?, Hodaka Kawahata®.%*,
Atsushi Suzuki*, Hiroshi Nishil**, Osamu Sasaki, Reishi Takashima?! & Kazuhiko Fujita®

Rapid increases in anthropogenic atmospheric CO, partial pressure have led to a decrease in the pH of
seawater. Calcifying organisms generally respond negatively to ocean acidification. Foraminifera are
one of the major carbonate producers in the ocean; however, whether calcification reduction by ocean
acidification affects either foraminiferal shell volume or density, or both, has yet to be investigated.
In this study, we cultured asexually reproducing specimens of Amphisorus kudakajimensis, a
dinoflagellate endosymbiont-bearing large benthic foraminifera (LBF), under different pH conditions
(pH 7.7-8.3, NBS scale). The results suggest that changes in seawater pH would affect not only the
quantity (i.e., shell volume) but also the quality (i.e., shell density) of foraminiferal calcification. We
proposed that pH and temperature affect these growth parameters differently because (1) they have
differences in the contribution to the calcification process (e.g., Ca**-ATPase and Q) and (2) pH mainly
affects calcification and temperature mainly affects photosynthesis. Our findings also suggest that,
under the IPCC RCP8.5 scenario, both ocean acidification and warming will have a significant impact
on reef foraminiferal carbonate production by the end of this century, even in the tropics.

Following the Industrial Revolution, anthropogenic atmospheric CO, partial pressure (pCO,) increased rapidly,
and the pH of seawater decreased. By 2100, atmospheric CO, is predicted to increase to 420-1250 ppm', with
seawater pH decreasing to pH,u, 7.6 (pCO,=1250 ppm; pHygs ~7.7) in the tropical Pacific?. Total dissolved CO,
concentration increases with pCO,, carbonate ions (CO,?") decrease with decreasing pH, and the saturation state
of calcium carbonate decreases. Calcifying organisms generally exhibit negative effects on survival, calcifica-
tion, growth, and reproduction in response to ocean acidification’. Modern surface seawater is saturated with
respect to calcium carbonate, including calcite, high-magnesian (high-Mg) calcite, and aragonite. However, it
is expected that the seawater of the entire Southern Ocean south of 60° S and a part of the subarctic Pacific will
become unsaturated with aragonite by 2100 (pCO, =563 or 788 ppm*).

Foraminifera are one of the major carbonate producers in the ocean, accounting for 23-56% of the total
CaCO; in the open ocean’. Foraminifera, both planktic and benthic, generally respond negatively to ocean
acidification®’. The reduction in the calcification rate in foraminifera has generally been estimated from shell
weight and size, using the parameter of size-normalized shell weight®. Although several studies on shell density
have been reported®’, it remains unclear whether the change in shell weight in foraminifera of the same size
reflects shell volume, shell density, or both, because it is difficult to measure their small shell volumes. The recently
established micro X-ray computed tomography (microCT) technique enables direct and precise measurement
of foraminiferal shell volume (i.e., density) with a resolution of less than 1 um'®!". Therefore, microCT measure-
ments can provide more precise information about foraminifera shell dimensions.
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Treatments (pH Shell weight (ug) Shell volume (x10~2 mm?) Shell density (mg mm~)

of cultured water) | n Mean | Min. | Max. | Std. Dev. | Std. Error | Mean | Min. | Max. | Std.Dev. | Std. Error | Mean | Min. | Max. | Std. Dev. | Std. Error
pH7.7 23 | 15.7 4.0 35.1 9.0 1.9 1.17 0.32 2.55 0.69 0.14 1.36 1.17 1.63 0.13 0.03
pH7.9 17 | 28.0 13.1 439 8.5 2.1 2.02 0.84 3.34 0.63 0.15 1.39 1.14 1.57 0.12 0.03
Control 36 | 28.7 13.0 69.0 12.0 2.0 1.80 0.84 4.20 0.73 0.12 1.59 1.13 2.00 0.13 0.02

pH 83 35 | 413 18.1 90.3 17.5 3.0 2.51 1.09 5.47 1.15 0.19 1.67 1.36 1.83 0.10 0.02

Table 1. Shell weight, volume, and density of cultured Amphisorus kudakajimensis under four different pH
conditions.

Large benthic foraminifera (LBFs) are predominantly distributed in warm and euphotic habitats and con-
tribute to the organic and inorganic carbon production in coral reefs'>. Most LBFs secrete high-Mg calcite (e.g.,
Miliolida; 8-18 mol% MgCO;)'*!, which have a higher solubility than aragonite'®. Amphisorus kudakajimensis,
formerly classified as Marginopora kudakajimensis, is a dinoflagellate endosymbiont-bearing LBF belonging to
the Soritinae (high-Mg calcite). This species is common in shallow lagoon environments and accounts for 10%
of the inorganic carbon production of protected lagoon communities'>!®. Kinoshita et al.'' cultured the LBF
Sorites orbiculus at different water temperatures and found that shell weight and volume increased with tempera-
ture, while density remained constant. However, the effect of pH on shell volume and density is not yet known.
Although Kuroyanagi et al.'” cultured A. kudakajimensis under different pH conditions, they only examined the
shell length and weight, and the effect of pH on shell volume and density remains unclear. Therefore, to examine
the effect of ocean acidification on foraminiferal shell calcification and apply this to the estimation of past and
future environmental changes in coral reefs, we cultured asexually reproducing specimens of A. kudakajimensis
under different pH conditions and determined their shell volume and density using microCT.

Results

Our results demonstrate that shell weight, volume, and density are all positively associated with seawater pH
(Table 1 and Fig. 1). The null hypothesis that the mean weight is equal across the four pH conditions was rejected
(n=111, df=3, F=24.2, P<0.0001). Similarly, an ANOVA reported significant differences between the mean
shell volume of the four pH treatments (n=111, df=3, F=15.1, P<0.0001) and between the mean shell density
(n=111, df=3, F=41.5, P <0.0001). Tukey’s HSD test reveals statistically significant difference between pH 7.7
and control and pH 8.3 in all shell volume, weight, and density. However, the pH 7.9 condition showed different
results for each parameter: there was no statistically significant difference in shell density compared to the pH
7.7 condition, in shell weight compared to the control condition, or in volume compared to either the control
or pH 8.3 conditions (Fig. 1).

Both mean shell weight and density increase with pH, and they range 15.7-41.3 pg and 1.36-1.67 mg mm >,
respectively (Table 1 and Fig. 1). Mean volume at pH 8.3 (2.51 x 1072 mm?) is more than twice as large as
that at pH 7.7 (1.17 x 10> mm°) even though it is slightly higher at pH 7.9 (2.02 x 1072 mm?) than at control
(1.80 x 10> mm?*). When deformed individuals are removed from the data, these trends are maintained at pH
7.7 (n=18), pH 7.9 (n=14), control (n=35), and pH 8.3 (n=33) (see Supplementary Table S3).

Discussion
Ocean acidification has resulted a decrease in the saturation state of calcium carbonate (Q)), and foraminifera
(both planktic and benthic) have been found to respond negatively to ocean acidification>®’. The decrease in
the calcification rate of foraminifera has generally been inferred from the weight and size of the shell (i.e., size-
normalized shell weight, shell area density'®!?). Shell density in relation to ocean acidification has also been
reported in several studies®®, however, until now, it has been unclear whether the change in shell weight is a
reflection of changes in shell volume, shell density, or both, due to the difficulty of measuring the volume of
tiny shells. In this study, we found that both the volume and density of the foraminiferal shells decreased with
decreasing pH, based on volume measurements using microCT (Fig. 2). It suggests that changes in pH affect
not only the quantity (i.e., shell volume) but also the quality (i.e., shell density) of foraminiferal calcification.
Weight, volume, and density of the A. kudakajimensis shells all decreased with decreasing pH in our study
(Fig. 1). Kinoshita et al."* cultured clonal juvenile individuals of Sorites orbiculus, which belong to the same
subfamily as Amphisorus, under six different temperatures (19-29 °C). MicroCT measurements showed that the
shell weight and volume increased with temperature up to ~ 25 °C, whereas the density remained unchanged
from pre-culturing (Fig. 2). Together, these findings show that pH affects both shell volume and density, while
temperature affects shell volume only, at least within the tested range (Fig. 2). Similarly, in corals, ocean acidifi-
cation affected skeletal density (lateral thickening), rather than extension (upward growth), by a fundamentally
different process®. It suggests that either pH and temperature modulate different calcification mechanisms
and/or that they regulate the same process but with different degrees of influence. The culturing studies of
Marginopora vertebralis, also belonging to the same subfamily Amphisorus, was reported in which pCO, and
temperature (above 28 °C) were varied*"*>. However, they had used surface area or buoyant weight as the growth
rate, thus we could not confirm the consistency of their results with ours. Therefore, further investigation of
other shell parameters (e.g., shell volume and density) would provide valuable information. The rate-limiting
step for calcification in Amphisorus hemprichii should be diffusion (i.e., CO;* concentration), while Ca uptake
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Figure 1. Mean shell (A) weight, (B) volume, and (C) density of Amphisorus kudakajimensis shells cultured
under four pH conditions. Error bars indicate the standard errors of the corresponding mean values. Letters
above the bars indicate significant differences according to Tukey’s HSD tests (a=0.05) on shell weight'?,
volume!”?, and density. Tukey’s HSD tests were performed using JMP Pro statistical software (ver. 15.2.0 for
Windows, SAS Institute Japan Ltd., Tokyo, Japan).

occurs by both diffusion and enzyme-mediated uptake?. The optimum pH for Ca®*-ATPase (Ca?*-pump) and
alkaline phosphatase, which may be an important enzyme in the process of calcification®*, was pH,., 8.0 and 10.2
(pHygs ~ 8.15 and ~ 10.35), respectively?. However, the activity of Ca**- ATPase also increased with temperature,
despite the lower rate of activity compared to the increase in pH*. Carbonate saturation state also increased with
both pH and water temperature, though the rate of increase was higher for pH than for temperature (between
7.7 and 8.3 for pHyps and between 15 °C and 28 °C for temperature)?. Thus, pH contributes significantly to the
activity of the enzymes related to calcification and changes in saturation state, while temperature has a relatively
small effect. Ter Kuile et al.?* observed that the calcification rate of A. hemprichii increased with increases in the
external concentration of pH (pH 7.6-9.5) and inorganic carbon (0.1-3.8 mM), whereas the photosynthetic
rate showed Hill-Whittingham type kinetics and maintained relatively constant around that of normal seawater
conditions. On the other hand, the culturing results of M. vertebralis showed that temperature had more impact
on photosynthesis than changes in ambient CO,??. Therefore, (1) the different contribution of pH and tempera-
ture to the calcification process, and (2) pH mainly affects calcification, and water temperature mainly affects
photosynthesis may be the reason for the different effects of pH and temperature on shell growth. Prazeres et al.}
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Figure 2. The relationship between shell parameters (weight, diameter, volume, and density) of cultured
Soritinae (Amphisorus kudakajimensis and Sorites orbiculus) and pH and water temperature. MicroCT photo
was created using the 3D image processing software Molcer Plus (ver. 1.6, White Rabbit Corp., Tokyo, Japan).
The color of the MicroCT photo (#37 and #85 samples) represents the X-ray absorption coefficient (i.e., warm
colors mean relatively high density).

cultured adult (i.e., grown in the control condition) M. vertebralis under lowered pH, and found no effect on
growth rate (surface area and buoyant weight), skeletal density, or Ca-ATPase activity. Similarly, an increase in
growth rate (surface area), even under high pCO, (1169 and 1662 patm), has been reported from the same adult
M. vertebralis culturing®®. It suggests the biological response to ocean acidification would differ depending on
the growth stage, with the juvenile being more affected.

Foraminiferal shells can record their habitat conditions, thus the shell information including volume and den-
sity can be useful as an environmental proxy. For example, the §'®0 and Mg/Ca ratio of the shell are well known
as proxies for water temperature®’. Numerous studies have discussed the potential of planktic shell information
(e.g., shell weight, size, size-/area-normalized shell weight) as a proxy for environmental parameters; ambient
seawater [CO;27]'828-31 pCO, 8323 temperature®*** etc. In addition, several other environmental parameters,
such as nutrients, salinity, and marine algae have also been reported to have affected shell calcification®~%.
Osborne et al.'? examined the shell area density (area-normalized shell weight) from sediment trap samples and
proposed that the intensity of calcification is primarily controlled by [CO,*"], whereas temperature influences
shell size. Since pCO, generally increases with the increase in water temperature, it is difficult to examine the
effects of these two parameters separately in field studies. Our culturing results indicate that pH affects both
shell volume and density of LBE, while water temperature affects only the shell volume. Therefore, the records
of shell volume and density can provide information on changes in pH and water temperature, at least within
the ranges of pH and temperature examined (Fig. 2). Unfortunately, the calcification mechanism is known to
differ between Sorites LBF (imperforate; porcelaneous or miliolid) and some benthic and planktic foraminifera
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(perforate; hyaline)?*. Indeed, LBFs between different calcification types and symbionts (dinoflagellate/diatom)
also exhibited different responses to acidification”®!#22, Therefore, more detailed studies of hyaline species
such as planktic foraminifera will be required in the future. The boron isotopes (§''B) of planktic foraminiferal
shell reflects the seawater pH and has been used as a proxy for pH in reconstructing past environments* ~**. If
the shell information from planktic foraminifera is also found to reflect changes in the marine environment, it
could potentially be a valuable proxy for estimating past seawater pH, in addition to §''B.

Based upon the Intergovernmental Panel on Climate Change (IPCC) RCP 2.6-8.5 scenarios’, it is predicted
that, by 2100, atmospheric CO, will increase to 420-1250 ppm and global mean temperature will rise by ~ 1.0
to 3.7 °C (range 0.3-4.8 °C!). If this happens, seawater pH will decrease to as low as 7.6 (pCO,=1250 ppm;
pHygs ~7.7) in the tropical Pacific’. Simultaneous increases in seawater temperature will also make marine
organisms more susceptible to ocean acidification*, thus a serious decline in coral reef carbonate production
is predicted**. In our study, the results of the comparisons between the pH 7.9 condition and the other condi-
tions were inconsistent across the different parameters, which could potentially be explained by the presence of
thresholds or optimum values around pH 7.9; for example, the optimal pH for Ca**-ATPase is found between pH
7.9 and control?®. On the other hand, the measures of shell volume, weight, and density in the pH 7.7 condition
(pCO, = ~ 1250 ppm) were all statistically significantly different from those in the control and pH 8.3 conditions
(Fig. 1). Temperature also will increase with pCO,, and all LBFs showed reduced calcification and photosymbiont
health under long-term high temperatures, referred to as 2100 in the RCP8.5 scenario”*"?. The shell weight of
Sorites LBF decreased by 45.3% when pH decreased from control to pH 7.7 (Table 1), and by 28.3% when water
temperature increased from 25 to 29 °C''. Under the RCP8.5 scenario, ocean acidification and warming will have
a significant impact on reef foraminiferal carbonate production (43 million tons of current carbonate production
per year’) by the end of this century, even in the tropics, which is considered to be the least sensitive region in
the global oceans because of its higher Q) that results from higher temperatures in that region.

Materials and methods

Sampling and culturing methods. Mature, living individuals of A. kudakajimensis (Gudmundsson,
1994) were collected from Okinawa, Japan (26° 39’ N, 127° 51" E), in early May 2008 and underwent asexual
reproduction (multiple fission) in the laboratory (Ocean Research Institute, University of Tokyo). Three-day-old
individuals from an asexually produced brood were randomly allocated into four glass jars. Each jar contained
110 ml of filtered natural seawater with different pH levels. The control medium contained seawater at pH ~ 8.2
on the NBS scale; in the experimental conditions, the pH was adjusted to pH 7.7, 7.9, or 8.3 with the addition
of 0.1 N HCI or NaOH, respectively. The jars were kept in a thermostatic bath at 25 °C, under high-intensity
discharge lights with a photosynthetic photon flux density of 190 pmol m™ s™! and a 12:12 h light:dark cycle
(Supercool 115, 150 W, Okamura, Chiba, Japan). We replaced the culture medium every week (7-9 days) and the
pH was measured before and after the replacement. Although the pH of the culture medium may have changed
slightly due to metabolic activity (e.g., respiration, calcification, and photosynthesis) of the foraminifera and
their algal symbionts, we were successful at keeping the average pH of the medium within 0.03-0.24 pH units
of the nominal values throughout the experimental period. The calcite saturation state (Q,;) Were calculated
using CO2SYS*, and these values were 1.8, 2.8, 6.2, and 5.1 at pH levels of 7.7, 7.9, 8.3, and control, respectively.
More details about the sampling area and culturing methodology are described in Kuroyanagi et al.'’.

In total, we cultured 122 A. kudakajimensis individuals at the four different pH values: pH 7.7 (n=23), 7.9
(n=18), 8.3 (n=35), and pH ~ 8.2 (control condition, n=36). After 6 and 8 weeks of culture, we measured the
maximum shell diameter of 15-19 randomly selected individuals from each condition to examine their growth
rate (see Ref.'”). After 10 weeks (71 days) of culture, we measured the dry shell weight, shell volume, and maxi-
mum shell length (diameter) of all cultured specimens. Each shell was weighed separately using a microbalance
(XP2U, Mettler-Toledo International Inc., Tokyo, Japan), which can measure weights down to 0.1 ug with a
precision of 0.15 pg. Organic matter makes up ~3% of the dry shell weight'? thus, any differences between
conditions will be negligible.

MicroCT measurements. All cultured individuals were investigated at high-resolution using the X-ray
microCT scanner at the Tohoku University Museum (resolution 1.652 pum/pixel, source voltage 100 kV, source
current 40 pA, rotation step 0.18°% ScanXmate-D160TSS105/11000, Comscantecno Co. Ltd., Kanagawa, Japan).
In order to verify the precision and repeatability of the LBF shell volume measurements, one foraminiferal indi-
vidual cultured in the control medium was used as a standard sample for each measurement (Supplementary
Tables S1 and S2). For each measurement, eight specimens and one standard specimen were fixed on solid Jefline
glue (SEC Corp., Hakodate, Japan) with tragacanth gum and placed on the sample stage. 3D reconstructions of
the foraminiferal shells were carried out using ConeCTexpress (White Rabbit Corp., Tokyo, Japan). The whole
shell volume and diameter (i.e., including the pre-culturing shell) were measured using the 3D imaging software
Molcer Plus (ver. 1.6, White Rabbit Corp., Tokyo, Japan). Shell volume was calculated as the sum of the 3D
voxels, and the gray scale range was decided by the histogram of each shell. Repeated measurements (n=15)
showed that the shell volume of the standard sample ranged from 1.44 to 1.58 x 10~ mm? (mean=1.49x 1072,
SD=0.03x1072, SE=0.01 x 102 mm?; Supplementary Table S2); shell volume was therefore measured to three
significant figures in this study.

Statistical analysis. We analyzed shell volume, weight, and density against the null hypothesis that their
arithmetic means were equal across the four pH treatments. Next, we conducted pairwise mean comparisons
between each of the treatments. The statistical tests used in this study perform best when the population distri-
butions being compared are normal and homoscedastic. We therefore compared the results of the Shapiro-Wilk
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test of normality and Bartlett’s test for homogeneity of variances from the untransformed, square-root trans-
formed, cubic-root transformed, and arc-tangent transformed data for each of the three variables***. Conse-
quently, we concluded that shell volume'?, weight'”, and density should be subject to the following statistical
analyses. These three variables were each analyzed separately using ANOVA models with seawater pH as a
fixed-effect. Between-treatment pairwise comparisons were conducted with Tukey’s HSD tests. All analyses were
performed using JMP Pro statistical software (ver. 15.2.0 for Windows, SAS Institute Japan Ltd., Tokyo, Japan).

Received: 9 July 2021; Accepted: 21 September 2021
Published online: 07 October 2021

References
1. Collins, M. et al. Long-term climate change: Projections, commitments and irreversibility. In Climate Change 2013: The Physical
Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change
(Cambridge University Press, 2013).
2. Kawahata, H. et al. Perspective of the response by marine calcifiers to global warming and ocean acidification -Behavior of corals
and foraminifers in the high CO, world in “hot house”. Prog. Earth Planet Sci. 6, 5 (2019).
3. Kroeker, K. ], Kordas, R. L., Crim, R. N. & Singh, G. G. Meta-analysis reveals negative yet variable effects of ocean acidification
on marine organisms. Ecol. Lett. 13, 1419-1434 (2010).
4. Orr, J. C. et al. Anthropogenic ocean acidification over the twenty-first century and its impact on calcifying organisms. Nature
437, 681-686 (2005).
5. Schiebel, R. Planktic foraminiferal sedimentation and the marine calcite budget. Glob. Biogeochem. Cycles 16, 1065 (2002).
6. Keul, N., Langer, G., de Nooijer, L. J. & Bijma, J. Effect of ocean acidification on the benthic foraminifera Ammonia sp. is caused
by a decrease in carbonate ion concentration. Biogeosciences 10, 6185-6198 (2013).
7. Doo, S. S., Fujita, K., Byrne, M. & Uthicke, S. Fate of calcifying tropical symbiont-bearing large benthic Foraminifera: Living sands
in a changing ocean. Biol. Bull. 226, 169-186 (2014).
8. Prazeres, M., Uthicke, S. & Pandolfi, ]. M. Ocean acidification induces biochemical and morphological changes in the calcification
process of large benthic foraminifera. Proc. R. Soc. B 282, 20142782 (2015).
9. Iwasaki, S. et al. Sensitivity of planktic foraminiferal test bulk density to ocean acidification. Sci. Rep. 9, 9803 (2019).
10. Hohenegger, J., Kinoshita, S., Briguglio, A., Eder, W. & Woger, J. Lunar cycles and rainy seasons drive growth and reproduction in
nummulitid foraminifera, important producers of carbonate buildups. Sci. Rep. 9, 8286 (2019).
11. Kinoshita, S. et al. Temperature effects on the shell growth of a larger benthic foraminifer (Sorites orbiculus): Results from culture
experiments and micro X-ray computed tomography. Mar. Micropaleontol. 163, 101960 (2021).
12. Fujita, K. & Fujimura, H. Organic and inorganic carbon production by algal symbiont-bearing foraminifera on northwest Pacific
coral-reef flat. J. Foraminifer. Res. 38, 117-126 (2008).
13. Raja, R., Saraswati, P. K., Rogers, K. & Iwao, K. Magnesium and strontium compositions of recent symbiont-bearing benthic
foraminifera. Mar. Micropaleontol. 58, 31-44 (2005).
14. Narayan, G. R. et al. Response of large benthic foraminifera to climate and local changes: Implications for future carbonate produc-
tion. Sedimentology. 12858. https://doi.org/10.1111/sed.12858 (2021).
15. Morse, J. W,, Andersson, A. J. & Mackenzie, F. T. Initial responses of carbonate-rich shelf sediments to rising atmospheric pCO,
and “ocean acidification”: Role of high Mg-calcites. Geochim. Cosmochim. Acta 70, 5814-5830 (2006).
16. Fujita, K., Nishi, H. & Saito, T. Population dynamics of Marginopora kudakajimaensis Gudmundsson (Foraminifera: Soritidae) in
the Ryukyu Islands, the tropical northwest Pacific. Mar. Micropaleontol. 38, 267-284 (2000).
17. Kuroyanagi, A., Kawahata, H., Suzuki, A., Fujita, K. & Irie, T. Impacts of ocean acidification on large benthic foraminifers: Results
from laboratory experiments. Mar. Micropaleontol. 73, 190-195 (2009).
18. Barker, S. & Elderfield, H. Foraminiferal calcification response to glacial-interglacial changes in atmospheric CO,. Science 297,
833-836 (2002).
19. Osborne, E. B. et al. Calcification of the planktonic foraminifera Globigerina bulloides and carbonate ion concentration: Results
from the Santa Barbara Basin. Paleoceanography 31, 1083-1102 (2016).
20. Mollica, N. R. et al. Ocean acidification affects coral growth by reducing skeletal density. Proc. Natl. Acad. Sci. 115, 1754-1759
(2018).
21. Schmidt, C., Kucera, M. & Uthicke, S. Combined effects of warming and ocean acidification on coral reef Foraminifera Marginopora
vertebralis and Heterostegina depressa. Coral Reefs 33, 805-818 (2014).
22. Sinutok, S., Hill, R., Kiihl, M., Doblin, M. & Ralph, P. Ocean acidification and warming alter photosynthesis and calcification of
the symbiont-bearing foraminifera Marginopora vertebralis. Mar. Biol. 161, 2143-2154 (2014).
23. ter Kuile, B., Erez, J. & Padan, R. Mechanisms for the uptake of inorganic carbon by two species of symbiont-bearing foraminifera.
Mar. Biol. 103, 241-251 (1989).
24. Nijweide, P. J., Kawilarang-de Haas, E. W. & Wassenaar, A. M. Alkaline phosphatase and calcification, correlated or not?. Metab.
Bone Dis. Relat. Res. 3, 61-66 (1981).
25. Guo, M. K. & Messer, H. H. A comparison of Ca?*-, Mg**-ATPase and alkaline phosphatase activities of rat incisor pulp. Calc.
Tissue Res. 26, 33-38 (1978).
26. Vogel, N. & Uthicke, S. Calcification and photobiology in symbiont-bearing benthic foraminifera and responses to a high CO,
environment. J. Exp. Mar. Biol. Ecol. 424-425, 15-24 (2012).
27. Schiebel, R. & Hemleben, C. Planktic Foraminifers in the Modern Ocean (Springer, 2017).
28. Bassinot, F. C., Méliéres, F, Gehlen, M., Levi, C. & Labeyrie, L. Crystallinity of foraminifera shells: A proxy to reconstruct past
botto m water CO;™ changes?. Geochem. Geophys. Geosyst. 5, Q08D10 (2004).
29. Broecker, W. & Clark, E. Shell weights from the South Atlantic. Geochem. Geophys. Geosyst. 5, Q03003 (2004).
30. Beer, C.]., Schiebel, R. & Wilson, P. A. Testing planktic foraminiferal shell weight as a surface water [CO,?"] proxy using plankton
net samples. Geology 38, 103-106 (2010).
31. Naik, S. S., Naidu, P. D., Govil, P. & Godad, S. Relationship between weights of planktonic foraminifer shell and surface water CO,~
concentration during the Holocene and Last Glacial Period. Mar. Geol. 275, 278-282 (2010).
32. Moy, A. D., Howard, W. R,, Bray, S. G. & Trull, T. W. Reduced calcification in modern Southern Ocean planktonic foraminifera.
Nat. Geosci. 2, 276-280 (2009).
33. Gonzalez-Mora, B., Sierro, E J. & Flores, J. A. Controls of shell calcification in planktonic foraminifers. Quat. Sci. Rev. 27, 956-961
(2008).
34. Marr, J. P. et al. Ecological and temperature controls on Mg/Ca ratios of Globigerina bulloides from the southwest Pacific Ocean.
Paleoceanography 26, PA2209 (2011).

Scientific Reports|  (2021)11:19988 | https://doi.org/10.1038/s41598-021-99427-1 nature portfolio


https://doi.org/10.1111/sed.12858

www.nature.com/scientificreports/

35. de Villiers, S. A 425 ka record of foraminiferal shell weight variability in the western Equatorial Pacific. Paleoceanography 18, 1080
(2003).

36. de Villiers, S. Occupation of an ecological niche as the fundamental control on the shell-weight of calcifying planktonic foraminif-
era. Mar. Biol. 144, 45-50 (2004).

37. Reymond, C. E,, Lloyd, A., Kline, D. I, Dove, S. G. & Pandolfi, J. M. Decline in growth of foraminifer Marginopora rossi under
eutrophication and ocean acidification scenarios. Glob. Change Biol. 19, 291-302 (2013).

38. Weinkauf, M. E G., Moller, T., Koch, M. C. & Kucera, M. Calcification intensity in planktic foraminifera reflects ambient conditions
irrespective of environmental stress. Biogeosciences 10, 6639-6655 (2013).

39. Doo, S. S. et al. Amelioration of ocean acidification and warming effects through physiological buffering of a macroalgae. Ecol.
Evol. 10, 8465-8475 (2020).

40. Hikami, M. et al. Contrasting calcification responses to ocean acidification between two reef foraminifers harboring different algal
symbionts. Geophys. Res. Lett. 38, 119601 (2011).

41. Sanyal, A. et al. Oceanic pH control on the boron isotopic composition of foraminifera: Evidence from culture experiments.
Paleoceanography 11, 513-517 (1996).

42. Anagnostou, E. et al. Changing atmospheric CO, concentration was the primary driver of early Cenozoic climate. Nature 533,
380-384 (2016).

43. Foster, G. L. & Rae, J. W. B. Reconstructing ocean pH with boron isotopes in foraminifera. Annu. Rev. Earth Planet. Sci. 44, 207-237
(2016).

44. Kroeker, K. J. et al. Impacts of ocean acidification on marine organisms: Quantifying sensitivities and interaction with warming.
Glob. Change Biol. 19, 1884-1896 (2013).

45. Dove, S. G. et al. Future reef decalcification under a business-as-usual CO, emission scenario. Proc. Nat. Acad. Sci. 110, 15342~
15347 (2013).

46. Cornwall, C. E. et al. Global declines in coral reef calcium carbonate production under ocean acidification and warming. Proc.
Nat. Acad. Sci. 118, 2015265118 (2021).

47. Langer, M. R,, Silk, M. T. & Lipps, J. H. Global ocean carbonate and carbon dioxide production: the role of reef foraminifera. J.
Foraminifer. Res 27, 271-277 (1997).

48. Pierrot, D., Lewis E. D. & Wallace, D.W. MS EXCEL Program Developed for CO, System Calculations. ORNL/CDIAC-105a. (Carbon
Dioxide Information Analysis Center, Oak Ridge National Laboratory, U.S. Department of Energy, 2006). https://doi.org/10.3334/
cdiac/otg.co2sys_xls_cdiac105a.

49. Shapiro, S. S. & Wilk, M. B. An analysis of variance test for normality (complete samples). Biometrika 52, 591-611 (1965).

50. Bartlett, M. S. Properties of sufficiency and statistical test. Proc. R. Soc. A 160, 268-282 (1937).

Acknowledgements

The manuscript has been improved with the help of constructive comments by H. Westphal and two anonymous
reviewers. We express our appreciation to K. Kimoto, M. Hiraide, and H. Kano for their helpful discussions and
suggestions. We are also grateful to H. Takayanagi for her help with weighing the shells. This study was carried
out with the support of KAKENHI (19K04053) and TUMUG Fund (Tohoku University) to A.K., KAKENHI
(21H04503 and 18KK0091) to R.T., and KAKENHI (18K18793) to A.S.

Author contributions
A K, A.S,,KF and HK. designed the culturing research. A.K,, S.K., O.S. and T.I. performed the microCT data
treatment. A.K., T.I., K.E, H.N. and R.T. wrote paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-99427-1.

Correspondence and requests for materials should be addressed to A.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:19988 | https://doi.org/10.1038/s41598-021-99427-1 nature portfolio


https://doi.org/10.3334/cdiac/otg.co2sys_xls_cdiac105a
https://doi.org/10.3334/cdiac/otg.co2sys_xls_cdiac105a
https://doi.org/10.1038/s41598-021-99427-1
https://doi.org/10.1038/s41598-021-99427-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Decrease in volume and density of foraminiferal shells with progressing ocean acidification
	Results
	Discussion
	Materials and methods
	Sampling and culturing methods. 
	MicroCT measurements. 
	Statistical analysis. 

	References
	Acknowledgements


