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ABSTRACT 

Light-enhanced calcification of reef-building corals, which eventually create vast coral 

reefs, is well known and based on coral-algal symbiosis. Several controversial 

hypotheses have been proposed as a possible mechanism for connecting symbiont 

photosynthesis and coral calcification, including pH rise in the internal pool, role of 

organic matrix secretion, and enzyme activities. Here, based on the skeletal chemical 

and isotopic compositions of symbiotic and asymbiotic primary polyps of Acropora 

digitifera corals, we show a simple pH increase in the calcification medium as the 

predominant contribution of symbionts to calcification of host corals. We used the 

symbiotic and asymbiotic primary polyps reared for 10 days at four temperatures (27, 

29, 31, and 33 °C), five salinities (34, 32, 30, 28, and 26), and four pCO2 levels (< 300, 

400, 800, and 1000 µatm). As a result of analyzing multiple geochemical tracers (U/Ca, 

Mg/Ca, Sr/Ca, 
18

O, 
13

C, and 
44

Ca), a clear and systematic decrease in skeletal U/Ca 

ratio (used as a proxy for calcification fluid pH) was observed, indicating a higher pH of 

the fluid, in symbiotic compared to asymbiotic polyps. In contrast, Mg/Ca ratios (used 

as a tentative proxy for organic matrix secretion) and 
44

Ca (used as an indicator of Ca
2+

pathway to the fluid) did not differ between symbiotic and asymbiotic polyps. This 

suggests that organic matrix secretion related to coral calcification is controlled mainly 

by the coral host itself, and a transmembrane transport of Ca
2+

 does not vary according 

to symbiosis relationship. Skeletal 
18

O of the both symbiotic and asymbiotic polyps 

showed offsets between them with identical temperature dependence for the both polyps. 

Based on a newly proposed model, behavior of 
18

O in the present study seems to 
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reflect the rate of CO2 hydration in the calcifying fluid. Since CO2 hydration is 47 

promoted by enzyme carbonic anhydrase, the offset of 
18

O between symbiotic and 48 

asymbiotic polyp is attributed to the differences of enzyme activity, although the 49 

enzyme is functional even in the asymbiotic polyp. Symbiotic 
13

C in the temperature 50 

and salinity experiments were higher compared to the asymbiotic ones due to 51 

photosynthesis, although photosynthetic 
13

C signals in the pCO2 experiment were 52 

masked by the dominant 
13

C gradient in dissolved inorganic carbon in seawater caused 53 

by 
13

C-depletd CO2 gas addition in the higher pCO2 treatments. Sr/Ca ratios showed a 54 

negligible relationship according to variation of temperature, salinity, and pCO2, 55 

although it might be attributed to relatively large deviations of replicates of Sr/Ca ratios 56 

in the present study. Overall, only the U/Ca ratio showed a significant difference 57 

between symbiotic and asymbiotic polyps throughout all experiments, indicating that 58 

the critical effect on coral calcification caused by symbiotic algae is the increase of pH 59 

of the calcifying fluid by photosynthesis. 60 

61 
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1. INTRODUCTION

1.1. Coral calcification, photosynthesis, and geochemical tracers 

Scleractinian corals are well known for their vigorous calcification, which supports high 

biodiversity in coral reefs and is enabled by their symbiotic relationship with 

photosynthesizing zooxanthellae. Although there is little evidence of a direct link 

between the presence of these symbionts and the enhancement of calcification, two 

main hypotheses have been proposed to explain stimulation of calcification by 

symbionts (reviewed in Davy et al., 2012). The first hypothesis suggests that symbionts 

alter the dissolved inorganic carbon (DIC) concentration in the calcifying medium, 

which changes the aragonite saturation state, and the second proposes that the presence 

of symbionts promotes the production of the organic matrix (OM), which is an essential 

precursor of aragonite crystal precipitation. These hypotheses, which were derived by 

examining differences between symbiotic and asymbiotic coral species or between light 

and dark conditions, as well as by conducting experiments with inhibitors, are not 

exclusive. Moya et al. (2008) suggested that the mechanism of light-enhanced 

calcification is metabolic rather than genetic, on the basis of their study of the 

differential expression of coral (Stylophora pistillata) genes between light and dark 

conditions. They showed that the Ca
2+

-ATPase and Ca
2+

-channel genes, which encode 

proteins involved in coral calcification, are not differentially expressed between light 

and dark conditions, whereas the expression of photosynthetic genes (encoding Rubisco 

and the D1 photosystem II protein) is enhanced in light. Saenger et al. (2013) 

demonstrated a strong correlation between isotope fractionation of Mg (
26

Mg) and 
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temperature, and they found a temperature sensitivity of Mg isotope fractionation in 

corals that was nearly three times that observed in abiotic aragonites. Although this 

result suggests that coral 
26

Mg is influenced by biological or kinetic effects, or both, 

such effects cannot be attributed to the presence of symbionts in their study results 

because 
26

Mg values of both symbiotic and asymbiotic Astrangia corals were the same 

within analytical error. Thus, the direct role played by coral symbionts (zooxanthellae) 

in calcification has not been yet elucidated. 

In this study, we measured multiple geochemical tracers (U/Ca, Mg/Ca, Sr/Ca, 
18

O, 


13

C, and 
44

Ca) in symbiotic and asymbiotic (lacking zooxanthellae) primary polyps 

from Acropora digitifera corals to examine the role of symbionts in coral calcification. 

Especially to examine the two hypotheses described above, we analyzed the U/Ca ratio 

as a proxy for pH and the Mg/Ca ratio as a tentative proxy for OM in polyp skeletons. 

Inoue et al. (2012) and Ohki et al. (2013) reported that when A. digitifera polyps are 

reared in seawater under controlled temperature, salinity, and pCO2 conditions, 

symbiotic primary polyps calcify much more than asymbiotic ones. In addition, to 

evaluate the symbiont impact on cellular Ca
2+

 transport, we also measured calcium 

isotope ratios (
44

Ca), which may provide information on the transport pathway of Ca
2+

(Inoue et al., 2015). 

We measured U/Ca, Mg/Ca, and 
44

Ca values to infer physiological processes 

within the polyps related to calcification, and we analyzed 
18

O, Sr/Ca, and 
13

C values 

in reared polyps to examine whether these environmental proxies work differently in 

scleractinian corals with and without zooxanthellae. Coral 
18

O is a well-known proxy 
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for sea surface temperature, and the 
18

O in seawater which can be regarded as salinity 

since precipitation and evaporation influence 
18

O in seawater (Gagan et al., 1998; 

Cobb et al., 2003; Hayashi et al., 2013; Felis et al., 2014). Several studies have shown, 

however, that coral skeletal 
18

O is mainly a function of the calcification site pH and 

DIC, the DIC source, and the aragonite growth rate, rather than of ambient temperature 

(McConnaughey, 1989; Rollion-Bard et al., 2003; Allison et al., 2010; Jones et al., 

2015). Therefore, we evaluated 
18

O variations as a proxy for temperature while 

considering differences in growth rate and the pH of the calcifying fluid in both 

symbiotic and asymbiotic polyps. In addition, the possible physiological mechanism 

leading variation of 
18

O in coral skeletons has been discussed based on a new model of 

oxygen isotope fractionation in the CaCO3-DIC-H2O system (Derviendt et al., 2017). 

We similarly examined whether factors other than temperature influenced Sr/Ca 

variations. Although the causes of skeletal 
13

C variation in corals are disputed (Grottoli 

and Wellington, 1999; Reynaud-Vaganay et al., 2001; Grottoli, 2002; Suzuki et al., 

2003; Omata et al., 2005, 2008; Chen et al., 2016), it can provide information on coral 

metabolism, especially the photosynthetic activity of zooxanthellae in corals controlled 

by light intensity. However there has been reported that some corals exhibit negligible 

influences from photosynthesis on variation of skeletal 
13

C and kinetic isotope effect 

may account for this contrasting result (Suzuki et al., 2003). In this study, we compared 


13

C values between symbiotic and asymbiotic polyps with various growth rates to 

evaluate the role of symbiosis in skeletal 
13

C variation and to evaluate its potential as a 

proxy for photosynthesis. 
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1.2. Mg/Ca and U/Ca ratios in scleractinian coral skeletons as proxies for organic 

matrix and pH of the calcifying fluid 

We investigated differences in OM and calcifying fluid pH between symbiotic and 

asymbiotic polyps by examining Mg/Ca and U/Ca variations, respectively, in polyp 

skeletons precipitated under controlled conditions. Both ratios have been used as 

temperature proxies (Min et al., 1995; Mitsuguchi et al., 1996; Watanabe et al., 2001; 

Felis et al., 2009), and correlations between them have also been reported (Sinclair, 

2005; Sinclair et al., 2006). However, these previous studies mainly studied 

massive-type corals such as Porites spp., collected from the field where water 

temperature, salinity, and light intensity can vary simultaneously. In such environments, 

it is difficult to identify specific parameters that predominately control the incorporation 

of Mg and U and their variation. In fact, the response of coral skeletal Mg/Ca ratios to 

temperature changes is opposite to the response in abiotic aragonite (Gaetani and Cohen, 

2006), whereas the temperature dependence of Sr/Ca is similar to abiotic aragonite 

(Kinsman and Holland, 1969). Furthermore, variation of skeletal Mg/Ca ratios is 

primarily controlled by the skeletal growth rate rather than by water temperature (Inoue 

et al., 2007; Brahmi et al., 2012). In particular, results of SIMS and NanoSIMS analyses 

have shown that Mg/Ca ratios are higher in rapid accretion deposits also known as the 

early mineralization zones or centers of calcification (Brahmi et al., 2012; Rollion-Bard 

and Blamart, 2015), which also have relatively high OM concentrations (Cuif et al., 

2003). Cuif et al. (2003) observed a layered distribution of S associated with sulfated 
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acidic polysaccharides embedded within the fibrous aragonite layers of coral skeletons, 

and Meibom et al. (2004) reported that the fine-scale structure of aragonite fibers is 

correlated with the distribution of Mg, a result that similarly indicates layered 

distributions of S and Mg. Although a direct relationship between the amount of OM 

and the skeletal Mg/Ca ratio has not yet been reported for scleractinian corals, several 

micro-analytical analyses of a variety of corals have suggested that relatively high 

Mg/Ca ratios in coral skeletons are strongly linked to OM secretion. In addition, Finch 

and Allison (2008) showed by an X-ray absorption fine structure analysis of a modern 

Porites coral skeleton that Mg in Porites sp. is hosted by a disordered Mg-bearing 

material that may be organic. Yoshimura et al. (2015) obtained X-ray absorption 

near-edge structure spectra of a reef-building coral (Porites sp.) which demonstrated 

that Mg incorporation is strongly biologically mediated and is not just a matter of lattice 

substitution. Given these findings, we tentatively regard skeletal Mg/Ca ratios as a 

potential proxy for OM. 

Direct relationships have been reported between U/Ca ratios and seawater pH and 

the [CO3
2–

] in reef coral skeletons as well as in cold-water corals and foraminiferal tests 

(Russell et al., 2004; Inoue et al., 2011; Raddatz et al., 2014). Although seasonal U/Ca 

variations in field-sampled corals are correlated with seasonal water temperature 

changes (Min et al., 1995; Felis et al., 2009), abiotic precipitation experiments have 

shown that the U/Ca ratio of aragonite precipitated from seawater decreases as [CO3
2–

] 

increases, but that it is independent of both the seawater pH and temperature (DeCarlo 

et al., 2015). The relationships between U/Ca in carbonates and pH or [CO3
2–

] depend 
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on the aqueous species of the uranyl ion (UO2
2+

). At a seawater pH of around 8, uranyl

tricarbonate (UO2(CO3)3
4–

) is the dominant species, and it remains dominant in 

aragonite precipitated from the seawater; thus, (UO2(CO3)3
4–

) is apparently incorporated 

as a complete unit into the structure of aragonite (Reeder et al., 2000). However, the 

speciation of UO2
2+

 in seawater is a function of seawater pH (Djogic et al., 1986), so the 

chemical species of uranyl, and thus the U/Ca ratio, in the precipitated aragonite should 

reflect the seawater pH. In this study, we regard U/Ca ratios in the polyp skeletons as a 

proxy for the pH of the calcifying fluid. More detailed studies are needed, however, to 

determine whether pH or [CO3
2–

] directly controls coral U/Ca variation. 

2. MATERIALS AND METHODS

We measured U/Ca, Mg/Ca, and Sr/Ca ratios and 
13

C, 
18

O, and 
44

Ca in skeletal 

samples from A. digitifera polyps raised in experiments reported by Inoue et al. (2012) 

and Ohki et al. (2013), who describe the experimental setup and the preparation of 

primary polyps in detail. In brief, primary polyps were prepared following Suwa et al. 

(2010) from planulae around 15 days old; symbiotic primary polyps were made by 

infecting them with zooxanthellae from the giant clam Tridacna crocea for 2 or 3 days 

before the experiments. Both symbiotic and asymbiotic polyps were reared for 10 days 

in seawater controlled for temperature, salinity, and pCO2 at Sesoko Station, Tropical 

Biosphere Research Center, University of the Ryukyus, Okinawa, Japan. The primary 

polyps used in the three experiments (described below) were from different parent 

colonies. Egg and sperm bundles for the pCO2 experiment were collected from two 
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parent colonies on 29 May 2010, and those for the temperature and salinity experiments 

were collected from four parent colonies on 6 July 2010. 

In the temperature experiment, seawater set at temperatures of 27, 29, 31, or 33 °C 

was supplied by a flow-through system. The salinity experiment was conducted in 

closed systems in an air-conditioned room; in each system, salinity-controlled seawater 

(34, 32, 30, 28, or 26) was exchanged daily. In the pCO2 experiment, seawater pCO2 

was adjusted by using a precise pCO2 control system (Fujita et al., 2011) to one of five 

different pCO2 levels: <300, 400, 600, 800, or 1000 µatm. The first, <300 µatm, is 

lower than the present atmospheric pCO2 level. The pCO2-adjusted seawater was 

supplied to flow-through aquarium systems in which seawater temperature was 

maintained at 27 °C. In all experiments, light was provided by metal halide lamps (150 

W, FUNNEL 2, Kamihata, Himeji, Japan) and fluorescent lamps (GEX Co., Ltd., Osaka, 

Japan); light intensity was 180, 130 and 60 mol m
–2

 s
–1

, in the temperature, pCO2 and 

salinity experiments, respectively, with a 12h:12h light:dark cycle. All experiments were 

carried out for 10 days; then, soft polyp tissues were removed from each polyp with a 

water-pick, and the dry weight of each skeleton was measured on an ultra-microbalance 

(Thermo Cahn C-35, Beverly, MA, USA) (Inoue et al., 2011). The number of weighed 

polyp skeletons varied among experiments and treatments and ranged from 19 to 34. 

For this study, we randomly chose five of the weighed polyp skeleton samples from 

each treatment and measured the concentrations of trace elements in the skeletons with 

an inductively coupled plasma mass spectrometer (ELEMENT, Thermo Fisher, 

Waltham, MA, USA) following the protocol described by Inoue et al. (2007, 2011) with 
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some modifications. Briefly, 100–300 µg of skeletal sample was digested in 2% HNO3,

which contained internal standards of Sc and Bi to control for instrumental drift and to 

improve measurement precision. Standard solutions prepared from JCp-1, a coral 

standard material provided by the Geological Survey of Japan (Okai et al., 2002), were 

measured after every fifth sample for data correction. The relative standard deviation in 

replicate measurements of the JCp-1 standard was typically 0.4% for the Mg/Ca and 

Sr/Ca ratios and 1.0% for the U/Ca ratio (n = 15). 

Calcium isotope analyses were conducted by the method described in Inoue et al. 

(2015) at the Münster Isotope Research Center at the University of Münster with a 

Thermo-Fisher Triton TI thermal ionization mass spectrometer. For 
44

Ca analyses, two 

polyps from each temperature treatment and selected salinity treatments (26, 30, and 34) 

were used. Polyp samples were first cleaned with 10% NaClO and then dissolved in 0.5 

M HCl; a double spike of 
42

Ca and 
43

Ca was added, and then an amount of solution 

expected to contain about 400 ng of Ca was loaded onto single Re filaments with a 

tantalum activator (Gussone et al., 2011). The precision of each measurement was 

0.09‰ (2 SE) and all samples were measured at least twice. All isotope values are 

expressed relative to the National Institute of Standards and Technology standard NIST 

SRM 915a as follows: 
44

Ca = [(
44

Ca/
40

Ca)sample/(
44

Ca/
40

Ca)SRM915a – 1]  1000. 

Three to five polyp samples from each temperature treatment, three polyp samples 

from each of the selected salinity treatments (26, 30, and 34), and three to seven polyp 

samples from each pCO2 treatment were individually analyzed for 
18

O and 
13

C by 

procedures described previously (Hayashi et al., 2013; Nishida et al., 2014). The 
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isotopic ratios were determined with an IsoPrime mass spectrometer (Micromass, 

Wilmslow, UK) after treatment of the samples with 104% H3PO4 at 25 °C in a 

custom-made carbonate preparation device (Ishimura et al., 2008) and are reported 

relative to Vienna PeeDee Belemnite (V-PDB), using consensus values of –2.2‰ and 

+1.95%, respectively, for the NBS 19 international reference standard relative to V-PDB. 

The precision of replicate of NBS 19 was better than 0.1‰ (1 ) for both 
18

O and 


13

C. 

All statistical analyses were performed with JMP software (SAS institute, Cary, 

NC). Comparisons of the mean values of all geochemical tracers between symbiotic and 

asymbiotic data in each experiment, excepting one comparison, were analyzed by paired 

t-test ( = 0.05) as all data showed normal distribution. Since only 
13

C data in pCO2 

experiment did not show normal distribution, Wilcoxon signed-rank test was applied. In 

order to model the relationship (calibration) between geochemical tracers and 

experimental parameters, simple linear regression was used. 

3. RESULTS

In all experiments, the difference in mean U/Ca between asymbiotic and symbiotic 

polyps was significant (Table 1, 2; Fig. 1B, H, L), whereas a significant difference in 

Mg/Ca between asymbiotic and symbiotic polyps was observed only in the pCO2 

experiment (Table 1, 2; Fig. 1C, I, M). In the temperature and salinity experiments, 

Sr/Ca ratios did not differ significantly between symbiotic and asymbiotic polyps, but in 
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the pCO2 experiment, Sr/Ca ratios differed significantly between them (Table 1, 2; Fig. 

1D, J, N). 

The 
44

Ca values of the cultured polyps, which ranged from 0.63‰ to 0.87‰, 

showed no systematic difference between symbiotic and asymbiotic polyps in the 

temperature and salinity experiments and no significant temperature or salinity 

dependence (Table 1, 2; Fig. 2). 

The polyp samples, which were selected randomly, showed large standard 

deviations about the mean growth rate (indicated by polyp weight), especially in the 

temperature experiment (Fig. 3A), but 
18

O and 
13

C variability was comparatively 

small in the three experiments, although the standard deviation of the salinity 26 

treatment was large. We observed significantly high correlations between variations in 


18

O and variations in both temperature (symbiotic, R
2
 = 1.00, p < 0.0001; asymbiotic, 

R
2
 = 0.87, p = 0.0001) and salinity (symbiotic, R

2
 = 0.96, p = 0.014; asymbiotic, R

2
 = 

0.99, p < 0.0001), but not pCO2, in both symbiotic and asymbiotic polyps (Fig. 3B, E, 

H). Although there was an offset of 0.5 and 0.9 ‰ in 
18

O between symbiotic and 

asymbiotic polyps, with the symbiotic polyps being lower, the slopes of the 

relationships were almost identical between the two types of polyps in both the 

temperature and salinity experiments, respectively. In contrast, 
13

C did not show linear 

dependence on temperature (Fig. 3C) in either symbiotic or asymbiotic polyps, whereas 


13

C was significantly correlated with pCO2 in both types of polyps. Mean 
13

C was 

significantly higher in symbiotic compared with asymbiotic polyps in the temperature 

and salinity experiment results (Table 2). In the pCO2 experiment, mean 
13

C did not 
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differ significantly between asymbiotic and symbiotic polyps (p = 0.622), but 
13

C and

pCO2 were negatively correlated in both types of polyps (symbiotic, R
2
 = 0.98, p < 

0.0001; asymbiotic, R
2
 = 1.00, p < 0.0001) (Fig. 3I). 

4. DISCUSSION

4.1. Role of symbiosis in coral calcification inferred from multiple geochemical 

tracers 

In our experimental results, only U/Ca among the analyzed geochemical tracers showed 

significant and systematic differences between symbiotic and asymbiotic polyps (Figs. 

1–3); in all experiments, we observed a significant decrease in skeletal U/Ca (Fig. 1B, H, 

and L) in symbiotic polyps compared with asymbiotic polyps. In foraminiferal tests and 

scleractinian corals, U/Ca ratios vary in response to seawater pH and [CO3
2–

], and U/Ca 

is negatively correlated with seawater pH or [CO3
2–

] (Russell et al., 2004; Inoue et al., 

2007). In this study, seawater pH was held constant in the temperature and salinity 

experiments throughout the experimental period, and in the pCO2 experiment the 

changes in pH and pCO2 were the same for both the symbiotic and asymbiotic polyps. 

Therefore, the U/Ca differences that we observed between asymbiotic and symbiotic 

polyps suggest that the pH within the polyp, probably in its calcifying fluid, must differ 

as a result of photosynthesis by the zooxanthellae. Interestingly, in the temperature 

experiment, U/Ca values of the symbiotic polyps that experienced thermal stress and 

bleaching approached those of the asymbiotic polyps (Fig. 1B). 

The difference in mean U/Ca between symbiotic and asymbiotic polyps in all 
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experiments (excluding symbiotic polyps reared at 31 and 33 °C) was 0.23 µmol/mol, 

which corresponds to a pH difference of 1.10 according to the calibration between coral 

U/Ca and seawater pH (U/Ca = –0.21  pH + 2.96) proposed by Inoue et al. (2011). 

However, Venn et al. (2011) reported that the extracellular pH under the calicoblastic 

epithelium is elevated relative to the pH of the surrounding seawater by ~0.5 pH units in 

light and by ~0.2 pH units in dark conditions. In addition, an in vivo study on the 

relationship between seawater acidification and internal pH in the coral S. pistillata 

demonstrated that the pH of the subcalicoblastic medium (SCM) changes at a slower 

rate than that of the surrounding seawater, and, consequently, the difference in pH 

between the SCM and seawater increases (Venn et al., 2013). If we assume the same 

slow rate of change in the internal pH of coral compared with the pH change rate in the 

ambient seawater reported by Venn et al. (2013), then the expected difference in the pH 

of the calcifying fluid between symbiotic and asymbiotic polyps would be only ~0.5. 

However, Ohno et al. (2017) have suggested that corals can dynamically regulate the pH 

of the calcifying fluid. They used a new time-lapse pH imaging method to monitor 

changes in the pH of the calcifying fluid of coral during seawater acidification that 

allowed them to observe dynamic pH upregulation, including acid-induced oscillation 

of the fluid pH and, occasionally, acid-induced pH upregulation waves, which 

propagated among SCMs. Although in our results it was difficult to quantify the pH 

difference between symbiotic and asymbiotic polyps, a pH difference of ~1 pH unit is 

comparable to the diurnal pH range measured directly at the calcification site of a 

scleractinian coral with a microelectrode (from pH 8.13 at night to pH 9.29 during the 
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day; Al-Horani et al., 2003); their result suggests that the observed pH difference 

reflects photosynthetic activity. 

 DeCarlo et al. (2015) have shown that U/Ca in abiotic aragonite depends on [CO3
2–

] 

and is independent of pH and temperature. In their experiments, they examined U 

incorporation into aragonite within a [CO3
2–

] range from 600 to 2560 µmol kg
–1

, which 

is about 3 to 10 times its range in seawater. In this study, U/Ca in both asymbiotic and 

symbiotic polyps showed no systematic variation in response to variations in [CO3
2–

] in 

seawater (Fig. 1H), although in the salinity experiment, [CO3
2–

] in seawater changed 

from around 145 µmol kg
–1

 (salinity = 26) to 225 µmol kg
–1

 (34) while pH remained 

stable at 8.09 ± 0.01. Therefore, assuming that seawater pH and [CO3
2–

] also affect 

incorporation of U into coral skeleton in addition to those in the calcifying fluid, U/Ca 

variation in coral aragonite might be controlled by pH rather than by [CO3
2–

]. The 

[CO3
2–

] range in the salinity experiment in this study was narrow, unlike the range in the 

experiments conducted by DeCarlo et al. (2015). Further, given the high variability 

(large SDs) in the multiple measurements of the U/Ca ratios in the polyps (Inoue et al., 

2011), the effect of a slight change in [CO3
2–

] (~80 µmol kg
–1

) on the U/Ca ratio would 

be difficult to detect. 

In contrast to U/Ca, Mg/Ca ratios and 
44

Ca showed no systematic differences 

between asymbiotic and symbiotic polyps in any of the experiments, excluding Mg/Ca 

in the pCO2 experiment. However, decreases in Mg/Ca were observed in the 

high-temperature (31 and 33 °C) treatments that caused bleaching of the symbiotic 

polyps; in these treatments, both asymbiotic and symbiotic Mg/Ca values decreased 



18 

with increasing temperature (Fig. 1C). Although Mg/Ca in coral skeletons has been used 

as a temperature proxy (Mitsuguchi et al., 1996), more recent studies have demonstrated 

that high Mg/Ca values closely reflect the OM distribution (see section 1.2); thus, high 

Mg/Ca values in the polyp skeletons in the present study might be associated with the 

secretion or distribution of OM. Inoue et al. (2012) observed abnormal surfaces on the 

skeletons of polyps reared at 33 °C compared with those reared at 27 °C. This 

observation implies that thermal stress severely damaged the coral host itself rather than 

the coral-algal symbiosis, because the skeletal surfaces of both types of polyps reared at 

27 °C displayed normal cyclical features (which probably represent the cyclical 

deposition of organo-mineral increments). Environmental stresses such as extremely 

high sea surface temperatures may inhibit the secretion of OM by coral hosts to serve as 

a precursor of CaCO3 deposition (Isa and Okazaki, 1987; Fukuda et al., 2003; Puverel et 

al., 2005). During organo-mineral calcification (Cuif and Dauphin, 2005), OM secretion, 

the first calcification step, is critical for skeletal growth; without it, CaCO3 precipitation 

cannot proceed regardless of whether the polyp is symbiotic or asymbiotic. The lack of 

systematic differences in Mg/Ca ratios between the two types of polyps in our data is 

consistent with these observations. 

In addition to DIC and OM, another important factor in coral calcification is the 

transport of Ca
2+

 to the calcifying site; whether Ca
2+

 is transported to the fluid through 

coral cells or directly transported from seawater (Allemand et al., 2011). All 
44

Ca data 

in this study were within the range of 
44

Ca data reported for adult Porites australiensis 

(Inoue et al., 2015) and were similar to values reported for cultured and natural 
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specimens of other coral species (compiled by Gussone and Heuser, 2016, and 

references therein). The lack of 
44

Ca temperature dependence in our results is 

inconclusive, because it would not be possible to resolve the reported temperature 

sensitivity of 0.02‰/°C within the 6 °C temperature range of the temperature 

experiment. In addition, the samples analyzed in this study were cultured at generally 

higher temperatures than were used by previous studies; thus, our 
44

Ca results may 

reflect a flattening of the temperature 
44

Ca–temperature curve at elevated temperatures. 

In addition to temperature dependence of 
44

Ca, calcium isotope fractionation 

apparently occurs during Ca transmembrane transport in coral soft tissue rather than 

during precipitation of the CaCO3 skeleton (Böhm et al., 2006; Inoue et al., 2015). We 

observed no significant differences in 
44

Ca between asymbiotic and symbiotic polyps 

in the temperature and salinity experiments, indicating that the Ca
2+

 transport 

mechanism is similar between them. Moreover, 
44

Ca values kept approximately 

constant fractionation from seawater, even in the high-temperature treatments that 

caused bleaching. This constant fractionation suggests that the transport of Ca
2+

 is not 

paracellular and that most Ca
2+

 is transported to the calcifying fluid via the soft tissue 

rather than directly from seawater even in bleached corals. 

Among the geochemical tracers that we measured, only the U/Ca ratio, which can be 

regarded as a proxy for changes in internal pH, was systematically different between 

asymbiotic and symbiotic polyps. Our U/Ca data suggest that the observed higher 

calcification rate of symbiotic polyps was related to a higher pH within the calcifying 

fluid of the polyps. In the pCO2 experiment, U/Ca ratios of both types of polyps tended 
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to increase as pCO2 increased from <300 to 800 µatm, corresponding to a seawater pH 

variation from 8.18 to 7.81, and the slopes of their calibration relationships were 

similar: symbiotic U/Ca = 0.0003  pCO2 + 1.082 (R
2
 = 1.0, p = 0.013) and asymbiotic 

U/Ca = 0.0002  pCO2 + 1.313 (R
2
 = 0.92, p = 0.0004). However, at a pCO2 of 1000 

µatm, U/Ca ratios were slightly decreased (indicating a slightly higher pH) in both types 

of polyps. McCulloch et al. (2012) reported pH upregulation at the calcification site of 

scleractinian corals (Acropora spp.) on the basis of 
11

B measurements. They reported 

that the calcifying fluid pH increased linearly as the seawater pH increased from 

approximately 7.7 to 8.2, but the decreased U/Ca ratios at a pCO2 of 1000 µatm in this 

study may be attributable to pH upregulation by the coral host; it is likely not related to 

the coral-algal symbiosis because both the asymbiotic and symbiotic polyps had 

decreased U/Ca at 1000 µatm. 

4.2. Evaluation of 
18

O, 
13

C, and Sr/Ca as environmental proxies 

In scleractinian corals, 
18

O is the predominantly used temperature proxy (e.g., Gagan 

et al., 1998; Tudhope et al., 2001; Cobb et al., 2003; Mishima et al., 2010), but in 

asymbiotic reef building corals, 
18

O and its relation to temperature and salinity has 

been little investigated. Our results clearly demonstrate that 
18

O in scleractinian corals 

can be a robust proxy for both temperature and salinity regardless of the coral-algal 

symbiosis status (Fig. 3B and E). Although Cohen et al. (2002) reported that the 

temperature dependence of Sr/Ca differed between symbiotic and asymbiotic Astrangia 

poculata, we found an apparently identical temperature dependence of 
18

O (with a 
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0.5‰ offset) in symbiotic and asymbiotic polyps, and our 
18

O values were within the

range of values reported for adult Porites corals (Asami et al., 2004; Felis et al., 2004; 

Gagan et al., 2012) However, the temperature dependence of coral 
18

O is lower than 

averaged temperature dependence in inorganic aragonite (–0.22 ± 0.22‰/°C between 0 

and 30 °C; O’Neil et al., 1969; Kim and O’Neil, 1997; Kim et al., 2007; Watkins et al., 

2013; Devriendt et al., 2017). 

The salinity dependence of 
18

O found in this study cannot be compared with data 

from natural corals because we altered the salinity artificially by adding deionized water 

to seawater; we did not manipulate it by adjusting the balance between evaporation and 

precipitation so that it differed from that around Okinawa. However, we also observed a 

systematic offset of 
18

O (0.9‰) between symbiotic and asymbiotic polyps in the 

salinity experiments. Spero et al. (1997), who measured 
13

C and 
18

O in living 

symbiotic planktonic foraminifera (Orbulina universa) grown in seawater with different 

[CO3
2–

] and different light conditions, found that 
18

O of the calcite shells decreased as 

seawater [CO3
2–

] increased, with a constant offset between those precipitated in the light 

and those precipitated in the dark; the former were depleted in 
18

O by 0.3‰ compared 

with the latter. Similarly, McCrea (1950) found that 
18

O values of rapidly precipitated 

CaCO3 decreased as the percentage of CO3
2–

 in the rearing solution increased and 

suggested that the calcification rate might explain this decrease. The results of 

micro-scale analyses of coral skeletons suggest that, similar to 
18

O of foraminiferal and 

inorganic calcite, coral 
18

O is principally a function of the calcification site pH and 

DIC (Rollion-Bard et al., 2003; Allison et al., 2010). However, different from our 
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temperature–U/Ca data, in the temperature experiment, the relationship in symbiotic 

polyps between 
18

O values and temperature was not altered by bleaching in the 

high-temperature treatments (Fig. 3B). In addition, in the pCO2 experiment, we 

observed smaller differences (~0.2‰) of the 
18

O between asymbiotic and symbiotic 

polyps. Furthermore, 
18

O in both polyp types did not vary with the change in pCO2, 

although seawater [CO3
2–

] and pH both covaried with the change in pCO2. 

Recently, Devriendt et al. (2017) proposed a new model for oxygen isotope 

fractionation between CaCO3 and water that takes account of kinetic isotope 

fractionation between CaCO3 and CO3
2–

 ions and between CO3
2–

 ions and water (H2O). 

According to their model, the aragonite skeleton secreted by reef-building corals and its 


18

O values can be explained by precipitation of DIC that is not, or only partially, 

isotopically equilibrated DIC derived from hydrated CO2. According to their model, 

skeletal 
18

O values of both symbiotic and asymbiotic polyps should be controlled 

during the reaction of CO2 hydration in the calcifying fluid rather than by the pH of the 

fluid. In addition, they suggested that the reduced and more variable temperature 

sensitivity of 
18

O in coral aragonite compared with that in foraminiferal calcite can be 

attributed to variable kinetic isotope effects associated with CO2 hydration in the fluid. 

In particular, they postulate that because the carbonic anhydrase (CA) enzyme increases 

the rate of CO2 hydration in coral tissue (Hopkinson et al., 2015), the hydration of 

metabolic CO2 in the fluid is the dominant mechanism of the reduced temperature 

sensitivity of 
18

O in corals compared that in other marine calcifiers. Accordingly, 

differences in 
18

O between symbiotic and asymbiotic polyps should be due to 
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differences in CA activity between them; in symbiotic polyps, photosynthesis products 

may provide energy that promotes CA activity. However, their model also indicates that 


18

O values of CaCO3 show less sensitivity to temperature at high pH values, because 

the contribution of oxygen atoms from OH
–
 to the initial isotopic composition of the 

DIC increases. Different from the 
18

O/
16

O ratio of CO2, HCO3
–
, and CO3

2–
, the 

18
O/

16
O 

ratio of OH
–
 ions increases with increasing temperature (Green and Taube, 1963). 

However, in this study, the temperature dependence of 
18

O was identical in polyps of 

both types despite their different internal pH. This result might have resulted from a 

trade-off between a reduced rate of CO2 hydration due to reduced CA activity and a 

high sensitivity to temperature at low pH in the high-temperature treatments (31 and 

33 °C) that caused bleaching in symbiotic polyps. Thus, the two mechanisms may 

occasionally produce the same result, an apparent temperature dependence of 
18

O. 

Alternatively, their model for calcite indicates that the temperature dependence of 

isotope fractionation between CaCO3 and water originates during the CO3
2–

–H2O 

fractionation step rather than during the calcite–CO3
2–

 fractionation step; therefore, 

water temperature may affect CO3
2–

–H2O fractionation, and hence H2O–CaCO3 

fractionation, regardless of the symbiotic coral-algal relationship. Thus, their model can 

account for the identical temperature dependence of 
18

O in both types of polyp in our 

study, even at high temperatures that caused bleaching. 

Devriendt et al. (2017) also showed that the fractionation factor of oxygen isotopes 

between calcite and CO3
2–

 is not significantly affected by the solution pH, which may 

account for the differences in behavior observed between U/Ca and 
18

O in this study. 
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Consequently, although skeletal U/Ca ratios in the present study reflected differences of 

pH in the calcifying fluid, 
18

O reflected the degree of CO2 hydration in the fluid. In the 

pCO2 experiment, 
18

O showed a smaller offset between symbiotic and asymbiotic 

polyps than it did in the other two experiments. Because the parent colonies differed 

between the pCO2 experiment and the other two experiments (see Methods), it is 

possible that genetic differences caused CA activity to differ. Alternatively, because in 

the pCO2 experiment, pCO2 treatment levels were achieved artificially by bubbling CO2 

through seawater, CO2 hydration related to the coral metabolism may have been 

masked. 

Similar to 
18

O, the Sr/Ca ratio in scleractinian corals is a well-known temperature 

proxy (e.g., Corrége, 2006; Hayashi et al., 2013), but unlike 
18

O, we observed no 

dependence of Sr/Ca ratios on temperature in our experiments (Fig. 1D). Only the Sr/Ca 

ratios in asymbiotic polyps showed a negative relation to temperature from 27 to 31 °C 

(Fig. 1D). In the salinity and pCO2 experiments, Sr/Ca ratios showed no trends related 

to salinity or pCO2 variations (Fig. 1J, N). Only in the pCO2 experiment was a 

difference observed in mean Sr/Ca ratios between symbiotic and asymbiotic polyps. 

Tanaka et al. (2015) reported that Sr/Ca in A. digitifera shows an increasing trend with a 

decline of seawater pH, and Allison et al. (2010) also suggested that Sr/Ca variations in 

Porites lobata were related to DIC. In our pCO2 experiment, Sr/Ca values were lower in 

symbiotic corals than in asymbiotic ones, indicating a higher internal pH in the 

symbiotic polyps, if the relationship between Sr/Ca and seawater pH reported by Tanaka 

et al. (2015) is assumed. Although this result is comparable to our result for U/Ca ratios, 
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in the case of Sr/Ca, the effect was seen only in the pCO2 experiment data. As we 

argued in the case of 
18

O, because different parent colonies were used for the polyps in 

the pCO2 experiment than were used in the other experiments, genetic differences may 

account for differences in the incorporation of trace elements such as Sr. For example, 

Hayashi et al. (2013) investigated the suitability of coral 
18

O and Sr/Ca as temperature 

proxies in multiple colonies cultured under the same environmental conditions but 

characterized by large intercolony growth rate variation (2–10 mm yr
–1

). Although the 

slopes of the calibration between 
18

O and Sr/Ca and temperature were similar in all 

colonies, the intercepts were slightly different between colonies, probably reflecting 

colony differences. Even so, we found a systematic offset between symbiotic and 

asymbiotic U/Ca ratios in all experiments, suggesting that there were internal pH 

differences due to coral-algal symbiosis, independent of any colony (genetic) difference. 

In contrast to 
18

O and Sr/Ca, the 
13

C variation patterns did not reflect temperature 

(Fig. 3C) and were similar to the variation pattern of U/Ca ratios (Fig. 1B). Although 

the mechanisms controlling 
13

C variation in coral skeletons are disputed (Grottoli and 

Wellington, 1999; Reynaud-Vaganay et al., 2001; Grottoli, 2002; Suzuki et al., 2003; 

Omata et al., 2005, 2008), 
13

C values in biogenic carbonate generally depend on the 

photosynthetic rate, because 
12

C is preferentially taken up during photosynthesis; then 

13
C-enriched DIC is used to precipitate CaCO3 shells or skeletal material, leading to a 

positive correlation between carbonate 
13

C and photosynthetic rate. Hayashi et al. 

(2013) reported that maximum photosynthetic efficiency was positively correlated with 


13

C in multiple Porites colonies, independent of the 
13

C value of DIC in seawater. 
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Both the U/Ca and 
13

C skeletal variation patterns in the symbiotic and asymbiotic 

polyps in our temperature experiment suggest that photosynthesis by zooxanthellae 

cause the internal pH of a polyp to increase, and that photosynthesis ceased as a result 

of bleaching. We also observed a significant difference between symbiotic and 

asymbiotic 
13

C in the salinity experiment but not in the pCO2 experiment. Because 


13

C of the CO2 added to the experimental aquarium in the pCO2 experiment was lower 

than that of ambient CO2, 
13

C in both types of polyps showed a significant negative 

relationship with pCO2 (Fig. 3I). 

4.3. Calcification mechanism related to photosynthesis 

The geochemical data of symbiotic and asymbiotic polyps reared under different 

temperature, salinity, and pCO2 conditions in this study showed that internal pH varied 

depending on the coral-algal symbiotic state. This difference was generated by 

photosynthesis by the symbiont. The zooxanthellae are located in the oral endoderm of 

the coral, and the calcifying fluid is located under the aboral ectoderm (calicoblastic 

ectoderm); these reservoirs are connected by physiological processes such as 

Ca
2+

–ATPase or proton pumps (Fig. 4). When CO2 in the coelenteron is utilized for 

photosynthesis, CO2 from the calcifying fluid diffuses into the coelenteron, which 

elevates the pH of the fluid and consequently enhances calcification. The process of 

calcification reaction also produces protons, which decreases the pH of the fluid, but 

these protons are pumped out into the coelenteron by ion pumps. According to 

McConnaughey and Whelan (1997), this process is regarded as proton generator in 
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which photosynthetic symbioses use protons generated by calcification to assimilate 

bicarbonate and nutrients. Consequently, protons pumped out of the fluid are consumed 

by photosynthetic activity, which leads to the diffusion of more CO2 into the 

coelenteron and elevation of the fluid pH. The importance of elimination of H
+
 from the 

coral tissue on calcification has been also suggested by Jokiel (2011) as proton flux 

hypothesis. In addition, Toyofuku et al. (2017) demonstrated that proton pumping by a 

V-type H
+
 ATPase accompanies calcification in non-symbiotic foraminifera over a wide 

range of pCO2 levels. Active ion transport requires metabolic energy, which 

photosynthesis might supply (Hohn and Merico, 2015). In contrast, within asymbiotic 

polyps, neither protons nor CO2 are consumed by zooxanthellae, leading to a lower fluid 

pH in asymbiotic polyps when compared with symbiotic polyps. Presumably, as 

suggested by the variation in Mg/Ca ratios in this study and the microstructural 

characteristics of the skeletal surface observed by Inoue et al. (2012), the OM precursor 

of the aragonite skeleton of primary polyps is precipitated identically, regardless of 

whether zooxanthellae are present. As proposed by Inoue et al. (2012), the secretion of 

OM by the coral host can be regarded as the first calcification step. The second 

calcification step, in which aragonite is precipitated, appears to differ, depending on 

whether zooxanthellae are present or not. Iwasaki et al. (2016) measured the shapes of 

skeletons of polyps with and without symbionts prepared in the same way as for the 

experiments in this study by X-ray micro-CT scanning. They found that symbiotic 

primary polyps had well-developed folding margins, unlike asymbiotic ones, and their 

skeletons were also higher. These morphological differences associated with the 
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presence or absence of zooxanthellae lead to a significant difference in skeletal weight 

(Inoue et al., 2012). 

In both types of polyps, we observed both lower 
18

O values and a reduced 

temperature dependence of 
18

O, compared with those of other marine calcifiers and 

inorganic aragonite. This result implies that skeletal CaCO3 of both types of polyp is 

precipitated from a DIC pool derived from CO2 hydration that, because of CA activity, 

is not isotopically equilibrated (Fig. 5). Also, our analyses of 
44

Ca indicate that Ca
2+

 is 

transported from seawater to the calcifying fluid via the soft tissue cells regardless of 

the algal-symbiont relationship. Furthermore, if, as we inferred, the distribution of high 

skeletal Mg/Ca is related to the presence of OM, then the symbiotic relationship does 

not stimulate calcification by enhancing OM secretion. Therefore, these features are the 

same in symbiotic and asymbiotic polyps. However, the degree of CA activity may be 

higher in symbiotic polyp. Protons generated during the process of calcification are 

probably eliminated from the fluid even in asymbiotic polyps. For example, in the coral 

Galaxea fascicularis, the pH in the coelenteron is lower than that in the fluid even in a 

dark environment (Al-Horani et al., 2003). However, CO2 diffusion and proton pumping 

from the fluid to the coelenteron are more active in symbiotic polyps as a result of the 

photosynthetic activity of the zooxanthellae (Fig. 4 and 5). Therefore, the predominant 

factor directly influencing the growth of the coral skeleton is the pH, and hence the 

aragonite saturation state, of the fluid. 

Overall, coral-algal symbiosis promotes coral calcification because the pH at the 

calcification site is enhanced by photosynthetic activity. In reef environments with 
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shallow, clear water with abundant sunlight, zooxanthellae can utilize H
+
 generated by

the precipitation of CaCO3 for photosynthesis. This symbiosis helps to create vast coral 

reef structures and maintain high biodiversity. 
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Figure caption 

Fig. 1. Weight (A, G, K), U/Ca (B, H and L), Mg/Ca (C, I, M) and Sr/Ca (D, J, N) ratios 

of primary polyps of Acropora digitifera reared in temperature, salinity and pCO2 

experiments, respectively. Scales (y axis) of U/Ca and Sr/Ca are plotted in reverse; 

upward indicates the direction of increasing pH and temperature, respectively. The 

figure shows the mean with error bars reflecting SD (n = 5). Solid (symbiotic polyp) 

and open (apsymbiotic polyp) bars at the left of each graph show mean ± SD of all data 

at each experiment. Difference of pH was calculated by using the calibration proposed 

by Inoue et al. (2011) and mean U/Ca difference in all experiments. Representative 

photos of symbiotic polyps reared at 27 °C (E) and 33 °C (F) which was bleached at the 

end of the experiment are also presented. Scale bar indicates 100 µm in (E) and (F). 

Concentration of CO3
2–

 according to salinity change which has been reported in Inoue et 

al. (2012) is indicated at the above the graph for the salinity experiment. Calibration 

lines presented in (D) and (L) have significant relationships (p < 0.05) and solid and 

dotted lines represent the relation for symbiotic and asymbiotic polyp, respectively. 

Fig. 2. Variation of 
44

Ca of symbiotic and asymbiotic polyps reared in temperature (A) 

and salinity (B) experiment. Gray shading indicates that symbiotic polyps are bleached 

at 31 and 33 °C. Error bars are ± 2 SEM. Gray bar presented at right of the graph shows 

mean ± 1 SD of all adult Porites data reported by Inoue et al. (2015). 
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Fig. 3. Weight (A, D, G), 
18

O (B, E, H) and 
13

C (C, F, I) ratios of primary polyps of

Acropora digitifera reared in temperature, salinity and pCO2 experiments, respectively. 

The figure shows the mean with error bars reflecting SD (n = 3 to 7). Gray shading 

indicates that symbiotic polyps are bleached at 31 and 33 °C. Since salinity was 

controlled by adding deionized water, proportion of H2O addition is indicated at the 

above the graph for the salinity experiment. Calibration lines presented in the figure 

have significant relationships (p < 0.05) and solid and dotted lines represent the relation 

for symbiotic and asymbiotic polyp, respectively. 

Fig. 4. Schematic diagram of coral calcification focusing on CO2 and H
+

exchange 

between zooxanthellae, coelenteron and calcifying fluid with and without zooxanthellae. 

pH values for symbiotic and asymbiotic polyps are from those reported in G. 

fascicularis under light and dark conditions, respectively (Al-Horani et al., 2003). The 

first calcification indicates CaCO3 precipitation with OM precursor while second 

calcification is promoted by increasing pH and hence the saturation state in the fluid. 

Fig. 5. Schematic diagram of calcification process from the geochemical point of view. 

The pathway related to 
18

O is largely based on the model reported by Devriendt et al., 

(2017) which is reasonably consistent with the result observed in this study. Different 

factors affecting the pH (and saturation state) in the fluid and subsequent precipitation 

of CaCO3 between symbiotic and asymbiotic polyps are written in red (photosynthesis, 

the degree of H
+
 removal from the fluid and activity of carbonic anhydrase). In contrast, 
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factors and pathways written in black are common to the both types of polyps. The 

process generating geochemical differences between asymbiotic and symbiotic polyps 

are circled in solid line while that with negligible differences are circled in dotted line. 



Table 1: Data of geochemical tracers in the different culture experiments (mean ± 1SD).

Experiment
Geochemical 

tracer
Asymbiotic Symbiotic

U/Ca 

(µmol/mol)
1.36 ± 0.07 1.15 ± 0.10

Mg/Ca 

(mmol/mol)
4.69 ± 0.21 4.64 ± 0.25

Sr/Ca 

(mmol/mol)
8.95 ± 0.15 8.96 ± 0.14

d
44

Ca (‰)
* 0.80 ± 0.08 0.78 ± 0.11

d
18

O (‰) -4.77 ± 0.39 -5.34 ± 0.36

d
13

C (‰) -6.90 ± 0.63 -5.97 ± 0.58

U/Ca 

(µmol/mol)
1.32 ± 0.07 1.12 ± 0.07

Mg/Ca 

(mmol/mol)
4.72 ± 0.21 4.78 ± 0.32

Sr/Ca 

(mmol/mol)
8.87 ± 0.16 8.82 ± 0.13

d
44

Ca (‰)* 0.74 ± 0.05 0.68 ± 0.06

d
18

O (‰) -5.00 ± 0.51 -5.91 ± 0.64

d
13

C (‰) -7.62 ± 0.34 -6.97 ± 0.66

U/Ca 

(µmol/mol)
1.39 ± 0.04 1.21 ± 0.06

Mg/Ca 

(mmol/mol)
4.97 ± 0.11 5.14 ± 0.17

Sr/Ca 

(mmol/mol)
9.10 ± 0.06 8.70 ± 0.05

d
18

O (‰) -4.23 ± 0.09 -4.38 ± 0.19

d
13

C (‰) -7.48 ± 2.55 -7.17 ± 3.47

* d
44

Ca is reported as mean ± 2SEM

Temperature

Salinity

pCO2

Table 1



Table 2: Paired t  test between symbiotic and asymbiotic polyps.

Tracers Exoeriment t df p

Temperature 6.957 19 < 0.001

Salinity 10.589 24 < 0.001

pCO2 13.428 19 < 0.001

Temperature 1.058 18 0.304

Salinity -0.558 23 0.582

pCO2 -2.232 19 0.038

Temperature -0.242 19 0.812

Salinity 1.274 24 0.215

pCO2 9.319 19 < 0.001

Temperature -6.394 11 < 0.001

Salinity -7.089 8 < 0.001

pCO2 -2.725 11 0.020

Temperature -3.471 11 0.005

Salinity 2.814 8 0.023

Temperature 0.552 14 0.590

Salinity 1.543 5 0.183
d

44
Ca

U/Ca

Mg/Ca

Sr/Ca

d
18

O

d
13

C

Table 2
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Figure 3 (Inoue et al., in prep)
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Fig.4 (Inoue et al., in prep)
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