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Although biogenic carbonates, such as foraminifera and coccolithophorids, are

valuable tools for reconstructing past environments, scleractinian corals also

offer environmental data from tropical to subtropical regions with a higher time

resolution. For example, oxygen isotopes (d18O) and strontium-calcium (Sr/Ca)

ratios have been utilized to reconstruct sea surface temperatures and salinity,

primarily through the use of massive-type Porites sp. from the Pacific, as well as

corals like Diploria and Montastrea from the Atlantic. While a few types of corals

other than Porites have been utilized in paleoclimate studies, comprehensive

evaluations of their geochemical tracers as temperature proxies have not been

thoroughly conducted. Therefore, in this study, we focused on branching-type

Acropora, which are found worldwide and are often present in fossil corals. We

conducted a comparison of the chemical compositions (d18O, d13C, Sr/Ca, U/Ca,
Mg/Ca, and Ba/Ca) of Acropora digitifera and Porites australiensis through

temperature-controlled culture experiments. The validity of using the chemical

components of A. digitifera as temperature proxies was then evaluated. Three

colonies of A. digitifera and P. australiensis were collected for culture

experiments on Sesoko Island, Okinawa, Japan. We reared coral samples in

seawater with five different temperature settings (18, 21, 24, 27, 30°). The

calcification rate and photosynthesis efficiency (Fv/Fm) of each nubbin were

measured during the experimental period. After the culture experiment for 77

days, chemical components in skeletal parts grown during the experiment were

thenmeasured. Consequently, the mean growth rates and Fv/Fm throughout the

experiment were higher for A. digitifera (0.22%/d and 0.63 for growth rate and Fv/

Fm) compared to those for P. australiensis (0.11%/d and 0.38 for growth rate and

Fv/Fm). This suggests that the higher efficiency of photosynthesis in A. digitifera

would promote greater calcification compared to P. australiensis. Regarding the

potential use as temperature proxies, A. digitifera exhibited a strong negative

correlation, on average, between d18O and the water temperature (r = 0.95, p<

0.001). The temperature dependency was found to be comparable to that
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reported in Porites corals (-0.11 and -0.17 ‰/°C for P. australiensis and A.

digitifera, respectively). Thus, the d18O of A. digitifera appeared to be a useful

temperature proxy, although it was also slightly influenced by skeletal growth

rate at the same temperature. A strong negative correlation was also observed

between the mean Sr/Ca ratio and temperature in A. digitifera (r = 0.61, p< 0.001)

as well as P. australiensis (r = 0.56, p< 0.001), without a clear influence from the

skeletal growth rate. Therefore, the skeletal Sr/Ca ratio in corals may have been

primarily influenced by water temperature, although large deviations in Sr/Ca

were observed in A. digitifera, even at the same temperature settings. This

deviation can be reduced by subsampling an apical part of a polyp including

the axis of skeletal growth. The U/Ca ratio of A. digitifera appeared to be affected

by internal pH variation within the corals, especially at 30°C. Similar to U/Ca

ratios, metabolic and kinetic effects on corals were observed in d13C of A.

digitifera at 18 and 30°C. In addition, considering the variation pattern of both

U/Ca and d13C of A. digitifera at 30°C, it has been suggested that respirations may

overwhelm photosynthesis for coral samples at 30°C. Therefore, the U/Ca and

d13C of A. digitifera could potentially be used as proxies of biomineralization

processes, whereas the d18O and Sr/Ca displayed a high possibility of acting as

temperature proxies.
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1 Introduction

The chemical compositions of scleractinian corals, such as d18O
and Sr/Ca, have been recognized as proxies for sea surface

temperature (SST, e.g., Beck et al., 1992; Gagan et al., 2000; Cobb

et al., 2003; Ramos et al., 2020). Specifically, massive corals such as

Porites sp., which are dominated in the Pacific region, have been

comprehensively used to reconstruct SST and salinity because they

have clear annual bands (D’Olivo et al., 2018; Abram et al., 2020;

Goodkin et al., 2021). This reconstruction method has become an

indispensable tool in paleoceanography and paleoclimatology.

Recently, Sr-U and Li/Mg in coral skeletons have been reported

as new proxies for water temperature (Montagna et al., 2014;

DeCarlo et al., 2016; Cuny-Guirriec et al., 2019). Although almost

all SST records that have contributed to paleoclimate studies have

been reconstructed using Porites corals, the genus Isopora, which

belongs to the family Acroporidae, was successfully used in

reconstructing SST during the last deglaciation, including the last

glacial maximum (Felis et al., 2014). In this previous study, chemical

components contained in bulk skeletal samples, rather than sub-

samples collected along an annual band, were used to compare SST

values. Therefore, it is important to investigate the possibility of

using the chemical compositions of genera other than Porites, such

as Acropora, as SST proxies, even though some of these genera grow

in a branching morphology. Interestingly, Reynaud et al. (2007)

found a temperature dependence of Sr/Ca in Acropora sp. based on
02
the culture experiments; however, a potential colony dependence

has not been investigated. In this study, we used three colonies of

Acropora digitifera together with Porites australiensis for a

temperature-controlled culture experiment to investigate their

potential as an SST proxy and any colony dependences on its proxy.

Geochemical proxies in coral skeletons have been used to

reconstruct SST as well as salinity, seawater pH, terrestrial runoff,

and/or pollution (e.g., Gagan et al., 2000; McCulloch et al., 2003;

Pelejero et al., 2005; Inoue et al., 2014; Wei et al., 2015; Genda et al.,

2022). However, the detailed mechanisms of incorporation and

variability of these proxies occurring within the corals, in addition

to their skeletal growth, are not yet fully understood. Although there

are studies on the biomineralization of scleractinian corals in terms

of their utility as proxies, multiple species other than massive-type

Porites have been used for this purpose (e.g., Inoue et al., 2007;

Gaetani et al., 2011; Inoue et al., 2011; Gagnon et al., 2012; Ram and

Erez, 2021). Furthermore, massive Porites reportedly show

tolerance to environmental stresses, such as high temperature and

turbidity, whereas branching Acropora seems to be more sensitive

to such stresses than massive corals (Loya et al., 2001; Fitt et al.,

2009; Jones et al., 2020; Afzal et al., 2023). Loya et al. (2001)

reported that massive type colonies, including Porites sp., survived

the 1998 warming incident in Okinawa, Japan, whereas branched

corals, including A. digitifera, were heavily impacted. They

suggested that this was partially attributable to tissue thickness, in

which Porites and Acropora have thicker and thinner tissues,
frontiersin.org
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respectively. Trophic plasticity is another cause of differences in

stress tolerance among genera. Conti-Jerpe et al. (2020) defined

coral trophic niches based on d13C and d15N analyses. They

investigated seven genera and found that their trophic levels

varied between autotrophs, mixotrophs, and heterotrophs.

Acropora was clearly categorized as autotrophic, whereas Porites

was mixotrophic. Porites corals generally transmit their symbionts

directly from parents to descendants, whereas Acropora acquire

them anew from the environment in each generation; these

processes are referred to as vertical and horizontal transmissions,

respectively (Lajeunesse et al., 2004). Thus, the growth strategies of

corals and their responses to environmental stresses vary among

genera, particularly between the massive Porites and the branching

Acropora. However, direct comparisons of geochemical proxies

contained in Porites and Acropora have not been made.

Therefore, it is important to confirm temperature-driven patterns

of the incorporation of chemical composition in the coral skeletons

of different genera.

In the present study, we performed a culture experiment using

both P. australiensis and A. digitifera, which are predominantly

found in the shallow reefs around Okinawa, Japan, within an

identical culture system. The study investigated differences in

growth patterns and skeletal growth in response to temperature

between the two species, as well as their potential as SST proxies.

The influence of different growth patterns of two species on the

variations of SST proxies is also discussed.
2 Materials and methods

2.1 Preparation of coral sub-
samples (nubbins)

Corals (Porites australiensis and Acropora digitifera) were

collected from a fringing reef on Sesoko Island, Okinawa, Japan,

on August 12 and October 11, 2013. Three large colonies of each

species were collected at intervals of approximately 10 m to avoid

sampling of the clones created by fragmentation. The colonies were

maintained in a tank containing running seawater from the Sesoko

reef under natural light conditions at Sesoko Station, Tropical

Biosphere Research Center, University of the Ryukyus, Okinawa,

Japan, before the start of the experiment. Similar sized cubes

(approximately 2.0 × 2.0 × 2.0 cm) and branches (approximately

2.0-3.0 cm lengths), hereafter referred to as nubbins, were cut from

parent colonies of P. australiensis and A. digitifera, respectively.

Prepared nubbins were combined with acrylic plates (3.0 x 3.0 cm

and 4.5 x 4.5 cm for A. digitifera and P. australiensis, respectively)

using superglue. Nubbins from each colony of both species were

allowed to cure to recover from the stress of cutting in an outdoor

aquarium for approximately one month. The skeletal growth rates

were measured by buoyant weight method in which coral nubbins

were suspended on the balance and underwater weight was

measured (Davies, 1989). Because tissue does not contribute to

the buoyant weight of the coral when weighed underwater due to its

similar density with seawater, only skeletal weight can be directly

weighed. For the experiment, six nubbins from each colony of both
Frontiers in Marine Science 03
species were placed in two aquaria at each temperature setting as

described in Figure 1. Since weights of all nubbins were measured

during the curing period, six nubbins were arranged without

significant differences in their initial weight.
2.2 Experimental settings

The seawater of Sesoko reef was filtered through a cartridge-

type filter (pore size, 1 μm) and the experiment was performed

using a flowthrough system. Duplicate aquaria were filled with

filtered seawater adjusted to each temperature setting of 18, 21, 24,

27 and 30˚C. Filled seawater from the duplicate aquaria at each

temperature was cooled from the outside by circulating the cooled

water in a large tank to maintain the temperature. For seawater of

18 and 21°C, firstly seawater was cooled to approximately 23°C in

separate tanks using a chiller, this cooled seawater was then

distributed to the experimental aquaria and adjusted the

temperature. Furthermore, for the 18°C aquaria, two chillers were

externally installed in a large tank to maintain the temperature. The

water temperature in each aquarium was recorded every hour using

a logger (Thermocron SL, KN Laboratories, Supplementary

Figure 1). Because a moderate water flow is necessary to maintain

coral health (Nakamura et al., 2005), a filter pump was installed in

each tank to generate gentle seawater circulation. Three nubbins

from each colony of two species were placed in an aquarium.

Therefore, 36 nubbins (six replicates from each colony) were

cultured at each temperature with a 12:12 light/dark photoperiod

(120-140 mmol/m2/s) under metal halide lamps (Funnel 2,150 W,

Kamihata, Japan). Each aquarium was cleaned by rinsing off with

sponges approximately once every two weeks to remove algae

attached to it. Using this system, all nubbins were cultured for 77

d, from December 2, 2013, to February 17, 2014.
2.3 Maximum quantum yield of
Photosystem II of symbiotic algae

The maximum quantum yields of photosystem II (Fv/Fm) of

symbiotic algae within all nubbins were measured using a Diving-

PAM Underwater Fluorometer (Walz, Germany) after an hour of

acclimation to darkness, as described by Iguchi et al. (2012).

Because the surface area of the nubbins of P. australiensis is wide,

measurements were conducted on three randomly selected parts of

the colony surface, and the median value was adopted as the

representative value of each nubbin. One measurement per

nubbin was conducted for branching A. digitifera. Measurements

were conducted at 14, 45, and 77 d after the start of the experiment

in addition to the before the experiment.
2.4 Skeletal growth rate

Coral skeletal weights were measured 14, 35, and 63 d after the

start of the experiment as buoyant weight (Davies, 1989; Anthony

et al., 2008) in addition to before (day 0) and after (day 77) the
frontiersin.org
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experiment. The growth rate of coral skeleton during the

experiment was calculated as the percentage change in skeletal

weight during a specific period in the experiment as below:

Growth rate ( % =d) = ðW2�W1)=W1 � 100f g=Day
where W1 and W2 represent the skeletal weight at the beginning

and end of a specific period, respectively, and Day is the number of

days during the period.
2.5 Collection of skeletal samples

After the experiment was completed, coral nubbins were soaked

in an H2O2 solution with a pH adjusted to >8 using NaOH for more

than 24 h to remove tissue parts. Then, samples were rinsed several

times using deionized water and dried in an oven at 40°C. In this

study, marking methods, such as using alizarin red, as described by

Suzuki et al. (2005), were not used to reduce stress on corals.

Therefore, we visually checked the growth area of the skeletons that

had grown during the experiment by comparing photographs taken

before and after the experiment (Figure 2). Subsequently, the coral

skeletons grown in the temperature experiment were scraped off

with a spatula and stored in vials. Then collected skeletal parts were

gently crushed within vials to make powder samples as bulk sample.

Except for the coral samples that apparently died or did not grow

large enough to collect powder samples, skeletal samples from
Frontiers in Marine Science 04
almost all nubbins were collected from A. digitifera. However,

skeletal samples of P. australiensis from the 18°C setting could

not be collected because their skeletal growth was too small to

visually distinguish the skeletal parts that grew during the

rearing period.
2.6 Geochemical analyses of skeletal parts
grown during the experiment

We measured trace element ratios (Sr/Ca, Mg/Ca, U/Ca, and

Ba/Ca ratios) and isotope ratios (d13C and d18O) in skeletal samples

grown only during the rearing period using a method similar to that

described by Inoue et al. (2018). To measure the concentrations of

trace elements, 70 ± 5 μg of skeletal samples was digested in 2%

HNO3 that contained internal standards (45Sc, 89Y, 209Bi) to correct

instrumental drift. The concentrations of Sr, Ca, Mg, U, and Ba

were measured at Okayama University using an inductively coupled

plasma mass spectrometer (ICP-MS; Agilent Technology, 7700x).

Standard solutions prepared from JCp-1, a coral (Porites spp.)

standard material provided by the Geological Survey of Japan

(Okai et al., 2002), were measured for every fifth sample for data

correction. The relative standard deviations from replicate

measurements of the JCp-1 standard were 0.59, 0.81, 1.5 and

3.2% for the Sr/Ca, Mg/Ca, U/Ca, and Ba/Ca ratios, respectively

(n = 29). Measurements of d18O and d13C were conducted using an
FIGURE 1

Design of the culture experiment conducted in this study.
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online system employing an IsoPrime isotope-ratio mass

spectrometer (GV Instruments Ltd.) coupled to a Multicarb

automatic sample treatment system at the Center for Advanced

Marine Core Research at Kochi University. Approximately 100 ± 10

μg of skeletal samples were used for the measurements and all d18O
and d13C data were normalized to the Vienna Pee Dee Belemnite

(V-PDB) scale using the international standard NBS-19 (d18O =

-2.20‰, d13C = -1.95‰) of the National Institute of Standards and

Technology. Additionally, the CO-1 (d18O= -2.4‰, d13C= 2.49‰)

and IAEA-603 standards (d18O= -2.73 ‰, d13C= 2.46 ‰) of the

International Atomic Energy Agency were partially used as running

standards. The standard deviations for replicate measurements of

d18O and d13C on NBS-19 within the mass spectrometer runs were<

0.1‰ and< 0.05‰ for d18O and d13C, respectively.
2.7 Statistical analysis

The relationship between the chemical compositions of the

coral skeleton and water temperature and growth rate were

determined using the linear correlation of ordinary least squares.

Only for the relations between Sr/Ca and d18O, that have been

generally used as temperature proxies, and water temperature were

calibrated by the weighted least square (WLS) method. Growth rate

differences among the three colonies were tested via Tukey’s
Frontiers in Marine Science 05
pairwise method using PAST (Hammer et al., 2001). Differences

of measured chemical compositions between P. australiensis and A.

digitifera were also tested using PAST. In this method, Bayes factor

(BF), which quantifies for the hypothesis of unequal means

(Hammer et al., 2001), was used to evaluate equal or unequal

between two species. Practically, a BF value larger than 3 can be

considered as evidence for unequal means. For this test, data at

18˚C were removed since the number of those for P. australiensis

were very small as mentioned later. In this study, p-values below

0.05 were considered statistically significant and correlation

coefficients above 0.5 were considered to be correlated unless

otherwise noted.
3 Results

3.1 Skeletal growth and maximum
quantum yield of Photosystem II of
coral nubbins

The skeletal growth rates of the three colonies of P. australiensis

(Pa-A, Pa-B, and Pa-C) and A. digitifera (Ad-A, Ad-B, and Ad-C)

during the experiment are shown in Tables 1, 2 and Figure 3. The

temporal variability of growth rates throughout the experiment is

also presented in Figure 3. For P. australiensis, seven and 13
FIGURE 2

Photographs of A. digitifera and P. australiensis used in this study before (A, C) and after the experiment (B, D), respectively. Black arrows in (B) and
(D) represent skeletal parts that grew during the experiment. A photograph of A. digitifera following the H2O2 treatment to remove organic tissue
parts is presented in (E). An approximate place of the tip of A. digitifera used for an additional experiment described in the text is circled with dotted
line in (E). The sizes of acrylic plates prepared for A. digitifera and P. australiensis were approximately 3.0 x 3.0 and 4.5 x 4.5 cm, respectively.
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nubbins from the 18 and 30°C temperature settings appeared dead,

respectively, as they were totally bleached and/or covered by algae at

the end of the experiment (Table 1). On the other hand, eight

nubbins for A. digitifera at only 30°C appeared dead (Table 2).

Although they appeared dead at the end of the experiment, their

skeletal weights were measured up to day 63 that was the last record

before the end of the experiment (day 77). Then the growth rate is

presented as growth per day (% per day) using weight records up to

the period during skeletal growth was observed. Averaged growth

rates (%/d) throughout the experiment were 0.11 ± 0.13 and 0.22 ±

0.14%/d which correspond to the skeletal growth of 13.39 ± 16.11
Frontiers in Marine Science 06
and 3.34 ± 2.83 mg/d, for all nubbins of P. australiensis and

A. digitifera, respectively. Since the initial size and surface area,

which affect skeletal growth represented by mg/d, were different

between nubbins of P. australiensis and A. digitifera, hereafter we

use growth rate represented by %/d for the comparison and

discussion. Then, the mean growth rates were significantly

different between two species (t = 5.35, p< 0.001).

The skeletons of all nubbins, except Pa-B at 30°C, grew during

the first 14 out of 77 d of the experiment (Figure 3). Averaged

growth rate during the first 2 weeks were higher compared to other

periods in both species and 0.19 ± 0.14 and 0.42 ± 0.21%/d were
TABLE 1 Data of each parameter of all nubbins of P. australiensis used in the experiment.

Colony Pa-A

Water
temperature (°C)

Sample
ID

Growth
rate Fv/Fm at the

day 45

Mg/Ca Sr/Ca Ba/Ca U/Ca d13C d18O

%/day
mmol/
mol

mmol/
mol

µmol/
mol

µmol/
mol

‰ ‰

18

36** 0.036 0.423 – – – – – –

43* -0.005 0.404 – – – – – –

31* -0.003 0.219 – – – – – –

40* -0.002 0.246 – – – – – –

24** 0.000 0.410 – – – – – –

9* 0.037 0.359 – – – – – –

21

18 0.082 0.581 5.600 8.793 59.252 1.250 -6.656 -3.927

15** 0.202 0.565 – – – – – –

2 0.178 0.610 4.530 8.807 70.251 1.311 -6.142 -4.028

8** 0.122 0.537 – – – – – –

28** 0.144 0.555 – – – – – –

42 0.214 0.498 4.950 8.834 100.856 1.383 -6.484 -3.974

24

17 0.318 0.585 5.485 8.513 31.529 1.184 -6.220 -4.190

44 0.214 0.570 8.326 8.836 85.974 1.179 – –

19 0.260 0.561 5.429 8.772 43.203 1.219 -5.793 -4.039

34 0.266 0.570 6.148 8.659 36.294 1.244 -6.113 -4.055

16 0.259 0.579 4.360 8.783 25.535 1.291 -6.629 -5.448

12 0.195 0.580 4.346 8.772 108.923 1.197 – –

27

11 0.206 0.460 5.261 8.598 66.015 1.203 -4.142 -4.371

22 0.112 0.448 7.132 8.753 73.745 1.528 -4.619 -4.307

6 0.080 0.433 5.680 8.623 57.184 1.273 – –

41 0.150 0.471 5.146 8.625 64.254 1.230 – –

26 0.152 0.482 4.455 8.672 52.146 1.317 – –

25 0.210 0.492 5.444 8.715 52.423 1.453 -3.472 -3.955

30
7 0.079 0.303 5.955 8.393 52.650 1.340 – –

39 0.061 0.341 5.083 8.622 26.588 1.218 -5.460 -4.984

(Continued)
frontie
rsin.org

https://doi.org/10.3389/fmars.2024.1329924
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Sakata et al. 10.3389/fmars.2024.1329924
TABLE 1 Continued

Colony Pa-A

Water
temperature (°C)

Sample
ID

Growth
rate Fv/Fm at the

day 45

Mg/Ca Sr/Ca Ba/Ca U/Ca d13C d18O

%/day
mmol/
mol

mmol/
mol

µmol/
mol

µmol/
mol

‰ ‰

29 0.123 0.356 7.345 8.581 98.370 1.381 -5.224 -5.206

45 0.068 0.350 6.720 – 13.024 1.591 – –

3 0.026 0.296 10.360 8.698 17.013 1.423 -3.911 -4.666

23* 0.080 0.337 – – – – – –

Colony Pa-B

Water temperature
(°C)

Sample
ID

Growth
rate Fv/Fm at the

day 45

Mg/Ca Sr/Ca Ba/Ca U/Ca d13C d18O

%/day
mmol/
mol

mmol/
mol

µmol/
mol

µmol/
mol

‰ ‰

18

22* 0.037 0.339 – – – – – –

36* -0.292 0.294 – – – – – –

1** 0.064 0.344 – – – – – –

3** 0.033 0.173 – – – – – –

11** 0.020 0.279 – – – – – –

27** 0.007 0.240 – – – – – –

21

21 0.106 0.457 12.453 8.714 82.616 1.377 – –

18** 0.131 0.447 – – – – – –

43 0.135 0.436 9.938 9.093 167.242 1.852 -4.264 -3.579

5** 0.095 0.459 – – – – – –

28 0.133 0.539 7.128 8.914 113.386 1.478 -6.102 -3.965

39** 0.084 0.485 – – – – – –

24

29 0.187 0.506 3.942 8.847 143.304 1.343 -5.518 -4.425

4** 0.066 0.460 – – – – – –

32 0.164 0.525 4.827 8.718 86.721 1.418 -5.577 -4.335

45** 0.067 0.482 – – – – – –

42** 0.121 0.407 – – – – – –

25** 0.079 0.379 – – – – – –

27

13** 0.042 0.315 – – – – – –

38** 0.021 0.280 – – – – – –

2** 0.031 0.288 – – – – – –

26** -0.002 0.284 – – – – – –

44** 0.046 0.309 – – – – – –

6** -0.002 0.261 – – – – – –

30

31* -0.035 0.294 – – – – – –

17* -0.063 0.155 – – – – – –

8* -0.028 0.216 – – – – – –
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TABLE 1 Continued

Colony Pa-B

Water temperature
(°C)

Sample
ID

Growth
rate Fv/Fm at the

day 45

Mg/Ca Sr/Ca Ba/Ca U/Ca d13C d18O

%/day
mmol/
mol

mmol/
mol

µmol/
mol

µmol/
mol

‰ ‰

20* -0.086 0.303 – – – – – –

23* -0.059 0.330 – – – – – –

19* -0.076 0.408 – – – – – –

Colony Pa-C

Water temperature
(°C)

Sample
ID

Growth
rate Fv/Fm at the

day 45

Mg/Ca Sr/Ca Ba/Ca U/Ca d13C d18O

%/day
mmol/
mol

mmol/
mol

µmol/
mol

µmol/
mol

‰ ‰

18

24** -0.047 0.352 – – – – – –

28** 0.042 0.393 – – – – – –

15** 0.047 0.372 – – – – – –

25** 0.041 0.299 – – – – – –

12** 0.021 0.323 – – – – – –

10* 0.049 0.286 – – – – – –

21

36 0.334 0.473 6.382 8.992 58.343 1.757 -4.533 -3.801

16 0.381 0.488 7.762 9.082 – 1.814 -4.416 -3.503

27 0.301 0.448 8.149 8.989 111.018 1.686 -4.615 -3.883

19 0.309 0.484 6.349 9.039 86.018 1.727 -4.879 -3.454

13 0.368 0.469 4.558 8.775 36.766 1.681 -5.009 -4.335

14** 0.383 0.484 – – – – – –

24

4 0.274 0.403 3.816 8.936 63.119 1.224 -5.709 -4.134

2 0.311 0.386 5.313 8.412 40.542 1.130 -6.136 -4.412

17 0.379 0.426 8.768 8.628 109.407 1.430 -4.321 -3.914

21 0.304 0.387 13.312 8.401 104.554 1.552 -3.613 -4.113

30 0.316 0.383 3.827 8.704 103.494 1.313 -4.450 -4.559

39 0.308 0.375 5.203 8.768 100.186 1.586 -3.900 -4.222

27

5** 0.119 0.286 – – – – – –

11** 0.140 0.262 – – – – – –

18 0.166 0.258 8.586 8.915 118.189 1.545 -3.287 -4.473

6** 0.155 0.278 – – – – – –

34 0.172 0.250 11.463 8.559 58.051 1.537 – –

33 0.181 0.248 7.926 8.773 55.581 1.534 -3.347 -4.300

30

1* 0.013 0.204 – – – – – –

20* 0.025 0.191 – – – – – –

37* -0.004 0.197 9.565 8.460 88.587 1.782 -3.839 -5.047

3* -0.044 0.220 5.984 8.934 33.560 1.474 -4.716 -4.401

(Continued)
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TABLE 1 Continued

Colony Pa-C

Water temperature
(°C)

Sample
ID

Growth
rate Fv/Fm at the

day 45

Mg/Ca Sr/Ca Ba/Ca U/Ca d13C d18O

%/day
mmol/
mol

mmol/
mol

µmol/
mol

µmol/
mol

‰ ‰

32* 0.070 0.340 6.798 8.290 76.510 – – –

8* 0.005 0.279 – – – – – –
F
rontiers in Marine Science
 09
 frontie
Sample IDs with * indicate that the nubbin appeared to be dead after the experiment, and those with ** indicate that an insufficient amount of bulk skeletal samples were collected.
TABLE 2 Data of each parameter of all nubbins of A. digitifera used in the experiment.

Colony Ad-A

Water temperature
(°C)

Sample
ID

Growth
rate Fv/Fm at the

day 45

Mg/Ca Sr/Ca Ba/Ca U/Ca d13C d18O

%/day
mmol/
mol

mmol/
mol

µmol/
mol

µmol/
mol

‰ ‰

18

16 0.016 0.574 6.821 8.997 8.878 1.533 -0.993 -2.416

26 0.004 0.573 4.924 9.010 11.898 1.901 -0.041 -2.036

44 -0.080 0.544 – 8.540 – 1.370 0.820 -1.990

10** 0.002 0.419 – – – – – –

11 0.003 0.412 5.357 9.115 18.319 1.809 0.307 -2.121

8 0.004 0.507 4.990 8.950 10.739 1.842 -0.296 -2.554

21

1 0.192 0.681 7.623 8.986 17.101 1.557 -2.360 -2.788

24 0.191 0.659 5.021 9.040 15.733 1.627 -3.018 -2.996

35 0.254 0.673 – 8.525 15.042 1.466 -2.295 -2.920

29 0.269 0.677 7.434 8.939 15.424 1.337 -3.198 -3.063

32 0.228 0.600 4.409 9.109 13.582 1.761 -1.651 -2.643

5 0.280 0.674 9.351 8.956 10.874 1.609 -2.429 -2.846

24

27** 0.215 0.722 – – – – – –

23 0.064 0.609 6.464 8.807 7.288 1.721 -1.879 -3.330

36 0.327 0.675 11.416 8.555 7.532 1.369 -1.546 -3.189

43 0.341 0.700 4.684 8.941 9.480 1.530 -1.662 -3.335

18 0.278 0.689 11.373 8.692 10.475 1.397 -1.345 -3.356

38 0.426 0.647 – – 12.159 1.425 -0.871 -3.020

27

37 0.149 0.665 6.133 8.822 6.382 1.505 -1.280 -3.356

31 0.265 0.682 7.226 8.673 10.087 1.422 -0.306 -3.321

34 0.373 0.684 11.655 8.481 17.550 1.396 -0.543 -3.708

20 0.149 0.674 5.210 8.831 10.931 1.488 -1.106 -3.772

39 0.183 0.687 6.166 8.809 5.697 1.685 -0.689 -3.647

45 0.390 0.679 11.805 8.529 15.676 1.511 -1.299 -3.727

30
28* 0.168 0.644 5.481 8.855 8.399 1.695 -3.050 -4.393

41* 0.201 0.670 5.039 8.837 9.285 1.764 -3.211 -4.608
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TABLE 2 Continued

Colony Ad-A

Water temperature
(°C)

Sample
ID

Growth
rate Fv/Fm at the

day 45

Mg/Ca Sr/Ca Ba/Ca U/Ca d13C d18O

%/day
mmol/
mol

mmol/
mol

µmol/
mol

µmol/
mol

‰ ‰

21 0.104 0.655 7.696 8.601 6.551 1.504 -3.612 -4.506

9 0.116 0.651 5.033 8.967 7.733 1.672 -3.063 -4.272

17* 0.264 0.689 9.151 8.607 8.710 1.514 -2.458 -4.064

14 0.174 0.685 6.973 8.627 5.805 1.680 -2.511 -4.190

Colony Ad-B

Water temperature
(°C)

Sample
ID

Growth
rate Fv/Fm at the

day 45

Mg/Ca Sr/Ca Ba/Ca U/Ca d13C d18O

%/day
mmol/
mol

mmol/
mol

µmol/
mol

µmol/
mol

‰ ‰

18

13 0.060 0.454 6.990 9.153 10.585 1.984 -0.913 -2.367

42 0.069 0.594 5.563 9.293 – 1.864 – -2.661

27 0.064 0.479 11.453 8.815 21.349 1.793 -1.129 -2.736

4 0.036 0.419 8.430 9.036 16.973 1.830 -0.706 -2.160

1 0.041 0.494 5.841 9.271 28.527 1.882 -1.040 -2.429

23 0.036 0.454 5.210 9.155 11.584 1.817 -0.844 -2.605

21

20 0.391 0.604 4.506 9.080 16.541 1.500 -3.582 -3.197

3 0.406 0.642 7.518 9.007 16.270 1.529 -3.920 -3.169

38 0.362 0.625 5.063 9.124 16.842 1.495 -3.631 -3.075

41 0.154 0.649 5.304 9.145 23.336 1.630 -2.648 -2.929

15 0.120 0.648 4.593 9.205 19.434 1.900 -1.679 -2.719

25 0.174 0.640 8.564 16.318 1.741 -1.313 -2.155

24

10 0.292 0.592 – 8.456 12.610 1.375 -1.958 -3.011

45 0.473 0.642 4.981 9.008 10.117 1.493 -2.405 -3.451

19 0.347 0.628 4.734 9.018 13.338 1.522 -2.301 -3.400

14 0.262 0.616 – 8.768 – 1.357 -3.051 -3.482

12 0.190 0.649 6.469 9.006 14.345 1.634 -2.348 -3.149

43 0.311 0.633 6.858 8.961 12.232 1.371 -3.005 -3.478

27

11 0.353 0.595 5.495 8.833 10.662 1.432 -1.630 -3.891

31 0.276 0.611 9.595 8.636 14.309 1.326 -1.925 -4.027

7 0.374 0.612 8.572 8.757 7.997 1.357 – –

35 0.119 0.649 6.120 8.921 9.273 1.732 -1.276 -3.630

2 0.445 0.621 7.988 8.757 11.915 1.330 -2.501 -4.238

22 0.317 0.606 5.485 8.826 13.910 1.313 -2.204 -3.868

30

36 0.187 0.628 6.775 8.793 6.308 1.452 -3.979 -4.656

44* -0.018 0.562 8.127 8.700 8.728 1.806 -2.854 -4.214

29 0.185 0.677 9.568 8.562 14.845 1.433 -3.108 -4.549

(Continued)
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TABLE 2 Continued

Colony Ad-B

Water temperature
(°C)

Sample
ID

Growth
rate Fv/Fm at the

day 45

Mg/Ca Sr/Ca Ba/Ca U/Ca d13C d18O

%/day
mmol/
mol

mmol/
mol

µmol/
mol

µmol/
mol

‰ ‰

39* 0.112 0.592 5.500 8.813 5.226 1.710 -2.524 -4.294

16* 0.109 0.674 7.648 8.741 7.422 1.574 -3.285 -4.341

26* 0.096 0.643 – 8.436 11.578 1.463 -2.222 -3.964

Colony Ad-C

Water temperature
(°C)

Sample
ID

Growth
rate Fv/Fm at the

day 45

Mg/Ca Sr/Ca Ba/Ca U/Ca d13C d18O

%/day
mmol/
mol

mmol/
mol

µmol/
mol

µmol/
mol

‰ ‰

18

43 0.054 0.600 3.993 9.271 11.616 1.720 -1.606 -2.007

13 0.077 0.496 4.003 9.296 11.051 1.719 -1.025 -2.174

36 0.074 0.515 6.744 9.140 9.623 1.930 -0.747 -1.725

20 0.021 0.480 4.276 9.196 12.300 1.991 -0.487 -1.728

39 0.043 0.452 4.879 9.271 15.450 2.057 -1.525 -2.045

26 0.046 0.434 – 8.607 20.261 1.549 -0.563 -2.320

21

27 0.260 0.686 4.309 9.170 12.877 1.410 -3.293 -3.196

17 0.380 0.665 6.204 9.044 14.213 1.367 -2.762 -3.022

37 0.341 0.676 5.240 8.983 10.716 – -3.689 -3.247

12 0.482 0.665 6.192 8.916 17.203 1.265 -3.327 -3.156

7 0.274 0.685 5.743 9.089 12.927 1.571 -2.170 -2.516

41 0.300 0.650 4.444 9.110 – 1.403 -2.553 -2.842

24

16 0.294 0.698 7.403 8.805 8.270 1.262 -1.971 -3.355

8 0.242 0.692 6.517 8.763 8.447 1.371 -1.786 -3.349

6 0.405 0.690 5.909 8.784 8.246 1.384 -2.200 -3.476

1 0.349 0.701 4.868 8.902 10.122 1.421 -1.691 -3.490

18 0.460 0.692 12.363 8.434 11.146 1.371 -1.783 -3.424

38 0.302 0.695 5.533 8.927 8.761 1.384 -1.919 -3.283

27

10 0.258 0.683 12.265 8.685 8.664 1.317 -1.166 -4.276

28 0.365 0.707 5.839 8.815 11.048 1.229 -0.749 -3.794

14 0.276 0.701 4.907 8.861 8.076 1.349 -1.025 -3.978

11 0.350 0.699 5.835 8.796 10.644 1.491 -1.828 -4.104

5 0.469 0.666 7.045 8.730 7.609 1.303 -2.557 -4.438

23 0.411 0.697 5.412 8.822 11.468 1.290 -2.240 -4.062

30

45 0.156 0.705 10.913 8.580 15.214 1.504 -3.588 -4.784

32* 0.216 0.693 6.766 8.631 7.908 1.515 -3.648 -4.732

29 0.210 0.687 4.907 8.808 4.853 1.512 -2.975 -4.380

34 0.170 0.680 4.932 8.711 6.102 1.595 -3.250 -4.554
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TABLE 2 Continued

Colony Ad-C

Water temperature
(°C)

Sample
ID

Growth
rate Fv/Fm at the

day 45

Mg/Ca Sr/Ca Ba/Ca U/Ca d13C d18O

%/day
mmol/
mol

mmol/
mol

µmol/
mol

µmol/
mol

‰ ‰

35 0.146 0.711 5.063 8.788 8.338 1.406 -3.160 -4.282

9 0.151 0.701 7.048 8.783 13.826 1.535 -2.508 -4.115
F
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Sample IDs with * indicate that the nubbin appeared to be dead after the experiment, and those with ** indicate that an insufficient amount of bulk skeletal samples were collected.
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J

A

FIGURE 3

Variations in growth rate (mean ± 1sd) of P. australiensis (A–E) and A. digitifera (F–J) as a function of water temperature during the culture
experiment for 77 d. The various colors indicate each colony; red, black and blue represent colonies A, B and C, respectively. Different letters (a, b, c)
described on the bar indicates significant differences (p< 0.05) between the colonies at the same temperature. There are no colony differences in
growth rate of P. australiensis at 18°C and A. digitifera from 21 to 30°C.
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observed for P. australiensis and A. digitifera (Figures 3A, F).

Temporal changes of mean growth rate for P. australiensis and

A. digitifera for the three periods (15-35, 36-63, and 64-77 days)

after the first two weeks were 0.12, 0.07, and 0.08 and 0.15, 0.18, and

0.15%/d, respectively. Deviations in the growth rate of each colony

of A. digitifera were greater than that of P. australiensis throughout

the experiment and at all temperature settings. Excepting the 18°C

temperature, significant colony differences in the final growth rates

throughout the experiment were observed for P. australiensis,

whereas no differences were recorded for A. digitifera (Figures 3E, J).

Responses of the maximum photosynthetic quantum yield (Fv/

Fm) against temperature were significantly higher in A. digitifera

(0.63 ± 0.08) compared to those of P. australiensis throughout the

experiment (0.38 ± 0.11; t = 16.66, p< 0.001; Figure 4). Temporal

changes of mean Fv/Fm of P. australiensis and A. digitifera at each

four measurements (before, the day 14, 45, and the end of the

experiment) were 0.49, 0.42, 0.38, and 0.42 and 0.69, 0.67, 0.63, and

0.61, respectively. The values of Fv/Fm were almost the same for all

three colonies of A. digitifera, with small deviations throughout the

experiment (Figures 4E–H). In contrast, the Fv/Fm of Pa-A was

higher than those of the other two colonies for P. australiensis,

especially during the first half of the experiment (Figures 4A, B).

Because both the growth rates and Fv/Fm decreased and several

nubbins were apparently dead in the last two weeks, we compared

the relationships between the skeletal growth and Fv/Fm using data

from days 63 and 45 for the growth rate and Fv/Fm, respectively.

Consequently, strong positive relationships (0.74< r< 0.87, p<

0.001) were observed in all three colonies of P. australiensis,

whereas moderate to weak correlations (0.37< r< 0.56, p< 0.04)

were recorded for A. digitifera (Figure 5). This relation was

maintained when data at 18°C was removed for P. australiensis,

whereas it collapsed for A. digitifera. This suggests that the weak to

moderate relationships found in A. digitifera were generated

predominantly by data at 18°C in which Fv/Fm was lower

(Figure 4G), rather than the trend found in all temperature settings.
3.2 Variations of chemical compositions

Regarding the measurements of chemical compositions, several

nubbins could not be analyzed owing to an exceedingly small

growth rate during the experiment, especially for the nubbins of

P. australiensis grown under 18°C. In addition, we could not collect

enough skeletal powder (> 70 and > 100 μg for trace elements and

isotope measurements, respectively) from another several samples

due to difficulties to distinguish the newly grown skeletal parts. On

the other hand, even in nubbins that appeared to be dead at the end

of the experiment, chemical compositions could be measured if they

had grown sufficiently before growth stopped. Furthermore, data

that were outliers based on the box plots of each Me/Ca were

omitted. Therefore, the number of data obtained from each colony

varied (Tables 1, 2). Correlations between each chemical

composition within each species were presented in Table 3. No

consistent and significant relationships were found in correlations

(r > 0.5) between geochemical tracers for both species. However, a

strong positive correlation (r = 0.74, p< 0.001) was found between
Frontiers in Marine Science 13
Sr/Ca and d18O for A. digitifera although that for P. australiensis

was moderate and not significant (r = 0.48, p = 0.06). The

relationships between water temperature, growth rate, and

chemical composition are shown in Figures 6, 7, and

Supplementary Figure 2.
3.2.1 d18O
The mean d18O of P. australiensis and A. digitifera were -4.25 ±

0.46 and -3.63 ± 0.61 ‰ (mean ± 1sd), respectively. A Bayes factor

(BF) between two dataset (A. digitifera and P. australiensis) was >

100 which indicates that there is a significant difference between

them. There were no colony differences in d18O within the same

species (Supplementary Table 1). Since significant correlations were

found between water temperature and d18O of P. australiensis (r =

0.67, p = 0.001) and A. digitifera (r = 0.95, p< 0.001, Figure 6A),

calibrations were established based on the WLS method as below.

We used 1/s2 as the weight where s is standard deviations of water

temperature at each temperature setting throughout the whole

period of experiments (Supplementary Figure 1).

P : australiensis : d18O

= −0:11( ± 0:002) T − 1:51( ± 0:04), RMSR 0:03°C (n = 32)

A : digitifera : d18O

= −0:17( ± 0:001) T + 0:87( ± 0:02), RMSR 0:02°C (n = 87)

where T is water temperature. On the other hand, d18O in both

species showed no significant relationship against the growth rate

(Figures 7A, G).
3.2.2 Sr/Ca
The mean Sr/Ca of P. australiensis and A. digitifera were 8.73 ±

0.19 and 8.82 ± 0.19 mmol/mol, respectively. A BF between two

dataset was 2.15 which indicates no evidence for either equal or

unequal. There were no colony differences in Sr/Ca within the same

species (Supplementary Table 1). Since significant correlations were

also found between water temperature and Sr/Ca of P. australiensis

(r = 0.56, p< 0.001) and A. difitifera (r = 0.61, p< 0.001. Figure 6B),

calibrations based on the WLS were established as below.

P :  australiensis :  Sr=Ca

= −0:040( ±  0:001) T + 9:75( ±  0:017),  RMSR 0:01°C (n = 41)

A : digitifera : Sr=Ca

= −0:033( ± 0:0005) T + 9:68( ± 0:011),  RMSR 0:02°C (n = 87)

where T is water temperature. Same as d18O, Sr/Ca in both species

showed no significant relationship against the growth rate

(Figures 7B, H).

3.2.3 U/Ca
The mean U/Ca of P. australiensis and A. digitifera were 1.43 ±

0.20 and 1.49 ± 0.15 μmol/mol, respectively. A BF between two
frontiersin.org
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dataset was 1.98 which indicates no evidence for either equal or

unequal. Although a difference between Pa-A and Pa-C was found,

no clear and consistent colony differences were found for other

colonies of both species (Supplementary Table 1). Moderate

correlations were found between U/Ca and water temperature for

only Ad-B (r = 0.56, p< 0.001) and Ad-C (r = 0.50, p< 0.001;

Supplementary Figure 2K). However no consistent relationships

were observed for other colonies and non-linear relations were

found in mean U/Ca as a function of water temperature as seen in
Frontiers in Marine Science 14
Figure 6E. In contrast, significant negative correlations between U/

Ca and the growth rate were found in two colonies (Ad-B and Ad-

C) and all colonies combined for A. digitifera (Figure 7K).

3.2.4 d13C
The mean d13C of P. australiensis and A. digitifera were -4.97 ±

1.03 and -2.32 ± 0.89‰, respectively. A BF between two dataset was

> 100, indicating a significant difference between them. Similar with

U/Ca, although a difference between Pa-A and Pa-C was found, no
B

C

D

E

F

G

H

A

FIGURE 4

Temporal variations of maximum quantum yield of Photosystem II (Fv/Fm) of symbiotic algae (mean ± 1sd) in P. australiensis (A-D) and A. digitifera
(E-H) as a function of water temperature.
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clear and consistent colony differences were found for other

colonies of both species (Supplementary Table 1). In addition, no

significant correlations were found in both growth rate and water

temperature and d13C of both species (Figures 6D, 7D, J).
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3.2.5 Mg/Ca
The meanMg/Ca of P. australiensis and A. digitifera were 6.66 ±

2.33 and 6.79 ± 2.16 mmol/mol, respectively. A BF between two

dataset was 0.22 which indicates that there is no difference between
B

A

FIGURE 5

Relationships between the skeletal growth rate and Fv/Fm for P. australiensis (A) and A. digitifera (B) Because several coral nubbins appeared dead
within the final 2 weeks of the experiment, growth rates were calculated for 63 d instead of overall period (77 d) of the experiment; values of Fv/Fm
correspond to those at day 45 of the experiment. Note that the scale of Fv/Fm differs between the panel A and B.
TABLE 3 Correlation coefficients between each chemical compositions.

Mg/Ca Sr/Ca Ba/Ca U/Ca d13C d18O

Mg/Ca -0.16 0.29 0.51 0.57 0.09 Mg/Ca

Sr/Ca -0.67 0.31 0.43 -0.02 0.48 Sr/Ca

Ba/Ca 0.07 0.4 0.45 0.26 0.3 Ba/Ca

U/Ca -0.28 0.54 0.19 0.58 0.28 U/Ca

d13C 0.04 0.18 0.09 0.34 0.03 d13C

d18O -0.23 0.74 0.45 0.53 0.57 d18O
Blue and red numbers indicate the correlation coefficients between the chemical compositions P. australiansis and A. digitifera, respectively. Significant correlations are indicated by bold
numbers (p<0.05).
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them. In addition, there were no colony differences in both species

(Supplementary Table 1). Although only one colony (Ad-A)

showed a positive correlation between Mg/Ca and the growth rate

(Figure 7L), no consistent correlations were found in both growth

rate and water temperature and Mg/Ca of both species (Figures 6F,

7F, L).

3.2.6 Ba/Ca
Variations of Ba/Ca were very large and the mean Ba/Ca of P.

australiensis and A. digitifera were 72.50 ± 34.72 and 11.27 ± 3.86

μmol/mol, respectively. Obviously, there is a difference of Ba/Ca

between two species with a BF >100. Colony differences were found

between Pa-A and Pa-B and Pa-B and Pa-C in addition to Ad-B and

Ad-C (Supplementary Table 1). Although no correlations between

Ba/Ca and growth rate were found for both species, a negative

correlation was found between water temperature and mean Ba/Ca

for A. digitifera (Figures 6C, 7C, I). In contrast to A. digitifera, Ba/

Ca of three colonies of P. australiensis varies largely and showed no

temperature dependences.
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4 Discussion

4.1 Growth patterns of P. australiensis and
A. digitifera in response to water
temperature and the Fv/Fm

Skeletal growth rates of P. australiensis during the culture

experiment were mostly higher (> 0.1%/d) at 24°C and lower at

18 and 30˚C (< 0.1%/d) with significant colony differences

(Figure 3). Similarly, those of A. digitifera were higher at 21-27°C

and lower at 18 and 30°C, but there were no colony differences in

the skeletal growth rate at each temperature except for 18°C

(Figure 3J). However, deviations in the growth rate of each

colony of P. australiensis were small, but large for A. digitifera.

Therefore, growth patterns, including growth variations among

colonies and within a colony, differed between the two species. In

addition, the average growth rate for 21-27°C of A. digitifera (0.30 ±

0.10%/day) was significantly higher than that of P. australiensis

(0.18 ± 0.11%/day) which is mostly consistent to findings observed
B

C

D

E

F

A

FIGURE 6

Variations in d18O (A), Sr/Ca (B), Ba/Ca (C), d13C (D), U/Ca (E) and Mg/Ca (F) of each colony of P. australiensis and A. digitifera as a function of water
temperature. Data are presented as mean ± 1sd of all data measured on three colonies, but calibrations are performed using all individual data as
seen in Supplementary Figure 2. Calibrations are presented only for those with an observed significant relationship (r > 0.5, p< 0.05).
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in the field. Direct comparisons of the growth rates of different

species in the field were difficult because of the different depths and

wave energies near the sites where corals dwell, as well as their

colony size (Nakamura and Yamasaki, 2005; Pratchett et al., 2015).

However, Pratchett et al. (2015) compiled the annual extension

rates for 148 coral taxa measured using methods such as direct

measurements following tagging or staining. As a result, most

Acropora corals, including A. digitifera, had an annual extension

rate greater than 30 mm/yr., whereas that of Porites was

approximately 10 mm/yr. Although the method how to evaluate

coral growth is different between our study and those conducted in

the field, the results found in the present experiment seems to

roughly reflect actual coral activities occurring in the coral reefs.

There have been many reports that vigorous calcification by

scleractinian corals is enabled by their symbiotic relationship with

photosynthesizing zooxanthellae, as referred to light enhanced

calcification (LEC; reviewed by Gattuso et al., 1999; Inoue et al.,

2018). However, the exact mechanism facilitating coral calcification

through photosynthesis has been still unknown (reviewed by Davy

et al., 2012). Therefore, the relationship between the photosynthetic

efficiencies of symbiotic algae represented by Fv/Fm and coral growth

rate in this experiment was examined. Likely to the growth rate, the

Fv/Fm showed a colony difference for P. australiensis but not for A.

digitifera, especially during the first half of the experiment (Figure 4).
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Although the difference in growth rate may be attributed to Fv/Fm, as

it was higher in A. digitifera than in P. australiensis throughout the

experiment, the growth pattern cannot be simply explained solely by

Fv/Fm, particularly for A. digitifera. For example, the growth rate at

18˚C remained the lowest throughout the experiment including the

first half, when Fv/Fm maintained higher values (Figures 3F, G, 4E,

F). Similarly, for P. australiensis, the Fv/Fm of Pa-A was higher than

that of the other colonies, but the growth rate of Pa-A was similar to

or lower than that of Pa-C (Figures 3A–D, 4A–C). Cohen et al. (2016)

hypothesized that blue light signaling and its animal receptors may

influence LEC. This suggests that a direct effect of light, rather than

being mediated by the photosynthetic process, as reported previously

(Gattuso et al., 1999; Al-Horani et al., 2003), may trigger the LEC.

Nevertheless, in the present study, strong positive correlations

between the growth rate and Fv/Fm were observed in all colonies

of P. australiensis (Figure 5A). Therefore, photosynthesis appeared to

have a predominant effect on skeletal growth, although other

mechanisms also control it. Mallon et al. (2022) examined the

interspecies relationships between photosynthesis, respiration, and

calcification using photosynthesizing calcifiers in the Caribbean,

including A. cervicornis and P. astreoides. Their results showed that

calcification rates were linked to energy production at the organismal

level and that the species-specific ratios of net calcification to

photosynthesis varied with light over a diurnal cycle. This suggests
B
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FIGURE 7

Variations in chemical compositions of each colony of P. australiensis (A-F) and A. digitifera (G-L) as a function of growth rate. Calibrations are
presented only for those with an observed significant relationship (r > 0.5, p< 0.05). Colored dotted lines represent the observed relationships within
a colony, while a black line in (K) indicates the relationship observed for data from all three colonies.
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that the extent of the impact of photosynthesis on skeletal growth

differed between the two species.

In fact, although only the growth response to temperature was

similar, other patterns, including the average growth rate, colony

differences, and relationship with photosynthesis, differed between

the two species. This finding indicates that the strategies of skeletal

growth would be different between genus Porites and Acropora.

Also this might be attributed to a tolerance against environmental

stresses, as the genus Porites may potentially have a greater thermal

tolerance than Acropora (e.g., Afzal et al., 2023). However, in this

study, although several nubbins stopped growing at 30°C for the

latter half of the experiment for both species, the overall growth rate

was higher for A. digitifera, even at 30°C (Figure 3). Furthermore,

mortality, which was represented by the number of apparent dead

nubbins in this study (13 and eight dead nubbins for P. australiensis

and A. digitifera, respectively, at 30°C), was higher in P. australiensis

despite its thermal tolerance. Xu et al. (2020) noted a higher

contribution of heterotrophic predation in the coral hosts of

Porites than Acropora. They also suggested that the trophic status

of stress-tolerant Porites is more plastic than that of the vulnerable

Acropora. In the field, Porites might be able to switch from

photoautotrophy to heterotrophy; however, we did not feed and

used filtered seawater during the experiment. This could be a cause

of the suppressed growth and high mortality of nubbins of P.

australiensis at 30°C. In contrast, Acropora appear to belong to the

autotrophy among trophic strategies (Conti-Jerpe et al., 2020),

consistent with the results that mean Fv/Fm and growth rate of

A. digitifera are higher compared to those for P. australiensis in this

study. When focusing on growth rate and Fv/Fm at 30˚C around the

middle of the experiment period (Figures 3B, C, G, H, Figures 4B, C,

F, G), Fv/Fm and growth rate have decreased for P. australiensis

while high Fv/Fm and positive growth rate have been kept for A.

digitifera. Under such conditions, Porites may shift trophic type

from auto- to heterotrophic in the natural coral reef conditions.
4.2 Possible causes of variations of each
geochemical compositions

Regarding the variations of chemical compositions, since

consistent colony differences have not been detected within the

same species (Supplementary Table 1), compiled data using those

from three colonies per species are used for discussion. Among

multiple chemical compositions, excepting for those at 18˚C as

many data of P. australiensis at 18˚C were absent, in coral skeletons

of two species, Sr/Ca, U/Ca and Mg/Ca were not significantly

different between them. These geochemical compositions were

scattered within the same range, regardless of the differences in

absolute growth rate and growth patterns between the two species.

This suggests that the basic mechanisms of incorporation of these

chemical compositions might be consistent without large species-

specific effects. For Ba/Ca, deviations at each temperature were large

in all colonies of P. australiensis. This result may have been

influenced by the tissue parts, as Ba appears to be enriched in the

tissue parts (Alibert and Kinsley, 2008). In addition to Ba/Ca,

differences in d18O and d13C between two species were found, as
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described above, suggesting the possibility of different mechanisms

for incorporating these tracers.
4.2.1 d18O variations
It is well known that the d18O of coral skeletons mainly for

massive Porites sp. can be a good proxy for sea surface temperature

(SST) and salinity, which affect d18O in seawater (e.g., Gagan et al.,

2000; Cobb et al., 2003; Hayashi et al., 2013; Inoue et al., 2023). In

addition, a potential physiological mechanism that explains the

variation of d18O based on a model of oxygen isotope fractionation

in the CaCO3-dissolved inorganic carbonate (DIC)-H2O system has

been proposed (Derviendt et al., 2017; Inoue et al., 2018). In the

latter hypotheses, the skeletal d18O values of scleractinian corals

might be influenced by the hydration reaction of metabolic CO2 in

the calcifying fluid. Since the carbonic anhydrase (CA) enzyme

appears to increase the rate of CO2 hydration in coral tissue

(Hopkinson et al., 2015), differences in mean d18O between A.

digitifera and P. australiensis might be attributed to variations in

physiological mechanisms between the two species. However, clear

temperature dependences are found in both species (Figure 6A),

suggesting that activities of the CA would be independent to

temperature variations.
4.2.2 Sr/Ca variations
Like d18O, the Sr/Ca ratios of coral skeletons of massive Porites

sp. has been widely used to reconstruct past SST (e.g., Corrége,

2006; Ramos et al., 2020). In contrast to the variability of d18O in

seawater, which depends on the balance between evaporation and

precipitation, the residence times of both Sr and Ca in seawater are

generally long (>106 years; Drever, 1988). Then coral Sr/Ca has been

considered a robust proxy for only SST. Additionally, Inoue et al.

(2018) reported that the Sr/Ca of symbiotic and aposymbiotic

polyps were not significantly different, while there was a

difference in d18O levels between them. Although the kinetic

effect on Sr/Ca through the activity of the Ca2+-ATPase pump

has also been reported (e.g., Cohen and McConnaughey, 2003), no

Sr/Ca variations related to growth and no clear species-specific

effects were found in the incorporation of strontium in this study

(Figures 7B, H). However, there are relatively large variations in Sr/

Ca within the same temperature settings. Given their large deviation

within a specific colony (Supplementary Figures 2B, H), this may

not be attributed to physiological regulations. Instead, it could be

influenced by variations in nano- to micro-scale skeletal

architecture as discussed below.
4.2.3 U/Ca variation
The incorporation of uranium into coral aragonite has been

suggested to be controlled by SST (Min et al., 1995; Felis et al., 2009)

and pH or DIC (Inoue et al., 2011; DeCarlo et al., 2015; Gothmann

and Gagnon, 2021). In this study, although temperature

dependencies of U/Ca were partially observed for A. digitifera

(Supplementary Figure 2K), no clear trends as SST proxy were

found (Figure 6E). Inoue et al. (2018) demonstrated distinct

variations in U/Ca levels between symbiotic and aposymbiotic

polyps. Changes in internal DIC and pH due to photosynthesis
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have been linked to variations in pH within the calcifying fluid of

these polyps. The U/Ca ratios of A. digitifera in this study have

shown a significant negative correlation with the growth rate

(Figure 7K). As coral U/Ca is negatively correlated with pH

(Inoue et al., 2011), this trend might reflect variations in the

internal pH probably through the photosynthesis. However,

despite the differences in growth rate and Fv/Fm, there are no

differences in the meanU/Ca between P. australiensis and A.

digitifera. This suggests that other mechanisms may be involved

in controlling the incorporation of uranium during skeletal growth.

To thoroughly investigate the relationship between skeletal growth,

internal pH and skeletal U/Ca ratios, additional data on internal pH

would be necessary.

4.2.4 d13C variation
Although the mechanisms controlling d13C variation in coral

skeletons are disputed (McConnaughey, 1989; Reynaud-Vaganay

et al., 2001; Grottoli, 2002; Suzuki et al., 2003; Omata et al., 2008;

Linsley et al., 2019), d13C values in biogenic carbonate generally

depend on the photosynthetic rate. This is because 12C is

preferentially taken up during photosynthesis, and then 13C-

enriched DIC within the calcifying fluid is used to precipitate

CaCO3 shells or skeletal material. This leads to a positive

correlation between carbonate d13C values and photosynthetic

rate. In fact, the d13C values in symbiotic and aposymbiotic

polyps showed differences at the control temperature of 27°C.

However, the values measured from bleached symbiotic polyps at

31 and 33°C decreased to approach the values obtained from

aposymbiotic polyps (Inoue et al., 2018). As mentioned above,

since Fv/Fm level was higher in A. digitifera compared to P.

australiensis, overall high values of d13C of A. digitifera may

indicate active photosynthesis compared to P. australiensis

(Figure 6D). However, variation patterns of d13C of both the

species in response to temperature cannot be explained simply by

Fv/Fm, suggesting that complex factors including respiration and

kinetic effects would affect the isotope fractionation of carbon

during the skeletal growth.

4.2.5 Mg/Ca variation
The Mg/Ca ratio in coral skeletons appears to be influenced by

biological effects (Fallon et al., 2003; Meibom et al., 2004; Inoue

et al., 2018), although it was initially predicted to be a proxy for SST

(Mitsuguchi et al., 1996; Watanabe et al., 2001). Although previous

studies have indicated that skeletal Mg/Ca ratios are primarily

influenced by the skeletal growth rate from a thermodynamic

perspective (Inoue et al., 2007; Brahmi et al., 2012), it appears

that they are affected by biological processes rather than purely

thermodynamic effects. In particular, the distribution of Mg within

the coral host appears to be related to the presence of organic matrix

(OM), which is an essential precursor for aragonite crystal

precipitation (Cuif et al., 2003; Finch and Allison, 2008;

Yoshimura et al., 2015). In fact, there are no significant

differences in Mg/Ca between symbiotic and aposymbiotic polyps,

despite the significant differences in growth rate (Inoue et al., 2018).

In this study, no differences in Mg/Ca were observed in A. digitifera
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and P. australiensis (Figure 6F), suggesting that some fundamental

biological processes involved in the production of OM for aragonite

precipitation might be similar between the two species.

Furthermore, the secretion of OM does not appear to depend on

water temperature, as our study did not find any correlation

between temperature and Mg/Ca (Figure 6F).

4.2.6 Ba/Ca variation
The Ba/Ca ratio in coral skeletons has been utilized for

reconstructing river runoff and sediment loads (e.g., McCulloch

et al., 2003; Ito et al., 2020) because barium is desorbed from fine-

grained suspended particles at the estuarine mixing zone (Li and

Chan, 1979). The Ba/Ca ratio in corals grown in a reef unaffected by

large rivers has been used to identify indications of upwelling, which

transports both dissolved seawater and marine biological barium

(Alibert and Kinsley, 2008; Spreter et al., 2022). Recently, it has been

used to predict the concentrations of dissolved barium in seawater

(Kershaw et al., 2023) and the growth rate of aragonite (Mavromatis

et al., 2018). Furthermore, there is a report Indicating that light

conditions affect the Ba/Ca in coral skeletons (Yamazaki et al.,

2021). However, there have been few studies examining the

relationship between coral Ba/Ca and water temperature. The

results obtained from this study showed very large variations of

Ba/Ca, probably due to tissue parts, at the same temperature,

especially for P. australiensis, indicating the difficulty of using

coral Ba/Ca as an SST proxy. However, a negative relationship

was found in A. digitifera (Figure 6C). Therefore, some caution

might be needed for the use of Ba/Ca as environmental proxies,

especially when reconstructing the upwelling, as it brings cold

seawater together with dissolved barium.
4.3 Assessment of coral geochemical
tracers as a temperature proxy

As reported for Porites spp. (Reviewed by Thompson, 2022), the

d18O and Sr/Ca of all colonies of A. digitifera also showed clear

negative correlations with temperature without consistent growth

rate dependences (Figures 6, 7). Regarding the mean temperature

dependences of d18O and Sr/Ca calculated using all data from three

colonies of P. australiensis without data at 18˚C, the temperature

sensitivities of both tracers appeared to be lower compared to

published values. Gagan et al. (2012) reported that the d18O-SST
sensitivities for Porites ranged from -0.08 to -0.22 ‰/°C. They also

discovered that corals with slow growth throughout the tissue layer

were less sensitive to changes in SST. The temperature sensitivity of

d18O of P. australiensis in this study was -0.11 ‰/°C, which is

applicable to slow-growing corals. Similarly, a broad range of Sr/Ca-

SST sensitivities were reported for Porites sp., from -0.041 to -0.082

mmol/mol/˚C (Gagan et al., 2012). The mean temperature

sensitivity of Sr/Ca in this study (-0.040 mmol/mol/˚C) was lower

than the published values, and it may represent a slow-growing

type, same as d18O. Reynaud et al. (2007) also reported a significant

negative correlation as a quadratic function between Sr/Ca of

Acropora sp. and temperature. In addition, a strong negative
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linear correlation between d18O and temperature was observed

within the temperature range from 22 to 29°C in their study.

Similar to P. australiensis, the d18O and Sr/Ca of A. digitifera, in

this study, showed relatively lower temperature sensitivities of -0.17

‰/°C and -0.033 mmol/mol/°C, respectively. For the d18O of

Acropora sp., -0.30 to -0.34 ‰/°C was reported by Reynaud et al.

(2007) and Juillet-Leclerc et al. (2014), which is even higher

compared to that reported for Porites sp. However, a temperature

sensitivity calculated using data obtained from the fibers

precipitated during the nighttime was -0.19 ‰/°C (Juillet-Leclerc

et al., 2018), which is similar to that found in the present study. In

addition to d18O, Juillet-Leclerc et al. (2014) demonstrated a clear

Sr/Ca-temperature relationship, with a temperature range 22-29°C,

for Acropora sp. cultured with different light intensities.

Temperature sensitivities differed between high-light and low-

light conditions in which higher (-0.061 mmol/mol/°C) and lower

(-0.036 mmol/mol/°C) sensitivities were observed for high- and

low-light conditions, respectively. In addition, Ross et al. (2019)

reported -0.07 mmol/mol/˚C as temperature dependence of Sr/Ca

measured from Acropora spp. grown under the natural reef

conditions. The similarity of d18O and Sr/Ca-temperature

sensitivities in this study with those obtained from skeletons

precipitated under nighttime and low-light conditions suggests

that the growth of A. digitifera was slower compared to those

grown in the field and/or under more high-light conditions. This is

consistent with the findings observed from P. australiensis.

Although Mallon et al. (2022) suggested the importance of

considering natural variations in light for all reef metabolism

studies, light intensity in this study (120-140 mmol/m2/s) was

relatively low. This light condition would produce low

calcification rates for both species, and the temperature

sensitivities would differ from those obtained using corals from

the field. However, a calibration study using Isopora collected from

the Heron Island, located at the southern end of the Great Barrier

Reef, demonstrated temperature dependences of -0.18 ‰/°C and

-0.061 mmol/mol/˚C for d18O and Sr/Ca, respectively (Brenner

et al., 2017). The former was the same as that found in this study,

whereas the latter was close to that reported in a study performed

under high light conditions (Juillet-Leclerc et al., 2014). Because the

number of studies on calibrations using corals other than Porites

remains small, we cannot deduce which values of temperature

sensitivity are most appropriate. However, the temperature

sensitivity of geochemical tracers, especially for the d18O of

Acropora, appears to not significantly differ from that reported

for Porites, suggesting its potential as a temperature proxy.

Gagan et al. (2012) suggested that in general, new aragonite is

deposited in the calyx (within 2 mm of the growth surface),

although in some cases calcification occurs throughout the depth

of the tissue layer. In terms of calibration, culture experiments for a

relatively short period, such as a couple of weeks to months,

apparently cannot provide an elaborate analog for corals in the

field because tissue parts cover the skeleton. Instead, these

experiments can be used to investigate the possibility of a proxy

for a specific factor, such as the growth rate, temperature, and/or

pCO2 by changing the parameter(s). Culture experiments, including

those of Reynaud et al. (2007) and this study, have demonstrated a
Frontiers in Marine Science 20
high potential for using d18O and Sr/Ca of Acropora sp. as

temperature proxies in addition to those of Porites. Specifically,

the d18O of A. digitifera seems to vary consistently as a function of

temperature, without the colony dependence and deviations seen in

trace elements such as Sr/Ca. The d18O variations reported by

Reynaud et al. (2007) also showed a strong negative correlation (r2 =

0.99) with very small deviations at each temperature setting.

Furthermore, d18O in polyp samples of A. digitifera showed

negative correlations with the temperature, from 27 to 33˚C, for

both symbiotic and aposymbiotic polyps and even for bleached

polyps of symbiotic polyps under thermal stress conditions (31 and

33˚C, Inoue et al., 2018). These findings indicate a stable behavior of

d18O in response to temperature during the growth of coral

skeletons, regardless of differences in growth rate, colony size,

and/or photosynthesis efficiency. Nevertheless, because d18O
-temperature sensitivities have differed among studies, as noted

above, caution is advised when using the d18O of Acropora sp. as a

temperature proxy. Corals grown in the field or culturing tanks for

more than one year, such as in Hayashi et al. (2013), would be most

useful in establishing a robust calibration.

In contrast to the d18O, the Sr/Ca ratios in the nubbins of A.

digitifera showed large deviations even at the same temperature

setting (Figure 6B). Corals have small polyps in living surface and

calcify skeletal corallites that are arranged in three-dimensional fans

within the corallum with new corallites forming along the apex of

the fan (Veron, 1986; Darke and Barnes, 1993). Comparisons of

geochemical determinations using Porites sp. between the central

and margin part of a fan of corallites which precipitated in the same

year have revealed that the margin have higher coral Sr/Ca values

(Alibert and McCulloch, 1997). Therefore, DeLong et al. (2013)

recommended to use optimal sampling path which along the central

axis of an actively extending corallite fan to reconstruct SST

precisely. In addition, the distribution of magnesium is strongly

correlated with the fine-scale structure of the skeleton (Meibom

et al., 2004; Holcomb et al., 2009). Because skeletal parts composed

of multiple polyps grown on an acrylic plate were used for the

measurements in this study, differences in skeletal architecture may

produce large deviations in Sr/Ca in addition to Mg/Ca. To test

whether deviations in Sr/Ca and Mg/Ca become small when only

the axis of corallite fan is measured, the tip of each nubbin, which is

assumed to correspond to the apical parts of corallite fan, was

shaved, and Sr/Ca and Mg/Ca were measured using ICP-optical

emission spectrometer (ICP-OES; Agilent Technology, 720 series)

via the same method described in Genda et al. (2022).

Consequently, the deviations decreased, particularly for Mg/Ca,

but the temperature dependence of Sr/Ca disappeared (Figure 8).

Because the samples were not marked with isotope doping or

alizarin red in this study (Suzuki et al., 2005; Gagnon et al.,

2012), we could not confirm whether the skeletal parts used for

this test grew only during the experimental period. However, this

result may suggest that the skeletal growth of A. digitifera during the

experiment in this study progressed along the acrylic plate rather

than growing upward. Although the calibration of Sr/Ca-SST, using

the Sr/Ca measured on apical part like performed by Ross et al.

(2019), cannot be established in this study, it is important to

subsample the skeletal parts along a growth axis of a specific
frontiersin.org

https://doi.org/10.3389/fmars.2024.1329924
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Sakata et al. 10.3389/fmars.2024.1329924
polyp of Acropora, like Porites as proposed by DeLong et al. (2013),

to ensure the use of precise proxies.
4.3 Implications of biomineralization based
on variations of d13C and U/Ca

As mentioned above, the systematic difference in d13C values

between the two species could be explained by the difference in the
Frontiers in Marine Science 21
photosynthesis efficiency, represented by Fv/Fm. Although

mechanisms of d13C variations against temperature for both

species were unclear, they were likely mixed with metabolic and

kinetic effects on d13C. For example, lowered d13C at 30°C may be

attributed to the respiration since it decreased the d13C of coral

skeletons (Figure 6D, Schoepf et al., 2014). On the other hand, the

kinetic effect may have overwhelmed other factors changing d13C in

coral skeletons at 18˚C, as the growth rate at 18°C was the lowest

(McConnaughey, 1989). Accordingly, the relationship between the
B

A

FIGURE 8

Comparison of Sr/Ca (A) and Mg/Ca (B) contained in skeletal samples collected from skeletons grown on the acrylic plate (white diamond, n = 87
and 80 for Sr/Ca and Mg/Ca, respectively) and the tips of the nubbins (filled diamond, n= 90 and 79 for Sr/Ca and Mg/Ca, respectively) for A.
digitifera. Results are presented as mean ± 1 sd of the combined data of three colonies.
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d18O and d13C of A. digitifera at the same temperature

demonstrated kinetic control, whereas P. australiensis did not

(Figure 9). Therefore, the d13C of A. digitifera appears to reflect

its photosynthesis, respiration, and growth rate. In contrast, water

temperature was the predominant controlling factor for the d18O of

A. digitifera, without a strong growth rate dependence. However,

the existence of kinetic effects within a specific temperature should

be considered when utilizing the d18O of Acropora corals in

reconstructions of paleo-SST.

Several studies have suggested that the U/Ca ratio in coral

skeletons is controlled by pH or DIC within the calcifying space

(Inoue et al., 2011; DeCarlo et al., 2015; Inoue et al., 2018;

Gothmann and Gagnon, 2021). Additionally, a microsensor-based

determination of DIC in the extracellular calcifying medium of

Stylophora pistillata showed that photosynthesis and respiration

exerted a strong influence on chemistry, such as the pH of the

calcifying space during light and dark periods (Sevilgen et al., 2019).

Although the mean U/Ca values of the two species were not

significantly different, a strong growth rate dependence of U/Ca

was found only in A. digitifera (Figure 7K). Additionally, U/Ca

ratios in A. digitifera also showed weak to moderate negative

correlations with temperature, but those at higher temperature

especially at 30°C shifted toward more higher values than

expected from the calibration lines (Supplementary Figure 2K). A

similar behavior of U/Ca in response to temperature is also found

for P. australiensis (Figure 6E). Therefore, the U/Ca ratio of A.

digitifera, and likely P. australiensis as well, at 30°C seems to reflect

the growth rate, which is associated with fluctuations in pH or DIC.

As seawater pH was consistent for all aquariums, the higher shift in

U/Ca at 30˚C may suggest that the pH of the calcifying space was

lower, as U/Ca is negatively correlated to pH, than that of nubbins

reared under other temperature settings. Considering the variation

pattern of both U/Ca and d13C of A. digitifera at 30°C, respirations

may overwhelm photosynthesis for coral nubbins at 30°C.

Consequently, the pH at calcifying space likely decreased owing

to the increased respiration rate, which is consistent with the higher

shift of U/Ca at 30°C. Additionally, of the decreased pH at the

calcifying space may be attributed to the decreased growth rate at
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30˚C, regardless of the relatively high Fv/Fm in A. digitifera

(Figures 3, 4).
5 Conclusion

Various cultural experiments have been conducted using

scleractinian corals, involving variations in parameters such as

temperature, light, and/or pCO2. In this study, a relatively simple

culture experiment was conducted, in which only the water

temperature was changed for P. australiensis and A. digitifera for

77 days. In general, the massive Porites sp. that grow up to 1-2 m in

diameter are primarily located in the Indo-Pacific region. They are

often used to reconstruct past SST based on their skeletal d18O and

Sr/Ca ratios. On the other hand, Acropora sp. grow widespread

globally and is often found as a fossil, but the potential for its

geochemical tracers to serve as temperature proxies has not been

thoroughly investigated. Therefore, we examined it using both P.

australiensis and A. digitifera, which are commonly found in the

coral reefs around Okinawa, Japan. They were cultured in the same

aquaria under identical conditions, with temperatures ranging from

18 to 30°C. We used three colonies of both species to examine

genetic differences in growth rate, photosynthetic efficiency (Fv/

Fm), and variations in geochemical compositions. As a result, the

overall growth rates were higher in A. digitifera without colony

differences, whereas they were lower in P. australiensis compared to

A. digitifera with colony dependences. The responses of skeletal

growth to Fv/Fm differed between the two species, indicating that

the strategies for skeletal growth vary between massive Porites and

branching Acropora. Despite these differences in skeletal growth,

the values of Sr/Ca, U/Ca, and Mg/Ca measured in bulk samples,

including skeletal parts grown only during the experiment, showed

no significant differences. However, d18O, d13C, and Ba/Ca

exhibited significant differences between the two species. Only Sr/

Ca and d18O in both species showed significant relationships to

temperature, indicating that these tracers of branching Acropora

have high potential as temperature proxies, as do those of Porites sp.

Given that kinetic effects are also observed in the d18O-d13C
FIGURE 9

Relationships between d13C and d18O of skeletons grown under the same temperatures for P. australiensis (black symbols) and A. digitifera (orange
symbols). Data are composed of three colonies.
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relations at the same temperature setting, it is important to exercise

caution when using d18O as a temperature proxy. In addition, it is

important to sub-sample the apical parts of each polyp to

reconstruct environments more precisely.
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