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Abstract
Ocean acidification (OA) is a severe threat to coral reefs mainly by reducing their 
calcification rate. Identifying the resilience factors of corals to decreasing seawater 
pH is of paramount importance to predict the survivability of coral reefs in the fu-
ture. This study compared corals adapted to variable pHT (i.e., 7.23–8.06) from the 
semi-enclosed lagoon of Bouraké, New Caledonia, to corals adapted to more stable 
seawater pHT (i.e., 7.90–8.18). In a 100-day aquarium experiment, we examined the 
physiological response and genetic diversity of Symbiodiniaceae from three coral spe-
cies (Acropora tenuis, Montipora digitata, and Porites sp.) from both sites under three 
stable pHNBS conditions (8.11, 7.76, 7.54) and one fluctuating pHNBS regime (between 
7.56 and 8.07). Bouraké corals consistently exhibited higher growth rates than cor-
als from the stable pH environment. Interestingly, A. tenuis from Bouraké showed 
the highest growth rate under the 7.76 pHNBS condition, whereas for M. digitata, and 
Porites sp. from Bouraké, growth was highest under the fluctuating regime and the 
8.11 pHNBS conditions, respectively. While OA generally decreased coral calcification 
by ca. 16%, Bouraké corals showed higher growth rates than corals from the stable pH 
environment (21% increase for A. tenuis to 93% for M. digitata, with all pH conditions 
pooled). This superior performance coincided with divergent symbiont communities 
that were more homogenous for Bouraké corals. Corals adapted to variable pH condi-
tions appear to have a better capacity to calcify under reduced pH compared to cor-
als native to more stable pH condition. This response was not gained by corals from 
the more stable environment exposed to variable pH during the 100-day experiment, 
suggesting that long-term exposure to pH fluctuations and/or differences in symbiont 
communities benefit calcification under OA.
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1  |  INTRODUC TION

Coral reefs have been suggested to be at risk of disappearance in 
the coming decades due to their sensitivity to the deadly trio of 
stressors including ocean warming (OW), acidification (OA), and 
deoxygenation (OD) (e.g., Hoegh-Guldberg et al.,  2017; Hughes 
et al., 2018, 2020). These stressors are expected to increase over 
the coming decades, leading to a dramatic decline of coral reefs by 
as early as 2050 (Hoegh-Guldberg et al., 2017; IPCC Report, 2021). 
However, species-specific responses to abiotic stressors (Altieri 
et al., 2021; Comeau et al., 2021; Jury & Toonen, 2019; Rodolfo-
Metalpa et al., 2011) and in vitro experiments (Comeau et al., 2019; 
Cornwall et al., 2018) have shown that some corals can be resil-
ient to one stressor or the combination of more stressors (e.g., OA, 
OW, OD). Among the most likely hypotheses, it seems that chronic 
environmental changes could make corals more resilient to future 
changes in pH and/or temperature (Comeau et al.,  2021; Enochs 
et al., 2020; Schoepf et al., 2020). Possible mechanisms that could 
support resilience include physiological plasticity, epigenetics, 
and host a more tolerant microbiome and Symbiodiniaceae (Camp 
et al., 2017, 2020; Putnam et al., 2016; Ros et al., 2021; Voolstra & 
Ziegler, 2020).

Corals thriving under variable seawater pH and temperature 
conditions in mangrove lagoons have shown a shift in dominant 
host-associated Symbiodiniaceae taxa (Ros et al.,  2021), likely 
contributing to the persistence of corals in such extreme envi-
ronments (Camp et al., 2018, 2020; Haydon et al., 2021; Howells 
et al.,  2012; Voolstra & Ziegler, 2020). Interestingly, some corals 
from stressful and/or variable environments have been associated 
with Durusdinium (formerly clade D) (Lesser et al.,  2013; Schoepf 
et al., 2015; Stat et al., 2013; Stat & Gates, 2011; Wall et al., 2021) 
that is considered a ‘stress-tolerant’ taxa, although this is not al-
ways the case (Camp et al., 2019, 2020). Whilst corals with a sta-
ble host-Symbiodiniaceae association have been suggested to be 
physiologically more resilient under stressful conditions (Grottoli 
et al., 2018; Howells et al., 2020), it remains relevant to explore how 
stability (i.e., fidelity) and flexibility in the Symbiodiniaceae diver-
sity benefit host fitness under stress conditions (Fabina et al., 2013; 
McIlroy et al., 2020; Putnam et al., 2012; Smith et al., 2017; Ziegler 
et al., 2015).

More generally, coral resilience to extreme conditions includes 
trade-offs in the main physiological traits, such as reduced cal-
cification rate (Bay & Palumbi,  2016; Camp et al.,  2020; Cunning 
et al., 2015) and photosynthesis (Camp et al., 2020), increased pho-
todamage (Silverstein et al.,  2017), and change in the autotrophic 
nutrition capacities (Wall et al.,  2020). For instance, corals with 
thermotolerant symbionts have been reported to resist bleaching 

but grow more slowly (Jones & Berkelmans, 2010). Most of these 
trade-offs remain poorly tested on corals already adapted to condi-
tions close to or even worse than the ones predicted for the end of 
this century. Yet, extreme environments, such as mangrove lagoons 
have been identified to be faithful natural laboratories for studying 
species living under the combination of future extreme conditions in 
OA, OD, and OW (Camp et al., 2018).

The semi-enclosed lagoon of Bouraké in New Caledonia is one of 
these extreme environments which has been recently environmen-
tally and ecologically characterized (Camp et al.,  2017; Maggioni 
et al., 2021; Tanvet et al., 2022). Bouraké has fluctuating acidified, 
warm, and deoxygenated conditions, although a highly-diversified 
coral reef develops (Camp et al., 2017). The environmental variabil-
ity in the dissolved oxygen, temperature, and pH in Bouraké is di-
rectly related to the tidal cycle with changes on a single day by up to 
4.91 mg O2 L−1, 6.50°C, and 0.69 pHT units (Maggioni et al., 2021), 
respectively. Such environmental conditions likely enhanced coral 
respiration rates and total chlorophyll content, while reducing pho-
tosynthesis and calcification rates (Camp et al., 2017; Jacquemont 
et al.,  2022). In addition to the particular physiological response 
of some corals from Bouraké, Camp et al.  (2020) also found dif-
ferences in host-microorganisms associations (Symbiodiniaceae 
and bacteria) between Bouraké and an adjacent reef. Although 
species-specific, the differences in the Symbiodiniaceae found in 
three coral species (Camp et al., 2020) highlight the potential role 
that Symbiodiniaceae play in influencing coral holobiont resilience 
to environmental stress (Sampayo et al., 2008). Corals in Bouraké 
have likely either adapted to, or sustain key trade-offs to achieve 
resilience in an environment somewhat reproducing future climate 
conditions.

In the present study, we conducted a 100-day OA experiment in 
aquaria using three coral species (Acropora tenuis, Montipora digitata, 
and Porites sp.) from the highly variable Bouraké and a less variable 
adjacent reference reef to assess: (i) whether corals adapted to am-
bient or fluctuating pH conditions alter their metabolic rates and 
calcification under different levels of OA (i.e., 7.54, 7.76, 8.11, and 
7.56–8.07), and (ii) whether Symbiodiniaceae communities are dis-
tinct between habitats and treatments at the end of the experiment. 
In addition, we considered both static pHNBS (7.54 ± 0.08; 7.76 ± 0.07; 
8.11 ± 0.05) and variable (ranging from 7.56 ± 0.07 to 8.07 ± 0.07) 
pHNBS conditions to assess the role that fluctuating pH may play in 
the success of Bouraké corals, and whether corals adapted to stable 
pH can acclimate when exposed during 100 days to variable pH. We 
hypothesize that corals from Bouraké exhibit enhanced physiologi-
cal traits and a distinct Symbiodiniaceae community, compared with 
corals from the less variable reef, and that the natural diel fluctua-
tions in seawater pH promote their resilience to OA.

T A X O N O M Y  C L A S S I F I C A T I O N
Ecophysiology, Evolutionary ecology, Genomics, Global change ecology
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2  |  MATERIAL S AND METHODS

2.1  |  Study sites, coral collection, and acclimation

All corals were collected at the end of January 2020 in the semi-
enclosed lagoon of Bouraké, New Caledonia (21°57′3.971″ S 
165°59′24.233″ E) (Figure  S1), and at one reference reef adjacent 
to Bouraké (21°58′6.966″ S 165°56′43.907″ E) (St R1, 4 km away). 
Environmental conditions at both sites have been previously charac-
terized across several days in February, March, and May 2016 (Camp 
et al., 2017) and across numerous surveys (from 22 to 72 semidiurnal 
tidal cycles, depending on environmental parameters and site) from 
2017 to 2020 (Maggioni et al., 2021). In Bouraké, dissolved oxygen 
(DO) and pH regularly fluctuated according to the tide (ca. 1 m tidal 
range), from 1.87 to 7.24 mg O2 L−1 (mean of 5.23 ± 0.89 mg O2 L−1 
recorded during 42 semidiurnal tidal cycles from 2016 to 2020) and 
from 7.23 to 8.06 pHT (mean of 7.67 ± 0.23 pHT recorded during 72 
semidiurnal tidal cycles from 2016 to 2020), respectively (Maggioni 
et al., 2021). Seawater temperature varied from 17.50°C in winter to 
33.80°C during summer, when the temperature might change by up 
to 6.50°C in a single day (mean of 25.63°C ± 2.85°C during a contin-
uous record from January 2019 to April 2020 with 10-minute inter-
val) (Maggioni et al., 2021). In comparison to Bouraké, DO, pH, and 
temperature were more stable at the reference site (hereafter ref-
erence) during equivalent periods with means of 6.45 ± 0.95 mg O2 
L−1, 8.02 ± 0.04 pHT, and 25.25°C ± 1.89°C, respectively (Maggioni 
et al.,  2021). For example, at the end of the austral summer from 
February to March 2016, the reefs in the Bouraké lagoon spent 44% 
of the time at pHT of 7.7–7.8, and 71% of the time at temperatures 
predicted for the end of the century under scenario RCP7.0 (Camp 
et al., 2017). Notwithstanding such extreme and chronic conditions, 
66 coral species form reefs all along the Bouraké lagoon (Maggioni 
et al., 2021).

Fifteen mature colonies (30–60 cm diameter) of the branching 
A. tenuis (Dana, 1846) and M. digitata (Dana, 1846), and the massive 
Porites sp. were sampled at each site at ca. 2-meter depth. Only col-
onies at a distance of at least 5 m from each other were collected 
to limit the risks of clonality in our sampling. From each branching 
colony, four terminal portions of branches (ca. 3–5 cm long) were col-
lected using pliers. For Porites sp., four samples (mean of ca. 8 cm2) 
were collected from each colony using a 3-cm-diameter steel tube 
and a hammer. Coral fragments were transported in a cooler to the 
“Aquarium des Lagons” (Nouméa), which is 2 h distant from Bouraké, 
in individual hermetic zip bags (one for each colony of each species) 
containing seawater from the collection site. At the laboratory, frag-
ments of A. tenuis and M. digitata were attached to nylon wires and 
suspended in two 200 L tanks, one for each site of collection (see 
below). Fragments of Porites sp. were mounted on labeled 2 × 2 cm 
PVC plates using epoxy resin (Holdfast, Aquarium Systems) and 
placed at the bottom of the tanks. The exposed skeleton was cov-
ered with the resin to avoid turf algae proliferation and potential 
skeletal dissolution. All 360 fragments (2 sites, 3 species, 15 colo-
nies per species, 4 samples per colony, resulting in a base replication 

of n = 15 per treatment) were allowed to recover for 3 weeks in the 
two flow-through aquaria (see below for more details) settled at the 
same temperature (26.0°C ± 0.5°C) recorded in situ at the time of 
collection. Seawater pH and carbonate chemistry replicated mean 
values of Bouraké and reference sites (ca. 7.7 and 8.1 pHNBS units, 
respectively). Temperature and pH were kept constant using heaters 
and bubbling pure CO2 in each tank. All tanks were connected to 
an IKS logger system (IKS, AquaStar, accuracy ±0.05 pH unit and 
0.1°C) continuously monitoring but not recording the pH conditions. 
During the recovery period, coral fragments received the same light-
ing intensity (ca. 250 μmol photons m2 s−1) using four Aquablue Plus 
neon bulbs (15.000 K, Giesemann), and they were fed once a week 
with freshly hatched Artemia salina nauplii (regular equivalent con-
centrations tossed in the tanks; Houlbrèque et al., 2015). At the end 
of the 3 weeks recovery period, the naked skeleton of branching cor-
als was already covered by the tissue, while new tissue was visible on 
the resin embedding Porites sp.

2.2  |  Aquarium setup and physiological 
measurements

2.2.1  |  Aquarium conditions and experimental set-
up

At the end of the recovery period, corals from each site of collec-
tion (called origin hereafter) were assigned to one of the 12 experi-
mental tanks as follows. Three replicate 10 L tanks were set up for 
each of the four conditions of pH (monitored with an IKS logger 
system and pH Metrohm in NBS scale) (Table 1) with averages re-
corded during the 100-day experiment: (i) stable pH (Control; pHNBS 
8.11 ± 0.05; pCO2 474 μatm); (ii) future reef pH based on the RCP7.0 
IPCC scenario (IPCC Report, 2021) (Future; pHNBS 7.76 ± 0.07; pCO2 
1192 μatm); (iii) extreme stable pH (Extreme; pHNBS 7.54 ± 0.08; 
pCO2 2115 μatm); and (iv) variable pH reproducing the semidiurnal 
tide phase variation of pH in Bouraké with four peaks of pH on a 
24-h basis, two at low and two at high pH (Variable; mean pHNBS 
ranging from 7.56 ± 0.07 to 8.07 ± 0.07; pCO2 ranging from 1968 to 
533 μatm, respectively). While extreme stable pH was arbitrarily 
chosen, control and variable pH were settled based on the mean and 
variance data collected respectively at reference and Bouraké reef 
between 2016 and 2020 (see Maggioni et al., 2021). Five fragments 
per coral species (n = 3) and per origin (n = 2) were randomly posi-
tioned in each tank. Porites samples were positioned on the bottom 
of the tanks while the branching corals were suspended.

Seawater in the tanks was renewed at a rate of 16.5 L h−1 (re-
newal rate of ca. 165% h−1) and mixed using a submersible pump 
(micro-jet MC 320, Aquarium system). Each tank was supplied with 
seawater pumped from one to three 60 L sump tanks settled at dif-
ferent pH (7.4, 7.7, and 8.1). In addition, three more sump tanks were 
set up respectively at pH 7.6, 7.8, and 7.9 and were used to better 
simulate the pH variation in the variable treatment (see below). Each 
sump tank was continuously supplied with 50 μm-filtered seawater 
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pumped at 5 m depth in front of the Aquarium des Lagons (Baie des 
Citrons, Nouméa). Each sump contained a submersible pump (23 W 
Eheim), a heater, and an external refrigerating system, both con-
nected to an IKS logger system (IKS, AquaStar), and temperature and 
pH probes. Seawater pHNBS and temperature values were continu-
ously monitored but not recorded by an IKS pH logger and daily ver-
ified (randomly during the day) using a portable pH-meter (Metrohm 
826 coupled with a LL Aquatrode Plus SC, sensitivity of 0.001 pH 
units), both calibrated using NBS solutions (pH 4.0 and 7.0 from the 
Seawater National Bureau of Standards). Sumps were all maintained 
at 26.3°C ± 0.7°C, and at one of the 6 pH conditions, automated by 
IKS (AquaStar). Seawater pH was set to the desired value by bub-
bling pure CO2 gas. Each experimental tank received seawater at 
the assigned temperature and pH from the respective sump tank. In 
contrast, for the variable pH treatment, the time function of the IKS 
system was used to simulate the pH changes measured at Bouraké, 
according to a semidiurnal tide cycle with high pH in the middle of 
the day/night (01:00–04:00 am/pm) and a low pH at the beginning of 
the day/night (08:00–11:00 am/pm). Briefly, tanks received seawa-
ter either from one or simultaneously from different sumps accord-
ing to a predetermined timetable (Table S1; Figure S2). Irradiance 
in all tanks increased from 0 to ca. 250–300 μmol photons m−2 s−1 

on a 12:12 h light:dark cycle (06:00–18:00 h lighting vs. 18:00–
06:00 h darkness; ramp until 10:00 h and decline from 14:00 h) 
using LED lights (Mitras LX6100, GHL; see Table S2 for led bright-
ness wave simulation) according to Biscéré et al. (2019), Houlbrèque 
et al. (2015) and Jacquemont et al. (2022). Irradiance was monitored 
during 48-h cycles using an NKE PAR with LI-193 spherical quan-
tum sensor and showed maximum values ranging from ca. 270 to 
320 μmol photons m−2 s−1 (Figure S3). Tanks' positions were repeat-
edly changed during the duration of the experiment to minimize any 
potential spatial variability in the light intensity received by corals. A 
Seabird SeaFET pH logger and YSI 600 OMS-M probes were used 
to measure over 48-h cycles seawater temperature, pHT, salinity, 
and dissolved oxygen (DO) in the experimental tanks with the inten-
tion to document the variation in such a parameter over repeated 
diel cycles. Colonies were fed with freshly hatched Artemia salina 
nauplii once a week (regular equivalent concentrations tossed in the 
tanks) and were maintained under these experimental conditions 
for 100 days. Tanks, resins, and wires were regularly cleaned for turf 
algae proliferation.

Total alkalinity (AT) was measured twice a month at various day-
time to have the average total alkalinity reflecting the different pH 
values on each of the 12 tanks over the experiment. For that, water 

TA B L E  1 Seawater parameters measured during the 100-day experiment, and carbonate chemistry calculated for each pH condition (the 
three replicated tanks were pooled)

Condition

Measured Calculated

Temp pH pCO2 DIC HCO3 CO3
2−

Ωarag(°C) (NBS) (μatm) (μmol kg−1) (μmol kg−1) (μmol kg−1)

Control

Mean 26.23 8.11 479 1926 1731 182 2.89

SD 0.49 0.05 72 30 47 19 0.30

Min 24.20 7.96 300 1834 1587 136 2.16

Max 27.50 8.27 717 2002 1847 239 3.79

Future

Mean 26.18 7.76 1207 2097 1970 94 1.49

SD 0.52 0.07 198 26 34 14 0.22

Min 24.20 7.63 622 1993 1823 69 1.10

Max 27.50 8.01 1679 2148 2032 152 2.43

Extreme

Mean 26.33 7.54 2141 2173 2056 58 0.93

SD 0.50 0.08 381 26 27 11 0.17

Min 23.90 7.31 683 2009 1849 35 0.55

Max 28.30 7.98 3610 2249 2115 141 2.24

Variable

Mean 26.39 7.75 1427 2090 1951 101 1.60

SD 0.58 0.23 710 93 124 50 0.79

Min 24.20 7.37 370 1893 1671 40 0.63

Max 28.30 8.20 3181 2230 2103 212 3.36

Note: Seawater carbonate chemistry was calculated using mean values for AT (2187, 2204, 2202, and 2202 μmol kg
−1 for Control, pHNBS 8.11; Future, 

pHNBS 7.76; Extreme, pHNBS 7.54; and Variable, pHNBS 7.56–8.07, respectively), and mean salinity value of 35.61.
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samples were filtered at 0.45 μm (GF/F Whitman), preserved with 
saturated HgCl2, and stored in the dark at 4°C to avoid biological 
alteration. Two 20-mL replicates were analyzed using an auto titra-
tor (Eco Titrator, Metrohm), and AT was calculated from the Gran 
function. Results were corrected against AT standards (Andrew G. 
Dickson, batch no. 155, Scripps, USA). Dissolved inorganic carbon 
(DIC), pCO2, and saturation states of aragonite (Ωarag) were calcu-
lated with the software CO2SYS, using pH (NBS scale), AT, tempera-
ture, values for the K1 and K2 carbonic acid constants from Lueker 
et al. (2000), for KHSO4 from Dickson (1990), for KHF from (Perez & 
Fraga, 1987), for [B]I from (Lee et al., 2010), and an averaged atmo-
spheric pressure of 1.015 atm (source: Meteo France).

Nutrient content was measured twice a month on each of the 12 
tanks. The sampling of nutrients (orthosilicic acid [Si(OH)4], nitrogen 
oxide [NOx] (i.e., the sum of NO2

− and NO3
−), and phosphate [PO4]3−) 

was done using 20 mL polypropylene vials, rinsed three times using 
filtered seawater (Whatman™ Puradisc CA syringe filters 0.45 μm), 
filled with the sample, and immediately poisoned with 20 μL satu-
rated HgCl2. Measurements of PO4

3−, NOx, and Si(OH)4 were per-
formed by colorimetry (Seal Analytical).

2.2.2  |  Growth rate

After the recovery period and at the end of the experiment, each 
coral fragment was weighed using the buoyant weight technique 
(Davies,  1989). Samples were weighed using a Sartorius ENTRIS 
224i-1S electronic balance (readability 0.1 mg) in seawater of known 
density (calculated from temperature and salinity, both measured in 
each 10 samples). Dry skeleton weight was calculated using the den-
sity of pure aragonite (2.94 g cm−3); growth rates (in terms of calcifi-
cation rates) were calculated as the change in dry weight between 
the initial (T0) and the final weight (TF) during the experiment and 
expressed either in mg g−1 d−1 (normalized per weight of CaCO3) or 
mg cm−2 d−1 (normalized per surface area of the coral, see below) de-
pending on the species.

2.2.3  |  Photosynthetic efficiency

During the last week of the 100-day experiment, maximum photo-
chemical efficiency (Fv/Fm) and the relative electron transport rate 
(rETR) of the photosystem II (PSII) of symbionts in hospite were 
measured on all corals using a pulse amplitude modulation (PAM) 
fluorometer (DIVING-PAM, Waltz; Schreiber et al.,  1986). Before 
measurements, coral fragments were dark adapted for 15 min 
(Hoegh-Guldberg & Jones, 1999). Measurements were performed 
in dark (no light source apart from the use of a red headlamp); the 
8 mm optical fiber was maintained perpendicular to the fragment's 
surface using a black jacket at a fixed distance of 5 mm. Rapid-light 
curves used a measure of ETR, determined as follow (rETR = ΔF/
F'm × 0.5 × PAR) with nine steps of fluorescence measurements 
(4, 120, 191, 278, 376, 546, 729, 1078, 1544 μmol photon m−2 s−1) 

according to Ralph et al. (1999). Because corals were dark adapted 
we considered the first point the maximal quantum yield Fv/Fm. RLC 
uses a very short illumination period, which was found to be not 
correct to measure the real ETR (see Enríquez & Borowitzka, 2010). 
Because we could not perform long RLC on the 135 corals, we lim-
ited our analysis to the maximum rETRmax, assuming this limitation 
for all corals and conditions. Comparisons between treatments and 
origin were done on the maximum quantum yield Fv/Fm and the max-
imum rETRmax.

2.2.4  |  Photosynthesis and respiration rates

At the end of the experiment, seven corals for each pH condition 
(n = 4), each origin (n = 2), and each species (n = 3) were randomly 
selected (n = 168 total) and their oxygen production and consump-
tion rates were measured daily in the light and dark during four con-
secutive days. Corals were individually placed in 100 mL Pyrex glass 
beakers which were filled with seawater from their respective tank 
treatment and hermetically sealed underwater with transparent cel-
lophane and a rubber band (Jacquemont et al., 2022). Two control 
beakers without coral fragments were used to measure any meta-
bolic activity of microbes in the water. We were able to process 28 
samples simultaneously (plus two empty beakers) using two 15-place 
magnetic stirring plates (Telesystem 15, Thermo Scientific). The 30 
beakers were semi-immersed in a water bath positioned above the 
stirring plates and settled at a temperature of 26.0°C ± 0.5°C using 
one heater and two submersible water pumps to homogenize water 
temperature. Each beaker had one O2 sensor spot (PreSens) fixed 
on the glass and contained a stirring bar and a bridge made of plas-
tic mesh to separate the coral fragment from the bar. Corals were 
first incubated in the light for 50 min under ca. 250 μmol photons 
m2 s−1 and then in the dark for the same time (Biscéré et al., 2019; 
Jacquemont et al., 2022). Incubation time was preliminary defined 
to avoid both hyperoxic and hypoxic conditions in the beakers. 
Temperature and dissolved oxygen (DO) in mg L−1 were measured at 
the beginning and the end of each incubation in each beaker using 
an optical fiber (PreSens Fibox 4 trace). Before measurement, corals 
were left for 10 min under either light or dark conditions and then 
DO was measured. At the end of the light incubation, each beaker 
was opened and seawater volume was measured using a graduated 
cylinder to normalize the DO concentration to the seawater volume 
of each incubation. Fresh seawater from the corresponding experi-
mental tank was then added before the beakers were resealed and 
placed on the stirring plates under dark conditions. At the end of 
each incubation pair (dark and light) for all pH conditions, coral frag-
ments were frozen at −20°C for further analysis of the chlorophyll, 
symbiont density, symbiont community analysis, and protein con-
tents, and to determine their skeletal surface area.

Rates of net photosynthesis (Pnet) and respiration in the dark 
(Rdark) were calculated using the change in DO concentrations in each 
beaker corrected by the mean of the microbial activity measured in 
the two empty beakers, and normalized by the incubation duration 
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6 of 21  |     TANVET et al.

(hours), the volume of seawater in each beaker (L), and the coral's 
surface (cm2). Rates of gross photosynthesis (Pg) were calculated as:

Data were normalized per surface area of the fragment as de-
scribed below. Pnet, Pg, and Rdark are expressed in mg O2 cm−2 h−1 and 
then converted in μmol O2 cm−2 h−1. Photosynthesis to respiration 
ratio (Pg:R) was calculated using the value of daylight hours equal 
to 12 to calculate an integrated Pg:R ratio for a 24 h day as follows:

2.2.5  |  Tissue and surface measurements

All fragments used to assess the coral photosynthesis and respira-
tion rates were prepared and analyzed for their Symbiodiniaceae 
and chlorophyll contents. Protein measurements were performed 
on the same individual used during photosynthesis and respiration 
incubations for A. tenuis and M. digitata and from a new individual for 
Porites sp. Then, their skeleton's surface areas were measured. Coral 
tissue was extracted from the skeleton using an air pick in 20 mL 
filtered seawater and homogenized with a Potter tissue grinder. 
For symbiont density measurement, 2 mL of the slurry was sam-
pled to count the number of Symbiodiniaceae (n count = 8) using a 
Neubauer's cell under a stereomicroscope. 10 mL subsamples were 
centrifuged at 5000g for 10 min, the supernatant was discarded, 
and the pellet containing the symbiont was re-suspended in 10 mL 
of pure acetone to extract during 24 h at 4°C in darkness the chlo-
rophyll a and c2. The solution was then centrifuged at 10,000g for 
15 min and the supernatant was sampled to measure its absorbance 
at 630, 663, and 750 nm using a spectrophotometer (Evolution 201, 
Thermo Scientific). Chlorophyll a and c2 concentrations were calcu-
lated using the spectrophotometric equations for dinoflagellates of 
Jeffrey and Humphrey (1975). Chlorophyll a and c2 are given as total 
chlorophyll expressed in μg cm−2.

Protein content was quantified using a BCA assay kit (Uptima, 
Interchim). Total protein was extracted according to (Hoogenboom 
et al., 2010) by incubating each fragment in a sodium hydroxide solu-
tion (1 N) maintained in a water bath for 30 min at 90°C. Samples 
were then diluted by a factor of 15 before being transferred into 
96-well microplates and incubated with a dye reagent (Uptima 
Reagents, Interchim) for 30 min at 60°C. Bovine serum albumin (BSA, 
Interchim) was used as a protein standard with concentrations of 0, 
50, 100, 200, 350, 500, 750, and 1000 μg ml−1. Samples and stan-
dards were homogenized for 30 s on a microplate shaker within the 
spectrophotometer (Biotek ELx808); absorbances were measured at 
563 nm, and the protein contents were calculated according to the 
standard equation and expressed in mg cm−2.

The skeletal surface areas of samples were estimated using 
the paraffin wax-dipping method with two wax dips (Naumann 
et al., 2009; Stimson & Kinzie, 1991) for branching species (i.e., A. tenuis 

and M. digitata) and the aluminum foil technique (Marsh, 1967) for 
the massive species Porites sp.

2.3  |  Symbiodiniaceae community analysis

2.3.1  |  DNA extraction, PCR 
amplification, and sequencing

Fragments of corals (n = 2–6 per species, depending on origin, and 
pH treatment) were collected and stored at −20°C. Total coral holo-
biont DNA (i.e., Symbiodiniaceae, polyp, and associated microorgan-
isms DNAs) was extracted using a 2% CTAB-based protocol adapted 
from (Mieog et al., 2009). The quantity and quality of extracted DNA 
were checked using a NanoDrop 2000 spectrophotometer (Thermo 
Fisher Scientific). Extracted DNA was then diluted to a range of 30–
70 ng μL−1 for PCR amplification. The Symbiodiniaceae nuclear DNA 
ribosomal internal transcribed spacer (ITS2) region was amplified 
with the forward primer ITS2-DINO [5′-TCGTC​GGC​AGC​GTC​AGA​
TGT​GTA​TAA​GAG​ACA​GGT​GAA​TTG​CAGAACTCCGTG-3′] (Pochon 
et al., 2001) and reverse primer ITS2Rev2 [5′-GTCTC​GTG​GGC​TCG​
GAG​ATG​TGT​ATA​AGA​GAC​AGC​CTC​CGC​TTACTTATATGCTT-3′] 
(Stat et al.,  2009). The underlined segments represent Illumina 
adapter overhangs (Illumina). The PCRs were conducted in 25 μL 
reactions using 12.5 μL of AmpliTaq 360 Master Mix, 1 μL of each 
10 μM primer mix, 1 μL of 360 GC Enhancer, 2 μL of DNA template, 
and DNAse-free water to adjust the reaction volume. The amplifica-
tion cycle was set and adjusted (Arif et al., 2014) as follows: 94°C for 
15 min; 35 cycles each at 95°C for 30 s, 49°C for 1 min, and 72°C for 
30 s; and a final extension at 72°C for 10 min. To check amplification 
success, 3 μL of each PCR product was run on a 1% agarose gel. The 
resulting amplicons were sequenced using the Illumina MiSeq plat-
form (2 × 300 bp) (Australian Genome Research Facility). Returned 
demultiplexed FASTQ files were analyzed via the SymPortal analyti-
cal framework (Hume et al., 2019). The SymPortal framework pre-
dicts from raw sequences, ITS2 type profiles from specific sets of 
defining intragenomic ITS2 sequence variants (DIVs) based on ge-
netically differentiated Symbiodiniaceae taxa. Quality control was 
assessed using MOTHUR 1.39.5 (Schloss et al., 2009), BLAST+ suite 
of executables (Camacho et al., 2009), and minimum entropy decom-
position (MED; Eren et al.,  2015) to predict Symbiodiniaceae taxa 
from the ITS2 marker. All raw sequence data are accessible under 
NCBI's BioProject (PRJNA956479).

2.4  |  Statistical analyses and data presentation

Statistical analyses were conducted, and figures were produced 
using RStudio (R Development Core Team, version 4.1.0, 2021), in-
cluding the packages ggplot2, ggpubr, car, and vegan. Homogeneity 
and the normality of variance distributions were tested using respec-
tively the Levene test and the Shapiro–Wilkinson test and graphi-
cally verified with Q-Q plots. Statistical analyses were performed 

(1)Pg = Pnet + ∣ Rdark ∣

(2)Pg :R =
Pg × hours of daylight

∣ Rdark ∣ × 24
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    |  7 of 21TANVET et al.

separately for each species as the three species we used are mor-
phologically different. Each response variable was evaluated with 
separate linear mixed-effects models using the package lme4 (Bates 
et al., 2015). To evaluate differences in the main environmental pa-
rameters in the tanks during the experiment, i.e., pH, temperature, 
and nutrients measurements, the full model included pH as a fixed 
factor and tank as a random factor. To evaluate coral physiological 
responses, the full model included coral's origin (two levels: Bouraké 
and reference) and pH conditions (four levels: control, future, ex-
treme, and variable) as fixed factors and tank as a random factor. The 
significance of fixed factors was evaluated with two-way ANOVAs 
(type III) using Satterthwaite's method. Significant differences be-
tween fixed factors were determined with Tukey's post hoc pairwise 
comparisons using the package emmeans. In contrast, Fv/Fm data 
did not meet the assumption of normality and they were compared 
using the non-parametric two-way Aligned Rank Transformed (ART) 
ANOVA (Type III) followed by a Bonferroni p-levels adjusted post 
hoc using the package ARTool. Data were described as box plots 
using median values ±25th and 75th percentiles (box), minimum and 
maximum values (whiskers), and dots as outliers, otherwise speci-
fied. Differences in Symbiodiniaceae ITS2 profiles were analyzed on 
square-root transformed data using three-factorial permutational 
multivariate analysis of variance (PERMANOVA) with 999 permuta-
tions of residuals and based on Bray-Curtis distances to test for dif-
ferences between sites (two levels), pH conditions (four levels), and 
species (three levels).

3  |  RESULTS

3.1  |  Seawater parameters

Seawater pH, temperature, and carbonate chemistry were main-
tained at the target experimental values during the 100-day experi-
ment (Table 1; Tables S3 and S4). There is a significant difference 

between conditions regarding temperatures (p < .001; Table  S5). 
However, the average temperatures were rather similar between 
conditions (ranging from 26.18°C to 26.41°C). Minimum and maxi-
mum values were recorded in the extreme (23.90°C) and variable 
treatment tanks (28.30°C), respectively, due to a 24-h malfunction 
of the temperature control system for this treatment that occurred 
during the first week of the experiment. The pH was significantly 
different (p < .001) between the four pH conditions with minimum 
and maximum values recorded in the extreme (7.31) and the control 
condition (8.27), respectively (Tables S3 and S5). According to the 
SeaFet measurements, seawater pH values varied by ca. 0.60–0.65 
pHT units in the variable condition, and by only 0.05–0.1 pHT units 
in the other conditions (Figure 1).

Nutrient concentrations were similar between conditions 
(p > .620; Tables S5 and S6). Averaged values (±SD) of NOx varied 
from 0.59 (±0.21) to 0.67 (±0.25) μmol L−1 for control and future 
conditions, respectively. PO4

3− concentrations were equal to 0.30–
0.31 μmol L−1 for all treatments, while Si(OH)4 varied from 2.79 
(±1.06) to 2.89 (±1.18) μmol L−1 for variable and future conditions, 
respectively.

3.2  |  Growth rate

Growth rates of the three coral species (Figure 2) were significantly 
different according to corals' origin (p ≤ .003) and pH conditions 
(p ≤ .044), but not their interactions, with the exception of M. digitata 
showing a p = .092 for pH (two-way ANOVA, Table 2 and Table S7 for 
all data analyses). The mean growth rates of the three corals origi-
nating from the reference and maintained at control pH, generally 
decreased when maintained at future, extreme, and also variable pH. 
This decrease was more evident in the two branching corals than 
in Porites sp. For instance, the calcification rates of A. tenuis, M. digi-
tata, and Porites sp. originating from the reference site decreased by 
9.3%, 19.0%, and 17.6%, respectively, in the future pH (pHNBS 7.76) 

F I G U R E  1 Seawater pHT variations 
recorded with a SeaFet during a 48-h cycle 
in the four monitored experimental pH 
conditions (Control; Future; Extreme; and 
Variable). See Table 1 and Table S3 for all 
data.
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8 of 21  |     TANVET et al.

condition and by 15.4%, 53.5%, and 20.7% in the extreme pH (pHNBS 
7.54), compared to the control pH (pHNBS 8.11).

In contrast, the mean growth rates of the three corals originat-
ing from Bouraké and maintained at future, extreme, and variable 
pH (i) were always higher than their counterpart originating from 
the reference and maintained at the same pH condition (p ≤ .003); 
(ii) were almost always (with one exception, A. tenuis at variable pH) 
higher than their counterpart originating from the reference and 
maintained at the control pH condition; (iii) were almost always 
higher or did not change (with one exception, M. digitata at variable 
pH) when maintained at the control pH condition (Figure 2). For in-
stance, the calcification rate of A. tenuis, Porites sp., M. digitata orig-
inating from Bouraké and maintained at the variable pH, which is 
what they normally experience at their site of origin, increased by 

33.4% and 25.0% and decreased by 23.5%, respectively, in the con-
trol pH (pHNBS 8.11).

3.3  |  Photosynthetic efficiency and electron 
transport rate

The Fv/Fm (i.e., maximum photochemical efficiency) and the rETRmax 
(i.e., maximum relative electron transport rates) were significantly 
different for A. tenuis only (Table 2; Table S7). The Fv/Fm of A. tenuis 
differed according to both corals' origin (p = .001) and pH conditions 
(p = .018), whereas only corals' origin had an influence on rETRmax 
(p < .001). Both rETRmax (Figure 3) and Fv/Fm (Figure S4) were higher 
for A. tenuis individuals from Bouraké, as compared to individuals 

F I G U R E  2 Reaction norm of the growth rates of corals from Bouraké (blue) and reference (gray) sites maintained during 100 days at 
four pH conditions (Control, pHNBS 8.11; Future, pHNBS 7.76; Extreme, pHNBS 7.54; and Variable, pHNBS 7.56–8.07). The arrow indicates 
the direction of the change from the condition of origin, assuming that corals from Bouraké might originate from seawater at either pH 7.7 
(Future pH), 7.4 (Extreme pH), or fluctuating (Variable pH) and that corals from reference originate from seawater at pH 8.1 (Control pH). 
Data represented as dots are means of the three replicate tanks ± SE (overlapping SEs are in red) (n = 13–16, depending on species and pH 
condition; see Table S7 for all post hoc comparisons).
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    |  9 of 21TANVET et al.

from the reference site, regardless of the pH treatment. The Fv/Fm 
for A. tenuis also showed higher values for future and extreme pH 
conditions than for control and variable pH conditions.

3.4  |  Photosynthesis and respiration rates

Metabolic rates (i.e., Pg, Rdark, and Pg:R) of the three coral species sig-
nificantly varied between origins and pH conditions without a clear 
pattern of response. ANOVAs showed significant differences be-
tween origins in the Pg (only Porites sp., p = .010), Rdark (both A. tenuis, 

p = .022 and Porites sp., p = .009), but not for their ratio (p ≥ .355; 
Table 2; Figure S5; Table S7), and between pH conditions in the Pg 
(p ≤ .008) and Rdark (p ≤ .018) for A. tenuis and Porites sp. Overall, Pg 
and Rdark values were higher for future and extreme pH conditions 
for A. tenuis and Porites sp. (Figure 4; Table S7).

3.5  |  Symbiodiniaceae, chlorophyll and 
protein content

A significant effect of pH (p = .044) was found only for 
Symbiodiniaceae density of the coral A. tenuis with higher density 
in the future condition and lower density in the variable condition 
(p < .050; Table 2; Table S7). Site of origin significantly affected the 
Symbiodiniaceae density and total chlorophyll content of A. tenuis 
(p ≤ .015; Table 2; Figure 5; Figure S6). Some interactions between 
pH and origin were also significant for A. tenuis (p = .035) regard-
ing Symbiodiniaceae density and for Porites sp. regarding both 
Symbiodiniaceae density (p = .049) and total chlorophyll (p = .032). 
Most of these differences were driven by the higher data variability 
in extreme condition, especially for corals originating from the refer-
ence site (Figure 5; Figure S6; Table S7). Indeed, the post hoc com-
parisons highlighted the higher Symbiodiniaceae density found for 
individuals from reference in the extreme condition when compared 
to individuals from Bouraké in the variable condition for A. tenuis 
and in the extreme condition for Porites sp. (p < .050; Table S7). For 
protein, both A. tenuis and Porites sp. significantly differed between 
pH conditions (p = .029; Table 2; Table S6), and although values were 
very similar (Figure 5) post hoc comparisons showed higher protein 
contents for corals kept at the control pH condition compared to 
the variable (A. tenuis, p < .040) and future (Porites sp., p < .010) pH 
conditions.

3.6  |  Symbiodiniaceae communities

The three coral species were consistently associated with 
Symbiodiniaceae of the genus Cladocopium but were dominated 
by distinct ITS2 type profiles. The latter were significantly differ-
ent between species, coral origin, and their interaction (p < .001; 
Table  3; Figure  6). The major ITS2 type profiles (most abundant) 
of corals from the reference site comprised 58.1%–91.1%, 42.6%–
87.5%, and 76.4%–96.2% of the total sequences in each sample 
for A. tenuis, M. digitata, and Porites sp., respectively. Under con-
trol conditions, A. tenuis had 4 major ITS2 DIV type profiles, with 
C3k-C3bo-C50a-C3ba-C50q most common (3 of 5 samples), while 
Porites sp. had 3 major type profiles, with C15-C15ce-C15cc-C15n-
C15cf-C15l-C15qh most common (3 of 5 samples). Two major type 
profiles were found in M. digitata (C15/C15vi-C15vj-C15f-C15he 
and C73-C73a-C21). For corals from Bouraké, the major ITS2 type 
profiles comprised 72.6%–92.5%, 64.5%–95.7%, and 82.2%–93.3% 
of the total sequences in each sample for A. tenuis, M. digitata, and 
Porites sp., respectively. For A. tenuis, the major type profile was 

TA B L E  2 Two-way ANOVAs (type III) summary with 
Satterthwaite's method of linear mixed effect model (LMER) on the 
effects of colony origin (O), pH conditions, and their interactions on 
the physiological responses of three coral species after 100 days of 
incubation.

Parameter
Fixed 
factor A. tenuis M. digitata

Porites 
sp.

Growth Origin 0.003 <0.001 <0.001

pH 0.020 0.092 0.044

O × pH 0.491 0.519 0.473

Fv/Fm Origin 0.001 0.717 0.274

pH 0.018 0.606 0.559

O × pH 0.803 0.180 0.881

rETRmax Origin <0.001 0.858 0.822

pH 0.379 0.445 0.586

O × pH 0.939 0.457 0.615

Pg Origin 0.063 0.543 0.010

pH 0.008 0.126 <0.001

O × pH 0.297 0.096 0.052

Rdark Origin 0.022 0.717 0.009

pH 0.002 0.163 0.018

O × pH 0.316 0.468 0.372

Pg:R Origin 0.355 0.706 0.913

pH 0.188 0.632 0.054

O × pH 0.092 0.291 0.346

Symbiont Origin 0.015 0.946 0.100

pH 0.044 0.113 0.294

O × pH 0.035 0.261 0.049

Total chl Origin 0.002 0.802 0.576

pH 0.058 0.770 0.210

O × pH 0.278 0.462 0.032

Proteins Origin 0.311 0.336 0.423

pH 0.029 0.138 0.002

O × pH 0.669 0.726 0.436

Note: Non-parametric two-way Aligned Rank Transformed (ART) 
ANOVAs (Type III) followed by a Bonferroni p-levels adjusted post 
hoc test was used for Fv/Fm. Significant values are in bold (p < .05). 
All statistical analyses with the post hoc and random effects are in 
Table S7.
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10 of 21  |     TANVET et al.

C1-C1b-C42.2-C1c-C1bh-C1br-C1cb (one sample was also C3/C15), 
while Porites sp. was predominantly C15-C15bq-C15iq (one repli-
cate was C15-C15ce-C15cc-C15n-C15cf-C15l-C15qh). M. digitata 
had 9 major type profiles, with C15/C15vi-C15vj-C15f-C15he the 
most common (found in 50% of the samples).

The pH treatments did not result in a significant change in the 
Symbiodiniaceae major type profiles for any coral species (p = .275; 
Table 3). However, an interesting observation was that in general 
corals from Bouraké had more consistent major ITS2-type profiles 
between replicate colonies, than corals from the reference site 
(Figure 6). Individuals of the three coral species originating from 
the reference site had three times more type profiles when main-
tained at future or variable pH conditions than individuals under 
the control pH.

4  |  DISCUSSION

Corals from the Bouraké lagoon have evolved over generational 
time scales in an environmental condition (pH, temperature, and 
dissolved oxygen) chronically exceeding those predicted by the 
IPCC scenarios for the end of this century (IPCC Report,  2021). 
The Bouraké geomorphology, coupled with an intense oxidative 

activity in the mangrove sediments, has been shown to cause sea-
water acidification, deoxygenation, and warming in the lagoon 
(Maggioni et al., 2021). Despite the extreme levels of acidification 
measured, which have been suggested to hinder coral calcification 
(Kleypas et al.,  1999), an abundant, and well-diversified coral reef 
has developed in the lagoon. By assessing the holobiont physiologi-
cal responses and the Symbiodiniaceae profiles of three coral spe-
cies from both Bouraké and a reference reef to a large range in pH, 
we found that corals from Bouraké always exhibited higher growth 
rates and had a specific and more consistent ITS2 majority sequence 
than corals from the reference reef both under low and variable 
pH conditions. It seems likely that such patterns were linked to the 
strong life-long environmental fluctuations, which might have pro-
moted coral resilience as previously suggested for other corals (e.g., 
Brown et al., 2022; Comeau et al., 2021; Enochs et al., 2020; Rivest 
et al., 2017; Schoepf et al., 2020). We are aware that this study ex-
plored only a few of the compensatory mechanisms that might be 
at the origin of the resilience observed for corals from Bouraké. We 
also admit that these coral populations may have developed such 
mechanisms in a much longer time scale than corals that will have 
to cope with rapid climate change. However, results from this study 
would suggest that adaptation to future OA conditions could be pos-
sible in the wild.

F I G U R E  3 Relative electron transport rate (rETR) measured during RLC curves of corals after 100 days of incubation at four pH 
conditions (Control, pHNBS 8.11; Future, pHNBS 7.76; Extreme, pHNBS 7.54; and Variable, pHNBS 7.56–8.07). Bouraké corals are in blue, 
while reference corals are in gray. Data are mean ± SE; n = 12–16, depending on species and pH condition; see Table S7 for all post hoc 
comparisons.
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    |  11 of 21TANVET et al.

F I G U R E  4 Gross photosynthesis (Pg) and respiration (Rdark) rates of corals from Bouraké (in blue) and the reference (in gray) site at four 
pH conditions (Control, pHNBS 8.11; Future, pHNBS 7.76; Extreme, pHNBS 7.54; and Variable, pHNBS 7.56–8.07). Data are median ± 25th and 
75th percentiles (n = 7); see Table S7 for all post hoc comparisons.
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12 of 21  |     TANVET et al.

F I G U R E  5 Symbiodiniaceae density and total protein content of corals from Bouraké (in blue) and the reference (in gray) site after 
100 days of incubation at four pH conditions (Control, pHNBS 8.11; Future, pHNBS 7.76; Extreme, pHNBS 7.54; and Variable, pHNBS 7.56–8.07). 
Data are median ± 25th and 75th percentiles (n = 6–8, depending on species and pH condition). No data are available for the protein content 
of Porites sp. from Bouraké incubated at the Extreme pH condition. Asterisks indicate statistical significance at p < .05; see Table S7 for all 
post hoc comparisons.
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4.1  |  Coral potential resilience to ocean 
acidification: What do we learn from lifetime adapted 
corals?

In agreement with the consensus on the effect of OA on coral calci-
fication (Gattuso et al., 1999), recently revised by Leung et al. (2022), 
we found that calcification rates of the both A. tenuis and Porites sp. 
reference corals were significantly decreased when exposed to fu-
ture and extreme pH levels. These results are consistent with coral 
species-specific responses to OA with respect to calcification. We 
observed species-specific responses to OA on corals from Bouraké 
although almost always (with one exception, A. tenuis at variable pH) 
showed higher calcification rates than their counterpart originating 
from the reference and maintained at the control pH condition. The 
marginal effect of OA observed in corals from Bouraké has been 
observed on some other coral species (e.g., Pocillopora damicornis; 
Porites cylindrica; Siderastrea siderea) in previous aquaria experiments 
(Aichelman et al., 2021; Bell et al., 2022; Brown et al., 2022; Comeau 
et al., 2013, 2019) and has recently been the subject of meta-analysis 
and reviews (Bove et al., 2020; Leung et al., 2022).

Our data showed that all three coral species from Bouraké cal-
cified from 19.0% (A. tenuis) to 67.3% (Porites sp.) more than their 
counterpart from the reference site, when maintained at control pH 
(Figure 2a,b). This unexpected finding suggests that Bouraké corals 
have adapted to OA because they have been exposed to extreme 
conditions throughout their lives, and regain even higher rates of 
calcification than the same coral counterparts adapted to open-
water pH conditions, once at actual open-water pH (i.e., ca. 8.10).

The innovative aspect of our study is that we compared corals 
adapted to ambient seawater pH with corals likely adapted, or at 
least fully acclimated, to an extreme, and fluctuating environment 
overlaying future climate scenarios. This study demonstrated that 
Bouraké corals have become more resilient to OA, likely using plastic 
and/or assimilated mechanisms such as changes in coral-associated 
microorganisms (Camp et al., 2020). Brown et al. (2022) incubated in 
aquaria with stable (218 ± 9 μatm) and variable daily pCO2 amplitude 
(911 ± 31 μatm) conditions the coral Pocillopora damicornis from both 
a flat and a sloping reef, where mean daily pCO2 amplitude differed 

(797 ± 20 and 399 ± 8 μatm d−1, respectively). As in our study, they 
found higher rates of calcification for corals from the more variable 
environment. The authors measured lower secondary calcification 
(i.e., CaCO3 density) on corals from the variable environment with 
less intracellular pH acidosis, as previously found for other corals 
(Comeau et al., 2021; Cornwall et al., 2018; Gibbin & Davy, 2014). 
Clearly, this compensatory mechanism might have a cost. Among 
the potential hypotheses explaining how corals can cope with the 
additional energy required to maintain high calcification rates using 
for instance proton pumping (Guillermic et al.,  2021; McCulloch 
et al., 2012), it is known that corals: (i) might boost their endosym-
biotic algal production (Barott et al.,  2015; Castillo et al.,  2014; 
Schoepf et al., 2013), (ii) use their energy reserves, such as proteins 
and lipids (Edmunds & Wall, 2014; Towle et al., 2015), and (iii) in-
crease heterotrophy (Edmunds, 2011; Houlbrèque et al., 2015).

Our data do not consistently suggest that Bouraké corals have 
acquired a particular mechanism that accounts for better physiolog-
ical plasticity to cope with low pH conditions, thereby maintaining 
higher calcification rates. Indeed, we did not find a clear effect of 
coral origin with a systematic increase in photosynthetic rates, higher 
contents of Symbiodiniaceae, chlorophylls, and protein in Bouraké 
corals. However, our study confirms previous findings on the posi-
tive effect of high pCO2 on photosynthetic rates, which might boost 
endosymbiotic photosynthates production for the coral proton 
pumping mechanism. It is well known that under acidified conditions 
at the cellular level, the photosynthetic activity of algal symbionts in 
coral increases until it exceeds the maximum level of CO2 consumed 
by the algae (e.g., Barott et al., 2015; Gattuso et al., 1999; Gibbin & 
Davy, 2014). Although CO2-induced photosynthetic fertilization of 
symbionts may be less effective for M. digitata, A. tenuis, and Porites 
sp. showed higher photosynthesis under OA scenarios compared to 
the control condition. This was accompanied by higher ETRmax, Fv/
Fm values, and better exploitation of lower light intensities for A. te-
nuis. This species also had the highest growth rates, which highlights 
the symbionts involvement in coral growth. In our study, we suggest 
that higher productivity was supported by an increased concentra-
tion in the Symbiodiniaceae density and/or chlorophylls, but not 
consistently among species highlighting the variable effect of OA on 
productivity such as previously reported (Anthony et al., 2008; Wall 
et al., 2014). Moreover, the respiration rates were higher under acid-
ified conditions for A. tenuis and Porites sp. The high photosynthetic 
rates are consistent with the beneficial effect of elevated pCO2 on 
the productivity of corals living in CO2 vents in Papua New Guinea 
(Biscéré et al., 2019). These trends of increasing photosynthetic and 
respiration rates under OA do not match with the observations made 
by Jacquemont et al. (2022), for whom OA had no effect on photo-
synthetic and respiration rates of Bouraké corals, although, unlike 
our study, they found significant different rates between Bouraké 
and the reference site. Differences between the two studies could 
be due to the different setup of the two experiments as Jacquemont 
et al. (2022) measured coral metabolic rates under conditions mim-
icking the Bouraké environment, at high and low tide, and using sea-
water collected directly during both tidal periods. We measured the 

TA B L E  3 Three-factorial PERMANOVA analysis testing the 
effects of colony origin (O), pH conditions, coral species, and their 
interactions on the Symbiodiniaceae ITS2 type profiles.

Parameter df F-value p-value

Origin 1 5.109 <.001

pH 3 1.141 .275

Species 2 18.736 <.001

O × pH 3 0.882 .649

O × Species 2 5.526 <.001

pH × Species 6 0.894 .688

Origin × Species 6 0.733 .937

Residuals 88

Note: Significant values are in bold (p < .05).
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14 of 21  |     TANVET et al.

effect of medium-term incubation at different seawater pH on corals 
from Bouraké and the reference site, while Jacquemont et al. (2022) 
tested the effect of a combination of factors, including pH, oxygen, 
and organic matter.

This study also found significant depletion of protein levels in 
all pH treatments, although this loss remained equivalent between 
the two corals origins, suggesting an alternative energy source used 
by Bouraké corals to maintain higher growth rates. Interestingly, 

A. tenuis and Porites sp. had lower protein levels under variable pH, 
suggesting that corals must bear an additional cost to cope with the 
large change in pH measured at Bouraké. The negative effect of OA 
on coral protein metabolism could be the result of accelerated pro-
tein catabolism at elevated pCO2 (Edmunds & Wall, 2014), which can 
be exacerbated when pH fluctuates over time. The loss of proteins 
under acidified conditions could also be explained by the species-
specific ability of corals to preferentially allocate energy either 

F I G U R E  6 Predicted major ITS2 type profiles of corals from Bouraké and the reference site after 100 days of incubation at four pH 
conditions (Control, pHNBS 8.11; Future, pHNBS 7.76; Extreme, pHNBS 7.54; and Variable, pHNBS 7.56–8.07). Within each cell of this 3-by-
4 matrix, samples are plotted as stacked bar charts with a single column representing a sample from a specific origin: Bouraké (left) and 
reference (right). The number of individuals per condition varies from 2 to 6 depending on the number of samples available.
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    |  15 of 21TANVET et al.

toward inorganic growth (calcification) or somatic growth (tissues) 
when facing elevated pCO2 (Agostini et al., 2021). We recognize that 
protein content can only partially describe the change in the coral 
energy reserves, since lipids and carbohydrates were not measured. 
Corals exposed to higher pCO2 might catabolize energy reserves to 
increase or maintain calcification, although this response is species-
specific (Grottoli et al., 2018; Schoepf et al., 2013; Wall et al., 2017). 
In our study corals were fed once a week with Artemia salina nauplii 
and such heterotrophic inputs might have helped them (Cohen & 
Holcomb, 2009; Drenkard et al., 2013; Edmunds, 2011; Houlbrèque 
et al., 2015). Indeed, it has been observed that the artificial diet we 
used, although limited compared to previous studies, helps corals 
maintain appropriate energy expenditure and calcify under acid-
ified conditions (Houlbrèque et al.,  2015; Houlbrèque & Ferrier-
Pagès, 2009). This is one of the potential limitations of most existing 
experiments in aquaria. Indeed, it is difficult to imitate the natural 
contribution of zooplankton to the diet of corals in an aquarium. 
However, all individuals were fed in the same manner and the nu-
trient levels (i.e., NOx, PO4

3−, and Si(OH)4) measured in the aquaria 
were quite similar between tanks and throughout the experiment. 
Thus, the diet could perhaps explain some of the apparent resistance 
of corals to OA, but not the different responses with regard to calci-
fication between Bouraké and the reference site.

4.2  |  To what extent do pH fluctuations 
improve the physiological performances of corals?

One of our hypotheses to explain the success of Bouraké corals was 
the potential positive effect that diurnal pH fluctuations could have 
on coral metabolism, as previously found for corals in GBR mangrove 
lagoons (Camp et al., 2019), St Vincent and the Grenadines CO2 vents 
(Enochs et al., 2020), and for others incubated in mesocosms (Brown 
et al., 2022; Dufault et al., 2012). Our results show that short-term 
exposure (i.e. acclimation of reference corals during our experiment) 
to fluctuating pH has a negative effect on coral calcification as all 
coral species from the reference decreased their growth when incu-
bated at variable pH (Figure 2c). In contrast, Bouraké corals, which 
are acclimatized and/or adapted to local conditions, when exposed 
to variable pH calcified from 7.6% (A. tenuis) to 116.2% (M. digitata) 
more than their counterpart from the reference site. Furthermore, 
Bouraké corals incubated at future and extreme pH maintained these 
higher growth rates and even increased them when grown under 
control conditions, confirming their resistance to OA. Although the 
duration of our experiment was longer than most OA experiments 
(i.e., 77% lasted 1–11 weeks; Brown et al., 2022; Ziegler et al., 2021), 
we acknowledge that the duration of variable pH exposure expe-
rienced by corals from the reference site during the course of the 
experiment was too short to compare with that experienced by cor-
als at Bouraké. Corals exposed to a variable environment throughout 
their life are physiologically more plastic than corals adapted to sta-
ble environments (Kenkel & Matz, 2017); such plasticity is probably 
time-dependent. Future experiments should take into account the 

length of exposure to variable pH (as well as other environmental 
parameters) that the corals experienced before the collection.

4.3  |  Does their Symbiodiniaceae community 
raise the physiology of Bouraké corals?

It is thought that species-specific metabolic responses to envi-
ronmental stress could be due to different symbiont communities 
hosted by corals (Barott et al., 2015; Ziegler et al., 2015). Our data 
suggest that seawater pH level, whether stable or variable, at future 
or extreme levels, does not affect the Symbiodiniaceae major ITS2-
type profiles of corals (at least over 100 days), since at the end of 
the experiment we found no significant effect among treatments. 
Interestingly, however, Bouraké corals exhibited more consistent 
major ITS2-type profiles between replicate colonies at low and vari-
able pH than corals from the reference site. Microbiome stability 
(both for symbionts and/or bacteria) was linked to greater physio-
logical resilience to OA (Ge et al., 2021; Grottoli et al., 2018; Quigley 
et al., 2017, 2019; Ros et al., 2021), suggesting that consistent major 
ITS2-type profiles for Bouraké corals under pH treatments could fa-
cilitate their success; however, further work will be needed to verify 
this hypothesis.

We observed distinct major ITS2-type profiles between coral 
species and native habitat (e.g. Bouraké versus reference site). 
All coral species in this study were associated with the genus 
Cladocopium (LaJeunesse et al., 2018). We could have expected to 
find the Symbiodiniaceae genus Durusdinium as it is often found 
in stress-tolerant corals (Haydon et al., 2021; Hoadley et al., 2019; 
Lajeunesse et al.,  2014). However, some species of Cladocopium 
seem to be competitively dominant against Durusdinium in a multi 
stressors environment such as Bouraké (Barshis et al., 2010; Hume 
et al., 2016). For example, Cladocopium was found to be the dom-
inant genus on corals species such as Porites lutea from the man-
grove lagoon of Woody Isles (Australia, Camp et al., 2019), and both 
Acropora pulchra and A. muricata in Bouraké (Camp et al., 2020). In 
Bouraké, distinct symbiont-type profiles for each coral host spe-
cies, across environments, support previous hypotheses of species-
specific strategies of environmental adaptation (Camp et al., 2020):

(i) A. tenuis in Bouraké had a major type profile of C1-C1b-C42.2-
C1c-C1bh-C1br-C1cb. Corals associated with C1 as a major ITS2 
sequence have been found across many environments (LaJeunesse 
et al., 2003), and exhibit apparent capabilities to adapt to locally 
stressful and/or fluctuating environments (Howells et al.,  2012; 
Ng & Ang, 2016; Schoepf et al.,  2015). Corals from Bouraké ex-
hibited lower Symbiodiniaceae density than the reference cor-
als but had higher photosynthetic efficiency. Corals associated 
with Cladocopium goreaui (C1) have previously shown elevated 
photosynthetic efficiency with regard to other Symbiodiniaceae 
species (Cantin et al., 2009; Morgans et al., 2020; Stat, Morris, & 
Gates, 2008; Wall et al., 2020). It is therefore possible that ele-
vated photosynthesis is a common trait within some taxa from the 
C1 radiation and may explain the higher photosynthetic efficiency 
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mechanism of C1 to face OA as observed by Ge et al.  (2021) in 
Acropora valida. The elevated photosynthetic capacity of A. tenuis 
in Bouraké, coupled with the dominance of major ITS2 sequence 
C1, could explain their significantly higher growth rates, as pre-
viously observed in A. tenuis juveniles (Cantin et al.,  2009; Little 
et al., 2004). The C1 ITS2 sequence was still dominant for some 
colonies of A. tenuis from the reference site (albeit different ITS2 
type profiles that suggest different species), but in most instances, 
ITS2 sequences from the C3 radiation (i.e., C3k and C3bo) were 
most abundant; these are not among the most efficient in photo-
synthetic capabilities (Hoadley et al., 2016). We note the uncom-
mon prevalence of C15 in A. tenuis (Figure S7). We are confident 
from our negative control gels that this is real (Figure  S8), and 
could perhaps result from expelled symbionts from the other coral 
taxa during the stress experiment. Further work would need to 
validate this hypothesis.

(ii) Porites sp. from both Bouraké and the reference site main-
tained an association with Cladocopium of the C15 radiation, but 
there were more numerous C15 major ITS2 type profiles at the 
reference site. Interestingly, discrete C15 genotypes (distinct ITS2 
type profiles) were observed across habitats (i.e., extreme vs. ref-
erence) in P. lutea from Bouraké (Camp et al.,  2020) and from a 
mangrove lagoon on the Great Barrier Reef (Camp et al., 2019). 
This is in agreement with the recent finding of Hoadley et al. (2021) 
demonstrating that within C15, diverged lineages exist for Porites 
sp. living in different reef habitats and that it brings physiological 
differences.

(iii) M. digitata from Bouraké had nine major ITS2 type profiles, 
with C15/C15vi-C15vj-C15f-C15he the most common. Cladocopium 
of the C15 radiation are considered physiologically resistant (Fisher 
et al., 2012; Fitt et al., 2009; Nitschke et al., 2018). The same C15 
major type profile was also found for the reference corals, along-
side C73-C73a-C21. Coral association with C73 is rarely found and 
appears to be present according to relative light levels (Stat, Loh, 
et al., 2008). With this in mind and according to the equivalent light 
irradiance measured between tanks in our experiments, we could 
assume that light regimes of the native environment of corals mod-
ified their Symbiodiniaceae community associations. For instance, 
turbid environments such as Bouraké have been observed to limit 
the diversity of the associated symbiont community and could lead 
to predominant local adaptive genotypes (Smith et al., 2020). While 
it is beyond the intent of this study to determine which environ-
mental drivers shape symbiotic communities, our data supports the 
growing body of evidence (Camp et al., 2020; Howells et al., 2016; 
Ziegler et al.,  2017) that corals from distinct environments often 
have unique symbiotic partners that could be crucial to support their 
survival.

While we cannot define the role of each Symbiodiniaceae ITS2-
profile in the coral stress response, the difference in symbiotic 
partners' genotypes between sites highlights how important local 
environmental conditions are and how symbiotic stability (fidelity) 
versus flexibility ultimately enhances holobiont resilience (Epstein 
et al., 2019; Grottoli et al., 2018; Putnam et al., 2012).

In conclusion, we show that under the OA scenarios tested here, 
corals adapted to an extreme and variable environment have sys-
tematically higher calcification rates than reef corals living at a more 
stable environment. Although not all physiological measurements re-
vealed significant differences between coral's origin, Bouraké corals 
showed that their calcification rates have been somewhat boosted, 
regardless of pH level and variability. Concomitantly, they maintain 
divergent symbionts with more consistent Symbiodiniaceae commu-
nities than corals from a more stable environment. The comparison 
between corals that have been exposed during their life to variable 
pH with corals exposed only during the 100-day incubation suggests 
that this is not rapid mechanism. Upcoming studies should explore 
the effects of the exposure duration (i.e., short vs. long-term) to 
variable pH on coral biomineralization mechanisms, which already 
appear to differ between more stable and fluctuating environmental 
conditions of pH (Comeau et al., 2021). The different dynamics of 
symbiotic partners might greatly influence calcification processes 
via distinct translocation of photosynthates ultimately influencing 
mechanisms of internal pH regulation (Allen-Waller & Barott, 2023; 
Cameron et al., 2022; Venn et al., 2022). The use of isotopic tools 
such as the boron pH proxy in the coral skeleton would help that 
way, via tracing and defining the inputs of specific symbiotic part-
ners into biomineralization mechanisms.

AUTHOR CONTRIBUTIONS
Clément Tanvet: Conceptualization (lead); data curation (lead); 
formal analysis (lead); investigation (lead); methodology (lead); 
writing –  original draft (lead); writing –  review and editing (lead). 
Emma F. Camp: Formal analysis (supporting); funding acquisition 
(supporting); investigation (supporting); methodology (supporting); 
writing –  review and editing (supporting). Jill Sutton: Supervision 
(supporting); writing –  review and editing (supporting). Fanny 
Houlbréque: Methodology (supporting); writing – review and edit-
ing (supporting). Gérard Thouzeau: Funding acquisition (lead); su-
pervision (supporting); writing –  review and editing (supporting). 
Riccardo Rodolfo-Metalpa: Conceptualization (lead); data curation 
(supporting); formal analysis (supporting); funding acquisition (lead); 
investigation (lead); methodology (supporting); supervision (lead); 
writing – review and editing (supporting).

ACKNOWLEDG MENTS
We would like to thank Richard Farman, Sylvain Govan, Jeff 
Dubosc, and the technical staff of the Aquarium des Lagons 
(Nouméa) for their welcome in their facilities and for their as-
sistance during our aquaria experiment. We wish to express our 
thanks to captains of the IRD vessels and the diving technical 
staff for their fieldwork assistance. We are indebted to Clarisse 
Majorel for her help during coral DNA extraction and amplifica-
tions for metagenomic analyses. We are grateful to Rafael Valente 
and Christine Sidobre for their help during the aquaria experiment. 
We thank the Laboratoire des Moyens Analytiques LAMA (IRD, 
Nouméa) for nutrient analysis. We also thank the Province Sud 
of New Caledonia for sample collection permits (no. 3413-2019) 

 20457758, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10099 by C

ochrane France, W
iley O

nline L
ibrary on [23/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  17 of 21TANVET et al.

and Greg and Esmé (Chez Esmé) for their support and hospitality 
during field missions.

FUNDING INFORMATION
CT received a PhD fellowship from the University of Western 
Brittany (UBO) and the Brittany region (France). This study was 
supported by the French grant scheme Fonds Pacifiques (no. 1976; 
project SuperCoraux), the CNRS (MITI interdisciplinary programs), 
ISblue (Interdisciplinary graduate school for the blue planet; ANR-
17-EURE-0015), and a grant from the French government under 
the program “Investissements d'Avenir”. Contribution of EFC to the 
project was supported by an ARC Discovery Early Career Research 
Award (DE190100142) and University of Technology Sydney 
Chancellor's Postdoctoral Research Fellowship awarded to EFC. This 
project contributes toward the International CO2 Natural Analogues 
(ICONA) Network.

DATA AVAIL ABILIT Y S TATEMENT
Additional supporting information may be found online in the 
Appendix S1 for this article. All data are available from the Dryad 
Digital Repository: https://doi.org/10.5061/dryad.zgmsb​ccg8. 
All raw sequence data as fastq read files are accessible under 
NCBI Sequence Read Archive (SRA), under NCBI's BioProject: 
PRJNA956479.

ORCID
Clément Tanvet   https://orcid.org/0000-0002-8765-6517 
Riccardo Rodolfo-Metalpa   https://orcid.
org/0000-0001-7054-1361 

R E FE R E N C E S
Agostini, S., Houlbrèque, F., Biscéré, T., Harvey, B. P., Heitzman, J. M., 

Takimoto, R., Yamazaki, W., Milazzo, M., & Rodolfo-Metalpa, R. 
(2021). Greater mitochondrial energy production provides re-
sistance to ocean acidification in “winning” Hermatypic corals. 
Frontiers in Marine Science, 7, 1–11. https://doi.org/10.3389/
fmars.2020.600836

Aichelman, H. E., Bove, C. B., Castillo, K. D., Boulton, J. M., Knowlton, A. 
C., Nieves, O. C., Ries, J. B., & Davies, S. W. (2021). Exposure dura-
tion modulates the response of Caribbean corals to global change 
stressors. Limnology and Oceanography, 66(8), 3100–3115. https://
doi.org/10.1002/lno.11863

Allen-Waller, L., & Barott, K. L. (2023). Symbiotic dinoflagellates divert 
energy away from mutualism during coral bleaching recovery. 
Symbiosis, 89, 173–186. https://doi.org/10.1007/s1319​9-023-
00901​-3

Altieri, A. H., Johnson, M. D., Swaminathan, S. D., Nelson, H. R., & Gedan, 
K. B. (2021). Resilience of tropical ecosystems to ocean deoxygen-
ation. Trends in Ecology and Evolution, 36(3), 227–238. https://doi.
org/10.1016/j.tree.2020.11.003

Anthony, K. R. N., Kline, D. I., Diaz-Pulido, G., Dove, S., & Hoegh-
Guldberg, O. (2008). Ocean acidification causes bleaching and 
productivity loss in coral reef builders. Proceedings of the National 
Academy of Sciences of the United States of America, 105(45), 17442–
17446. https://doi.org/10.1073/pnas.08044​78105

Arif, C., Daniels, C., Bayer, T., Banguera-Hinestroza, E., Barbrook, A., 
Howe, C. J., Lajeunesse, T. C., & Voolstra, C. R. (2014). Assessing 
Symbiodinium diversity in scleractinian corals via next-generation 

sequencing-based genotyping of the ITS2 rDNA region. Molecular 
Ecology, 23(17), 4418–4433. https://doi.org/10.1111/mec.12869

Barott, K. L., Venn, A. A., Perez, S. O., Tambutté, S., Tresguerres, M., & 
Somero, G. N. (2015). Coral host cells acidify symbiotic algal mi-
croenvironment to promote photosynthesis. Proceedings of the 
National Academy of Sciences of the United States of America, 112(2), 
607–612. https://doi.org/10.1073/pnas.14134​83112

Barshis, D. J., Stillman, J. H., Gates, R. D., Toonen, R. J., Smith, L. W., 
& Birkeland, C. (2010). Protein expression and genetic struc-
ture of the coral Porites lobata in an environmentally extreme 
Samoan back reef: Does host genotype limit phenotypic 
plasticity? Molecular Ecology, 19(8), 1705–1720. https://doi.
org/10.1111/j.1365-294X.2010.04574.x

Bates, D., Mächler, M., Bolker, B. M., & Walker, S. C. (2015). Fitting lin-
ear mixed-effects models using lme4. Journal of Statistical Software, 
67(1), 5823. https://doi.org/10.18637/​jss.v067.i01

Bay, R. A., & Palumbi, S. R. (2016). Transcriptome predictors of coral 
survival and growth in a highly variable environment. Ecology and 
Evolution, 7(13), 4794–4803. https://doi.org/10.1002/ece3.2685

Bell, T., Manullang, C., Kumagai, N. H., Sakai, K., Suzuki, A., & Iguchi, A. 
(2022). Calcification responses of subtropical corals to ocean acidi-
fication: A case study from Sesoko Island, Okinawa, Japan. Galaxea, 
Journal of Coral Reef Studies, 24(1), 51–61. https://doi.org/10.3755/
galax​ea.g2020_s2o

Biscéré, T., Zampighi, M., Lorrain, A., Jurriaans, S., Foggo, A., Houlbrèque, 
F., & Rodolfo-Metalpa, R. (2019). High pCO2 promotes coral pri-
mary production. Biology Letters, 15, 20180777. https://doi.
org/10.1098/rsbl.2018.0777

Bove, C. B., Umbanhowar, J., & Castillo, K. D. (2020). Meta-analysis 
reveals reduced coral calcification under projected ocean 
warming but not under acidification across the Caribbean Sea. 
Frontiers in Marine Science, 7, 1–11. https://doi.org/10.3389/
fmars.2020.00127

Brown, K. T., Mello-Athayde, M. A., Sampayo, E. M., Chai, A., Dove, S., 
& Barott, K. L. (2022). Environmental memory gained from ex-
posure to extreme pCO2 variability promotes coral cellular acid-
base homeostasis. Proceedings of the Royal Society B: Biological 
Sciences, 289(1982), 20220941. https://doi.org/10.1098/
rspb.2022.0941

Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, 
J., Bealer, K., & Madden, T. L. (2009). BLAST+: Architecture 
and applications. BMC Bioinformatics, 10, 1–9. https://doi.
org/10.1186/1471-2105-10-421

Cameron, L. P., Reymond, C. E., Bijma, J., Büscher, J. V., De Beer, D., 
Guillermic, M., Eagle, R. A., Gunnell, J., Müller-lundin, F., Schmidt-
grieb, G. M., Westfield, I., Westphal, H., & Ries, J. B. (2022). 
Impacts of warming and acidification on coral calcification linked to 
Photosymbiont loss and deregulation of calcifying fluid pH. Journal 
of Marine Science and Engineering, 10, 1–23.

Camp, E. F., Edmondson, J., Doheny, A., Rumney, J., Grima, A. J., Huete, 
A., & Suggett, D. J. (2019). Mangrove lagoons of the Great Barrier 
Reef support coral populations persisting under extreme envi-
ronmental conditions. Marine Ecology Progress Series., 625, 1–14. 
https://doi.org/10.3354/meps1​3073

Camp, E. F., Nitschke, M. R., Rodolfo-Metalpa, R., Houlbreque, F., 
Gardner, S. G., Smith, D. J., Zampighi, M., & Suggett, D. J. (2017). 
Reef-building corals thrive within hot-acidified and deoxygenated 
waters. Scientific Reports, 7(1), 1–9. https://doi.org/10.1038/s4159​
8-017-02383​-y

Camp, E. F., Schoepf, V., Mumby, P. J., Hardtke, L. A., Rodolfo-Metalpa, 
R., Smith, D. J., & Suggett, D. J. (2018). The future of coral reefs sub-
ject to rapid climate change: Lessons from natural extreme environ-
ments. Frontiers in Marine Science., 5, 4. https://doi.org/10.3389/
fmars.2018.00004

Camp, E. F., Suggett, D. J., Pogoreutz, C., Nitschke, M. R., Houlbreque, F., 
Hume, B. C. C., Gardner, S. G., Zampighi, M., Rodolfo-Metalpa, R., & 

 20457758, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10099 by C

ochrane France, W
iley O

nline L
ibrary on [23/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.5061/dryad.zgmsbccg8
https://orcid.org/0000-0002-8765-6517
https://orcid.org/0000-0002-8765-6517
https://orcid.org/0000-0001-7054-1361
https://orcid.org/0000-0001-7054-1361
https://orcid.org/0000-0001-7054-1361
https://doi.org/10.3389/fmars.2020.600836
https://doi.org/10.3389/fmars.2020.600836
https://doi.org/10.1002/lno.11863
https://doi.org/10.1002/lno.11863
https://doi.org/10.1007/s13199-023-00901-3
https://doi.org/10.1007/s13199-023-00901-3
https://doi.org/10.1016/j.tree.2020.11.003
https://doi.org/10.1016/j.tree.2020.11.003
https://doi.org/10.1073/pnas.0804478105
https://doi.org/10.1111/mec.12869
https://doi.org/10.1073/pnas.1413483112
https://doi.org/10.1111/j.1365-294X.2010.04574.x
https://doi.org/10.1111/j.1365-294X.2010.04574.x
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1002/ece3.2685
https://doi.org/10.3755/galaxea.g2020_s2o
https://doi.org/10.3755/galaxea.g2020_s2o
https://doi.org/10.1098/rsbl.2018.0777
https://doi.org/10.1098/rsbl.2018.0777
https://doi.org/10.3389/fmars.2020.00127
https://doi.org/10.3389/fmars.2020.00127
https://doi.org/10.1098/rspb.2022.0941
https://doi.org/10.1098/rspb.2022.0941
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.3354/meps13073
https://doi.org/10.1038/s41598-017-02383-y
https://doi.org/10.1038/s41598-017-02383-y
https://doi.org/10.3389/fmars.2018.00004
https://doi.org/10.3389/fmars.2018.00004


18 of 21  |     TANVET et al.

Voolstra, C. R. (2020). Corals exhibit distinct patterns of microbial re-
organisation to thrive in an extreme inshore environment. Coral Reefs, 
39(3), 701–716. https://doi.org/10.1007/s0033​8-019-01889​-3

Cantin, N. E., van Oppen, M. J. H., Willis, B. L., Mieog, J. C., & Negri, 
A. P. (2009). Juvenile corals can acquire more carbon from high-
performance algal symbionts. Coral Reefs, 28(2), 405–414. https://
doi.org/10.1007/s0033​8-009-0478-8

Castillo, K. D., Ries, J. B., Bruno, J. F., & Westfield, I. T. (2014). The reef-
building coral Siderastrea siderea exhibits parabolic responses to 
ocean acidification and warming. Proceedings of the Royal Society B: 
Biological Sciences, 281(1797), 20141856. https://doi.org/10.1098/
rspb.2014.1856

Cohen, A. L., & Holcomb, M. (2009). Why corals care about ocean acidi-
fication uncovering the mechanism. Oceanography, 22(4), 118–127. 
https://doi.org/10.5670/ocean​og.2009.102

Comeau, S., Cornwall, C. E., DeCarlo, T. M., Doo, S. S., Carpenter, R. 
C., & McCulloch, M. T. (2019). Resistance to ocean acidifica-
tion in coral reef taxa is not gained by acclimatization. Nature 
Climate Change, 9(6), 477–483. https://doi.org/10.1038/s4155​
8-019-0486-9

Comeau, S., Cornwall, C. E., Shlesinger, T., Hoogenboom, M., Mana, R., 
McCulloch, M. T., & Rodolfo-Metalpa, R. (2021). pH variability 
at volcanic CO 2 seeps regulates coral calcifying fluid chemis-
try. Global Change Biology, 2022, 1–13. https://doi.org/10.1111/
gcb.16093

Comeau, S., Edmunds, P. J., Spindel, N. B., & Carpenter, R. C. (2013). The 
responses of eight coral reef calcifiers to increasing partial pressure 
of CO2 do not exhibit a tipping point. Limnology and Oceanography, 
58(1), 388–398. https://doi.org/10.4319/lo.2013.58.1.0388

Cornwall, C. E., Comeau, S., DeCarlo, T. M., Moore, B., D'Alexis, Q., & 
McCulloch, M. T. (2018). Resistance of corals and coralline algae 
to ocean acidification: Physiological control of calcification under 
natural pH variability. Proceedings of the Royal Society B: Biological 
Sciences, 285(1884), 1168–1176. https://doi.org/10.1098/
rspb.2018.1168

Cunning, R., Gillette, P., Capo, T., Galvez, K., & Baker, A. C. (2015). 
Growth tradeoffs associated with thermotolerant symbionts in the 
coral Pocillopora damicornis are lost in warmer oceans. Coral Reefs, 
34(1), 155–160. https://doi.org/10.1007/s0033​8-014-1216-4

Davies, P. S. (1989). Short-term growth measurements of corals using an 
accurate buoyant weighing technique. Marine Biology, 101(3), 389–
395. https://doi.org/10.1007/BF004​28135

Dickson, A. G. (1990). Thermodynamics of the dissociation of boric acid 
in potassium chloride solutions from 273.15 to 318.15 K. Journal 
of Chemical and Engineering Data, 35(3), 253–257. https://doi.
org/10.1021/je000​61a009

Drenkard, E. J., Cohen, A. L., McCorkle, D. C., de Putron, S. J., Starczak, V. 
R., & Zicht, A. E. (2013). Calcification by juvenile corals under heter-
otrophy and elevated CO2. Coral Reefs, 32(3), 727–735. https://doi.
org/10.1007/s0033​8-013-1021-5

Dufault, A. M., Cumbo, V. R., Fan, T. Y., & Edmunds, P. J. (2012). Effects 
of diurnally oscillating pCO2 on the calcification and survival of 
coral recruits. Proceedings of the Royal Society B: Biological Sciences, 
279(1740), 2951–2958. https://doi.org/10.1098/rspb.2011.2545

Edmunds, P. J. (2011). Zooplanktivory ameliorates the effects of 
ocean acidification on the reef coral Porites spp. Limnology 
and Oceanography, 56(6), 2402–2410. https://doi.org/10.4319/
lo.2011.56.6.2402

Edmunds, P. J., & Wall, C. B. (2014). Evidence that high pCO2 affects 
protein metabolism in tropical reef corals. Biological Bulletin, 227(1), 
68–77. https://doi.org/10.1086/BBLv2​27n1p68

Enochs, I. C., Formel, N., Manzello, D., Morris, J., Mayfield, A. B., Boyd, 
A., Kolodziej, G., Adams, G., & Hendee, J. (2020). Coral persistence 
despite extreme periodic pH fluctuations at a volcanically acid-
ified Caribbean reef. Coral Reefs, 39(3), 523–528. https://doi.
org/10.1007/s0033​8-020-01927​-5

Enríquez, S., & Borowitzka, M. A. (2010). The use of the fluores-
cence signal in studies of seagrasses and macroalgae. In D. 
J. Suggett (Ed.), Chlorophyll a fluorescence in aquatic sciences: 
Methods and applications (pp. 187–208). Springer. https://doi.
org/10.1007/978-90-481-9268-7

Epstein, H. E., Torda, G., & van Oppen, M. J. H. (2019). Relative stability 
of the Pocillopora acuta microbiome throughout a thermal stress 
event. Coral Reefs, 38(2), 373–386. https://doi.org/10.1007/s0033​
8-019-01783​-y

Eren, A. M., Morrison, H. G., Lescault, P. J., Reveillaud, J., Vineis, J. H., & 
Sogin, M. L. (2015). Minimum entropy decomposition: Unsupervised 
oligotyping for sensitive partitioning of high-throughput marker 
gene sequences. ISME Journal, 9, 968–979. https://doi.org/10.1038/
ismej.2014.195

Fabina, N. S., Putnam, H. M., Franklin, E. C., Stat, M., & Gates, R. D. 
(2013). Symbiotic specificity, association patterns, and function de-
termine community responses to global changes: Defining critical 
research areas for coral-Symbiodinium symbioses. Global Change 
Biology, 19(11), 3306–3316. https://doi.org/10.1111/gcb.12320

Fisher, P. L., Malme, M. K., & Dove, S. (2012). The effect of temperature 
stress on coral-Symbiodinium associations containing distinct sym-
biont types. Coral Reefs, 31(2), 473–485. https://doi.org/10.1007/
s0033​8-011-0853-0

Fitt, W. K., Gates, R. D., Hoegh-Guldberg, O., Bythell, J. C., Jatkar, A., 
Grottoli, A. G., Gomez, M., Fisher, P., Lajuenesse, T. C., Pantos, O., 
Iglesias-Prieto, R., Franklin, D. J., Rodrigues, L. J., Torregiani, J. M., van 
Woesik, R., & Lesser, M. P. (2009). Response of two species of indo-
Pacific corals, Porites cylindrica and Stylophora pistillata, to short-term 
thermal stress: The host does matter in determining the tolerance of 
corals to bleaching. Journal of Experimental Marine Biology and Ecology, 
373(2), 102–110. https://doi.org/10.1016/j.jembe.2009.03.011

Gattuso, J. P., Allemand, D., & Frankignoulle, M. (1999). Photosynthesis 
and calcification at cellular, organismal and community levels 
in coral reefs: A review on interactions and control by carbon-
ate chemistry. American Zoologist, 39(1), 160–183. https://doi.
org/10.1093/icb/39.1.160

Ge, R., Liang, J., Yu, K., Chen, B., Yu, X., Deng, C., Chen, J., Xu, Y., & 
Qin, L. (2021). Regulation of the coral-associated bacteria and 
Symbiodiniaceae in Acropora valida under ocean acidification. 
Frontiers in Microbiology, 12, 767174. https://doi.org/10.3389/
fmicb.2021.767174

Gibbin, E. M., & Davy, S. K. (2014). The photo-physiological response of a 
model cnidarian-dinoflagellate symbiosis to CO2-induced acidifica-
tion at the cellular level. Journal of Experimental Marine Biology and 
Ecology, 457, 1–7. https://doi.org/10.1016/j.jembe.2014.03.015

Grottoli, A. G., Wilkins, M. J., Johnston, M. D., Levas, S., Schoepf, V., 
Dalcin, M. P., Wilkins, M. J., Warner, M. E., Cai, W.-J., Hoadley, K. D., 
Pettay, D. T., & Melman, T. F. (2018). Coral physiology and micro-
biome dynamics under combined warming and ocean acidification. 
PLoS One, 13(1), e0191156.

Guillermic, M., Cameron, L., De Corte, I., Misra, S., Bijma, J., de Beer, D., 
Reymond, C., Westphal, H., Ries, J. B., & Eagle, R. (2021). Thermal 
stress reduces pocilloporid coral resilience to ocean acidification by 
impairing control over calcifying fluid chemistry. Science Advances, 
7, eaba9958.

Haydon, T. D., Seymour, J. R., Raina, J. B., Edmondson, J., Siboni, N., 
Matthews, J. L., Camp, E. F., & Suggett, D. J. (2021). Rapid shifts 
in bacterial communities and homogeneity of Symbiodiniaceae in 
colonies of Pocillopora acuta transplanted between reef and man-
grove environments. Frontiers in Microbiology, 12, 756091. https://
doi.org/10.3389/fmicb.2021.756091

Hoadley, K. D., Lewis, A. M., Wham, D. C., Pettay, D. T., Grasso, C., Smith, 
R., Kemp, D. W., LaJeunesse, T. C., & Warner, M. E. (2019). Host–
symbiont combinations dictate the photo-physiological response of 
reef-building corals to thermal stress. Scientific Reports, 9(1), 1–15. 
https://doi.org/10.1038/s4159​8-019-46412​-4

 20457758, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10099 by C

ochrane France, W
iley O

nline L
ibrary on [23/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1007/s00338-019-01889-3
https://doi.org/10.1007/s00338-009-0478-8
https://doi.org/10.1007/s00338-009-0478-8
https://doi.org/10.1098/rspb.2014.1856
https://doi.org/10.1098/rspb.2014.1856
https://doi.org/10.5670/oceanog.2009.102
https://doi.org/10.1038/s41558-019-0486-9
https://doi.org/10.1038/s41558-019-0486-9
https://doi.org/10.1111/gcb.16093
https://doi.org/10.1111/gcb.16093
https://doi.org/10.4319/lo.2013.58.1.0388
https://doi.org/10.1098/rspb.2018.1168
https://doi.org/10.1098/rspb.2018.1168
https://doi.org/10.1007/s00338-014-1216-4
https://doi.org/10.1007/BF00428135
https://doi.org/10.1021/je00061a009
https://doi.org/10.1021/je00061a009
https://doi.org/10.1007/s00338-013-1021-5
https://doi.org/10.1007/s00338-013-1021-5
https://doi.org/10.1098/rspb.2011.2545
https://doi.org/10.4319/lo.2011.56.6.2402
https://doi.org/10.4319/lo.2011.56.6.2402
https://doi.org/10.1086/BBLv227n1p68
https://doi.org/10.1007/s00338-020-01927-5
https://doi.org/10.1007/s00338-020-01927-5
https://doi.org/10.1007/978-90-481-9268-7
https://doi.org/10.1007/978-90-481-9268-7
https://doi.org/10.1007/s00338-019-01783-y
https://doi.org/10.1007/s00338-019-01783-y
https://doi.org/10.1038/ismej.2014.195
https://doi.org/10.1038/ismej.2014.195
https://doi.org/10.1111/gcb.12320
https://doi.org/10.1007/s00338-011-0853-0
https://doi.org/10.1007/s00338-011-0853-0
https://doi.org/10.1016/j.jembe.2009.03.011
https://doi.org/10.1093/icb/39.1.160
https://doi.org/10.1093/icb/39.1.160
https://doi.org/10.3389/fmicb.2021.767174
https://doi.org/10.3389/fmicb.2021.767174
https://doi.org/10.1016/j.jembe.2014.03.015
https://doi.org/10.3389/fmicb.2021.756091
https://doi.org/10.3389/fmicb.2021.756091
https://doi.org/10.1038/s41598-019-46412-4


    |  19 of 21TANVET et al.

Hoadley, K. D., Pettay, D. T., Dodge, D., & Warner, M. E. (2016). 
Contrasting physiological plasticity in response to environmen-
tal stress within different cnidarians and their respective symbi-
onts. Coral Reefs, 35(2), 529–542. https://doi.org/10.1007/s0033​
8-016-1404-5

Hoadley, K. D., Pettay, D. T., Lewis, A., Wham, D., Grasso, C., Smith, R., 
Kemp, D. W., LaJeunesse, T., & Warner, M. E. (2021). Different func-
tional traits among closely related algal symbionts dictate stress 
endurance for vital Indo-Pacific reef-building corals. Global Change 
Biology, 27(20), 5295–5309. https://doi.org/10.1111/gcb.15799

Hoegh-Guldberg, O., & Jones, R. J. (1999). Photoinhibition and photopro-
tection in symbiotic dinoflagellates from reef-building corals. Marine 
Ecology Progress Series, 183, 73–86. https://doi.org/10.3354/meps1​
83073

Hoegh-Guldberg, O., Poloczanska, E. S., Skirving, W., & Dove, S. (2017). 
Coral reef ecosystems under climate change and ocean acidifica-
tion. Frontiers in Marine Science, 4, 158. https://doi.org/10.3389/
fmars.2017.00158

Hoogenboom, M., Beraud, E., & Ferrier-Pagès, C. (2010). Relationship 
between symbiont density and photosynthetic carbon acquisition 
in the temperate coral Cladocora caespitosa. Coral Reefs, 29(1), 21–
29. https://doi.org/10.1007/s0033​8-009-0558-9

Houlbrèque, F., & Ferrier-Pagès, C. (2009). Heterotrophy in tropical 
scleractinian corals. Biological Reviews, 84(1), 1–17. https://doi.
org/10.1111/j.1469-185X.2008.00058.x

Houlbrèque, F., Reynaud, S., Godinot, C., Oberhänsli, F., Rodolfo-Metalpa, 
R., & Ferrier-Pagés, C. (2015). Ocean acidification reduces feeding 
rates in the scleractinian coral Stylophora pistillata. Limnology and 
Oceanography, 60(1), 89–99. https://doi.org/10.1002/lno.10003

Howells, E. J., Abrego, D., Meyer, E., Kirk, N. L., & Burt, J. A. (2016). Host 
adaptation and unexpected symbiont partners enable reef-building 
corals to tolerate extreme temperatures. Global Change Biology, 
22(8), 2702–2714. https://doi.org/10.1111/gcb.13250

Howells, E. J., Bauman, A. G., Vaughan, G. O., Hume, B. C. C., Voolstra, C. 
R., & Burt, J. A. (2020). Corals in the hottest reefs in the world ex-
hibit symbiont fidelity not flexibility. Molecular Ecology, 29(5), 899–
911. https://doi.org/10.1111/mec.15372

Howells, E. J., Beltran, V. H., Larsen, N. W., Bay, L. K., Willis, B. L., & Van 
Oppen, M. J. H. (2012). Coral thermal tolerance shaped by local ad-
aptation of photosymbionts. Nature Climate Change, 2(2), 116–120. 
https://doi.org/10.1038/nclim​ate1330

Hughes, D. J., Alderdice, R., Cooney, C., Kühl, M., Pernice, M., Voolstra, 
C. R., & Suggett, D. J. (2020). Coral reef survival under accelerat-
ing ocean deoxygenation. Nature Climate Change, 10(4), 296–307. 
https://doi.org/10.1038/s4155​8-020-0737-9

Hughes, T. P., Kerry, J. T., Baird, A. H., Connolly, S. R., Dietzel, A., Eakin, 
C. M., Heron, S. F., Hoey, A. S., Hoogenboom, M. O., Liu, G., 
McWilliam, M. J., Pears, R. J., Pratchett, M. S., Skirving, W. J., Stella, 
J. S., & Torda, G. (2018). Global warming transforms coral reef as-
semblages. Nature, 556(7702), 492–496. https://doi.org/10.1038/
s4158​6-018-0041-2

Hume, B. C. C., Smith, E. G., Ziegler, M., Warrington, H. J. M., Burt, J. 
A., LaJeunesse, T. C., Wiedenmann, J., & Voolstra, C. R. (2019). 
SymPortal: A novel analytical framework and platform for 
coral algal symbiont next-generation sequencing ITS2 profil-
ing. Molecular Ecology Resources, 19(4), 1063–1080. https://doi.
org/10.1111/1755-0998.13004

Hume, B. C. C., Voolstra, C. R., Arif, C., D'Angelo, C., Burt, J. A., Eyal, 
G., Loya, Y., & Wiedenmann, J. (2016). Ancestral genetic diversity 
associated with the rapid spread of stress-tolerant coral symbionts 
in response to holocene climate change. Proceedings of the National 
Academy of Sciences of the United States of America, 113(16), 4416–
4421. https://doi.org/10.1073/pnas.16019​10113

IPCC Report, I. (2021). Climate change 2021: The physical science basis 
summary for policymakers. Contribution of working group I to the 

sixth assessment report of the intergovernmental panel on climate 
change. United Nations Environment Programme UNEP, AR6.

Jacquemont, J., Houlbrèque, F., Tanvet, C., & Metalpa, R. R. (2022). Long-
term exposure to an extreme environment induces species-specific 
responses in corals' photosynthesis and respiration rates. Marine 
Biology, 169(6), 82. https://doi.org/10.1007/s0022​7-022-04063​-6

Jeffrey, S. W., & Humphrey, G. F. (1975). New spectrophotometric equa-
tions for determining chlorophylls a, b, c1 and c2 in higher plants, algae 
and natural phytoplankton. Biochemie Und Physiologie der Pflanzen, 
167(2), 191–194. https://doi.org/10.1016/s0015​-3796(17)30778​-3

Jones, A., & Berkelmans, R. (2010). Potential costs of acclimatization 
to a warmer climate: Growth of a reef coral with heat tolerant 
vs. sensitive symbiont types. PLoS One, 5(5), e10437. https://doi.
org/10.1371/journ​al.pone.0010437

Jury, C. P., & Toonen, R. J. (2019). Adaptive responses and local stressor 
mitigation drive coral resilience in warmer, more acidic oceans. 
Proceedings of the Royal Society B: Biological Sciences, 286(1902), 
20190614. https://doi.org/10.1098/rspb.2019.0614

Kenkel, C. D., & Matz, M. V. (2017). Gene expression plasticity as a mech-
anism of coral adaptation to a variable environment. Nature Ecology 
& Evolution, 1(1), 1–6. https://doi.org/10.1038/s4155​9-016-0014

Kleypas, J. A., Buddemeier, R. W., Archer, D., Gattuso, J. P., Langdon, C., 
& Opdyke, B. N. (1999). Geochemical consequences of increased 
atmospheric carbon dioxide on coral reefs. Science, 284(5411), 118–
120. https://doi.org/10.1126/scien​ce.284.5411.118

LaJeunesse, T. C., Loh, W. K. W., Van Woesik, R., Hoegh-Guldberg, 
O., Schmidt, G. W., & Fitt, W. K. (2003). Low symbiont diver-
sity in southern great barrier reef corals, relative to those of the 
Caribbean. Limnology and Oceanography, 48(5), 2046–2054. https://
doi.org/10.4319/lo.2003.48.5.2046

LaJeunesse, T. C., Parkinson, J. E., Gabrielson, P. W., Jeong, H. J., Reimer, 
J. D., Voolstra, C. R., & Santos, S. R. (2018). Systematic revision of 
Symbiodiniaceae highlights the antiquity and diversity of coral en-
dosymbionts. Current Biology, 28(16), 2570–2580.e6. https://doi.
org/10.1016/j.cub.2018.07.008

Lajeunesse, T. C., Wham, D. C., Pettay, D. T., Parkinson, J. E., 
Keshavmurthy, S., & Chen, C. A. (2014). Ecologically differenti-
ated stress-tolerant endosymbionts in the dinoflagellate genus 
Symbiodinium (Dinophyceae) clade D are different species. 
Phycologia, 53(4), 305–319. https://doi.org/10.2216/13-186.1

Lee, K., Kim, T. W., Byrne, R. H., Millero, F. J., Feely, R. A., & Liu, Y. M. 
(2010). The universal ratio of boron to chlorinity for the North 
Pacific and North Atlantic oceans. Geochimica et Cosmochimica 
Acta, 74(6), 1801–1811. https://doi.org/10.1016/j.gca.2009.12.027

Lesser, M. P., Stat, M., & Gates, R. D. (2013). The endosymbiotic dino-
flagellates (Symbiodinium sp.) of corals are parasites and mutual-
ists. Coral Reefs, 32(3), 603–611. https://doi.org/10.1007/s0033​
8-013-1051-z

Leung, J. Y. S., Zhang, S., & Connell, S. D. (2022). Is ocean acidification 
really a threat to marine Calcifiers? A systematic review and meta-
analysis of 980 + studies spanning two decades. Small, 18(35), 
2107407. https://doi.org/10.1002/smll.20210​7407

Little, A. F., van Oppen, M. J. H., & Willis, B. L. (2004). Flexibility in algal 
endosymbioses shapes growth in reef corals. Science, 304(5676), 
1492–1494. https://doi.org/10.1126/scien​ce.1095733

Lueker, T. J., Dickson, A. G., & Keeling, C. D. (2000). Ocean pCO2 calcu-
lated from DIC, TA, and the Mehrbach equations for K1 and K2: 
Validation using laboratory measurements of CO2 in gas and sea-
water at equilibrium. Marine Chemistry, 70, 105–119.

Maggioni, F., Pujo-Pay, M., Aucan, J., Cerrano, C., Calcinai, B., Payri, 
C., Benzoni, F., Letourneur, Y., & Rodolfo-Metalpa, R. (2021). The 
Bouraké semi-enclosed lagoon (New Caledonia) –  a natural labo-
ratory to study the life-long adaptation of a coral reef ecosystem 
to climate change-like conditions. Biogeosciences, 18, 5117–5140. 
https://doi.org/10.5194/bg-18-5117-2021

 20457758, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10099 by C

ochrane France, W
iley O

nline L
ibrary on [23/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1007/s00338-016-1404-5
https://doi.org/10.1007/s00338-016-1404-5
https://doi.org/10.1111/gcb.15799
https://doi.org/10.3354/meps183073
https://doi.org/10.3354/meps183073
https://doi.org/10.3389/fmars.2017.00158
https://doi.org/10.3389/fmars.2017.00158
https://doi.org/10.1007/s00338-009-0558-9
https://doi.org/10.1111/j.1469-185X.2008.00058.x
https://doi.org/10.1111/j.1469-185X.2008.00058.x
https://doi.org/10.1002/lno.10003
https://doi.org/10.1111/gcb.13250
https://doi.org/10.1111/mec.15372
https://doi.org/10.1038/nclimate1330
https://doi.org/10.1038/s41558-020-0737-9
https://doi.org/10.1038/s41586-018-0041-2
https://doi.org/10.1038/s41586-018-0041-2
https://doi.org/10.1111/1755-0998.13004
https://doi.org/10.1111/1755-0998.13004
https://doi.org/10.1073/pnas.1601910113
https://doi.org/10.1007/s00227-022-04063-6
https://doi.org/10.1016/s0015-3796(17)30778-3
https://doi.org/10.1371/journal.pone.0010437
https://doi.org/10.1371/journal.pone.0010437
https://doi.org/10.1098/rspb.2019.0614
https://doi.org/10.1038/s41559-016-0014
https://doi.org/10.1126/science.284.5411.118
https://doi.org/10.4319/lo.2003.48.5.2046
https://doi.org/10.4319/lo.2003.48.5.2046
https://doi.org/10.1016/j.cub.2018.07.008
https://doi.org/10.1016/j.cub.2018.07.008
https://doi.org/10.2216/13-186.1
https://doi.org/10.1016/j.gca.2009.12.027
https://doi.org/10.1007/s00338-013-1051-z
https://doi.org/10.1007/s00338-013-1051-z
https://doi.org/10.1002/smll.202107407
https://doi.org/10.1126/science.1095733
https://doi.org/10.5194/bg-18-5117-2021


20 of 21  |     TANVET et al.

Marsh, J. A. (1967). Primary productivity of reef-building calcareous red 
algae. Ecology, 51(2), 255–263.

McCulloch, M., Falter, J., Trotter, J., & Montagna, P. (2012). Coral re-
silience to ocean acidification and global warming through pH 
up-regulation. Nature Climate Change, 2(8), 623–627. https://doi.
org/10.1038/nclim​ate1473

McIlroy, S. E., Wong, J. C. Y., & Baker, D. M. (2020). Competitive traits of 
coral symbionts may alter the structure and function of the micro-
biome. ISME Journal, 14(10), 2424–2432. https://doi.org/10.1038/
s4139​6-020-0697-0

Mieog, J. C., van Oppen, M. J. H., Berkelmans, R., Stam, W. T., & Olsen, J. 
L. (2009). Quantification of algal endosymbionts (Symbiodinium) in 
coral tissue using real-time PCR. Molecular Ecology Resources, 9(1), 
74–82. https://doi.org/10.1111/j.1755-0998.2008.02222.x

Morgans, C. A., Hung, J. Y., Bourne, D. G., & Quigley, K. M. (2020). 
Symbiodiniaceae probiotics for use in bleaching recovery. 
Restoration Ecology, 28(2), 282–288. https://doi.org/10.1111/
rec.13069

Naumann, M. S., Niggl, W., Laforsch, C., Glaser, C., & Wild, C. (2009). 
Coral surface area quantification-evaluation of established tech-
niques by comparison with computer tomography. Coral Reefs, 
28(1), 109–117. https://doi.org/10.1007/s0033​8-008-0459-3

Ng, T. Y., & Ang, P. (2016). Low symbiont diversity as a potential adap-
tive strategy in a marginal non-reefal environment: A case study 
of corals in Hong Kong. Coral Reefs, 35(3), 941–957. https://doi.
org/10.1007/s0033​8-016-1458-4

Nitschke, M. R., Gardner, S. G., Goyen, S., Fujise, L., Camp, E. F., Ralph, 
P. J., & Suggett, D. J. (2018). Utility of photochemical traits as di-
agnostics of thermal tolerance amongst great barrier reef cor-
als. Frontiers in Marine Science, 5, 1–18. https://doi.org/10.3389/
fmars.2018.00045

Perez, F. F., & Fraga, F. (1987). Association constant of fluoride and hy-
drogen ions in seawater. Marine Chemistry, 21(2), 161–168. https://
doi.org/10.1016/0304-4203(87)90036​-3

Pochon, X., Pawlowski, J., Zaninetti, L., & Rowan, R. (2001). High genetic 
diversity and relative specificity among Symbiodinium-like endo-
symbiotic dinoflagellates in soritid foraminiferans. Marine Biology, 
139(6), 1069–1078. https://doi.org/10.1007/s0022​70100674

Putnam, H. M., Davidson, J. M., & Gates, R. D. (2016). Ocean acidifica-
tion influences host DNA methylation and phenotypic plasticity in 
environmentally susceptible corals. Evolutionary Applications, 9(9), 
1165–1178. https://doi.org/10.1111/eva.12408

Putnam, H. M., Stat, M., Pochon, X., & Gates, R. D. (2012). Endosymbiotic 
flexibility associates with environmental sensitivity in scleractin-
ian corals. Proceedings of the Royal Society B: Biological Sciences, 
279(1746), 4352–4361. https://doi.org/10.1098/rspb.2012.1454

Quigley, K. M., Willis, B. L., & Bay, L. K. (2017). Heritability of the 
Symbiodinium community in vertically-and horizontally-transmitting 
broadcast spawning corals. Scientific Reports, 7(1), 1–14. https://doi.
org/10.1038/s4159​8-017-08179​-4

Quigley, K. M., Willis, B. L., & Kenkel, C. D. (2019). Transgenerational in-
heritance of shuffled symbiont communities in the coral Montipora 
digitata. Scientific Reports, 9(1), 1–11. https://doi.org/10.1038/
s4159​8-019-50045​-y

Ralph, P. J., Gademann, R., Larkum, A. W. D., & Schreiber, U. (1999). In situ 
underwater measurements of photosynthetic activity of coral zoo-
xanthellae and other. Marine Ecology Progress Series, 180, 139–147.

Rivest, E. B., Comeau, S., & Cornwall, C. E. (2017). The role of natural 
variability in shaping the response of coral reef organisms to climate 
change. Current Climate Change Reports, 3(4), 271–281. https://doi.
org/10.1007/s4064​1-017-0082-x

Rodolfo-Metalpa, R., Houlbrèque, F., Tambutté, É., Boisson, F., Baggini, 
C., Patti, F. P., Jeffree, R., Fine, M., Foggo, A., Gattuso, J. P., & Hall-
Spencer, J. M. (2011). Coral and mollusc resistance to ocean acidifi-
cation adversely affected by warming. Nature Climate Change, 1(6), 
308–312. https://doi.org/10.1038/nclim​ate1200

Ros, M., Suggett, D. J., Edmondson, J., Haydon, T., Hughes, D. J., Kim, 
M., Guagliardo, P., Bougoure, J., Pernice, M., Raina, J. B., & Camp, 
E. F. (2021). Symbiont shuffling across environmental gradients 
aligns with changes in carbon uptake and translocation in the reef-
building coral Pocillopora acuta. Coral Reefs, 40(2), 595–607. https://
doi.org/10.1007/s0033​8-021-02066​-1

Sampayo, E. M., Ridgway, T., Bongaerts, P., & Hoegh-Guldberg, O. (2008). 
Bleaching susceptibility and mortality of corals are determined by 
fine-scale differences in symbiont type. Proceedings of the National 
Academy of Sciences of the United States of America, 105(30), 10444–
10449. https://doi.org/10.1073/pnas.07080​49105

Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M., Hollister, 
E. B., Lesniewski, R. A., Oakley, B. B., Parks, D. H., Robinson, C. J., 
Sahl, J. W., Stres, B., Thallinger, G. G., van Horn, D. J., & Weber, C. F. 
(2009). Introducing mothur: Open-source, platform-independent, 
community-supported software for describing and comparing 
microbial communities. Applied and Environmental Microbiology, 
75(23), 7537–7541. https://doi.org/10.1128/AEM.01541​-09

Schoepf, V., Grottoli, A. G., Warner, M. E., Cai, W. J., Melman, T. F., 
Hoadley, K. D., Pettay, D. T., Hu, X., Li, Q., Xu, H., Wang, Y., Matsui, 
Y., & Baumann, J. H. (2013). Coral energy reserves and calcification 
in a high-CO2 world at two temperatures. PLoS One, 8(10), e75049. 
https://doi.org/10.1371/journ​al.pone.0075049

Schoepf, V., Jung, M. U., McCulloch, M. T., White, N. E., Stat, M., & 
Thomas, L. (2020). Thermally variable, macrotidal reef habitats pro-
mote rapid recovery from mass coral bleaching. Frontiers in Marine 
Science, 7, 1–12. https://doi.org/10.3389/fmars.2020.00245

Schoepf, V., Stat, M., Falter, J. L., & McCulloch, M. T. (2015). Limits to the 
thermal tolerance of corals adapted to a highly fluctuating, natu-
rally extreme temperature environment. Scientific Reports, 5, 1–14. 
https://doi.org/10.1038/srep1​7639

Schreiber, U., Schliwa, U., & Bilger, W. (1986). Continuous recording 
of photochemical and non-photochemical chlorophyll fluores-
cence quenching with a new type of modulation fluorometer. 
Photosynthesis Research, 10(1–2), 51–62. https://doi.org/10.1007/
BF000​24185

Silverstein, R. N., Cunning, R., & Baker, A. C. (2017). Tenacious D: 
Symbiodinium in clade D remain in reef corals at both high and low 
temperature extremes despite impairment. Journal of Experimental 
Biology, 220(7), 1192–1196. https://doi.org/10.1242/jeb.148239

Smith, E. G., Gurskaya, A., Hume, B. C. C., Voolstra, C. R., Todd, P. A., 
Bauman, A. G., & Burt, J. A. (2020). Low Symbiodiniaceae diversity 
in a turbid marginal reef environment. Coral Reefs, 39(3), 545–553. 
https://doi.org/10.1007/s0033​8-020-01956​-0

Smith, E. G., Vaughan, G. O., Ketchum, R. N., McParland, D., & Burt, J. 
A. (2017). Symbiont community stability through severe coral 
bleaching in a thermally extreme lagoon. Scientific Reports, 7(1), 1–
9. https://doi.org/10.1038/s4159​8-017-01569​-8

Stat, M., & Gates, R. D. (2011). Clade D Symbiodinium in Scleractinian 
corals: A “nugget” of Hope, a selfish opportunist, an ominous sign, 
or all of the above? Journal of Marine Biology, 2011, 1–9. https://doi.
org/10.1155/2011/730715

Stat, M., Loh, W. K. W., Hoegh-Guldberg, O., & Carter, D. A. (2008). 
Symbiont acquisition strategy drives host-symbiont associations in 
the southern great barrier reef. Coral Reefs, 27(4), 763–772. https://
doi.org/10.1007/s0033​8-008-0412-5

Stat, M., Morris, E., & Gates, R. D. (2008). Functional diversity in coral-
dinoflagellate symbiosis. Proceedings of the National Academy 
of Sciences of the United States of America, 105(27), 9256–9261. 
https://doi.org/10.1073/pnas.08013​28105

Stat, M., Pochon, X., Cowie, R. O. M., & Gates, R. D. (2009). Specificity in 
communities of Symbiodinium in corals from Johnston atoll. Marine 
Ecology Progress Series, 386, 83–96. https://doi.org/10.3354/
meps0​8080

Stat, M., Pochon, X., Franklin, E. C., Bruno, J. F., Casey, K. S., Selig, E. 
R., & Gates, R. D. (2013). The distribution of the thermally tolerant 

 20457758, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10099 by C

ochrane France, W
iley O

nline L
ibrary on [23/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1038/nclimate1473
https://doi.org/10.1038/nclimate1473
https://doi.org/10.1038/s41396-020-0697-0
https://doi.org/10.1038/s41396-020-0697-0
https://doi.org/10.1111/j.1755-0998.2008.02222.x
https://doi.org/10.1111/rec.13069
https://doi.org/10.1111/rec.13069
https://doi.org/10.1007/s00338-008-0459-3
https://doi.org/10.1007/s00338-016-1458-4
https://doi.org/10.1007/s00338-016-1458-4
https://doi.org/10.3389/fmars.2018.00045
https://doi.org/10.3389/fmars.2018.00045
https://doi.org/10.1016/0304-4203(87)90036-3
https://doi.org/10.1016/0304-4203(87)90036-3
https://doi.org/10.1007/s002270100674
https://doi.org/10.1111/eva.12408
https://doi.org/10.1098/rspb.2012.1454
https://doi.org/10.1038/s41598-017-08179-4
https://doi.org/10.1038/s41598-017-08179-4
https://doi.org/10.1038/s41598-019-50045-y
https://doi.org/10.1038/s41598-019-50045-y
https://doi.org/10.1007/s40641-017-0082-x
https://doi.org/10.1007/s40641-017-0082-x
https://doi.org/10.1038/nclimate1200
https://doi.org/10.1007/s00338-021-02066-1
https://doi.org/10.1007/s00338-021-02066-1
https://doi.org/10.1073/pnas.0708049105
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1371/journal.pone.0075049
https://doi.org/10.3389/fmars.2020.00245
https://doi.org/10.1038/srep17639
https://doi.org/10.1007/BF00024185
https://doi.org/10.1007/BF00024185
https://doi.org/10.1242/jeb.148239
https://doi.org/10.1007/s00338-020-01956-0
https://doi.org/10.1038/s41598-017-01569-8
https://doi.org/10.1155/2011/730715
https://doi.org/10.1155/2011/730715
https://doi.org/10.1007/s00338-008-0412-5
https://doi.org/10.1007/s00338-008-0412-5
https://doi.org/10.1073/pnas.0801328105
https://doi.org/10.3354/meps08080
https://doi.org/10.3354/meps08080


    |  21 of 21TANVET et al.

symbiont lineage (Symbiodinium clade D) in corals from Hawaii: 
Correlations with host and the history of ocean thermal stress. 
Ecology and Evolution, 3(5), 1317–1329. https://doi.org/10.1002/
ece3.556

Stimson, J., & Kinzie, R. A. (1991). Temporal pattern and rate of release of 
zooxanthellae from the reef coral Pocillopora damicornis (Linnaeus). 
Journal of Experimental Marine Biology and Ecology, 153, 63–74.

Tanvet, C., Benzoni, F., Peignon, C., Thouzeau, G., & Rodolfo-metalpa, 
R. (2022). High coral recruitment despite coralline algal loss under 
extreme environmental conditions. Frontiers in Marine Science, 9, 1–
15. https://doi.org/10.3389/fmars.2022.837877

Towle, E. K., Enochs, I. C., & Langdon, C. (2015). Threatened Caribbean 
coral is able to mitigate the adverse effects of ocean acidification 
on calcification by increasing feeding rate. PLoS One, 10(4), 1–17. 
https://doi.org/10.1371/journ​al.pone.0123394

Venn, A. A., Tambutte, E., Comeau, S., & Tambutté, S. (2022). Proton gra-
dients across the coral calcifying cell layer: Effects of light, ocean 
acidification and carbonate chemistry. Frontiers in Marine Science, 9, 
1–15. https://doi.org/10.3389/fmars.2022.973908

Voolstra, C. R., & Ziegler, M. (2020). Adapting with microbial help: 
Microbiome flexibility facilitates rapid responses to environmental 
change. BioEssays, 42(7), 1–9. https://doi.org/10.1002/bies.20200​
0004

Wall, C. B., Fan, T. Y., & Edmunds, P. J. (2014). Ocean acidification has 
no effect on thermal bleaching in the coral Seriatopora calien-
drum. Coral Reefs, 33(1), 119–130. https://doi.org/10.1007/s0033​
8-013-1085-2

Wall, C. B., Kaluhiokalani, M., Popp, B. N., Donahue, M. J., & Gates, R. 
D. (2020). Divergent symbiont communities determine the phys-
iology and nutrition of a reef coral across a light-availability gra-
dient. ISME Journal, 14(4), 945–958. https://doi.org/10.1038/s4139​
6-019-0570-1

Wall, C. B., Mason, R. A. B., Ellis, W. R., Cunning, R., & Gates, R. D. (2017). 
Elevated pCO2 affects tissue biomass composition, but not calcifi-
cation, in a reef coral under two light regimes. Royal Society Open 
Science, 4(11), 1–13. https://doi.org/10.1098/rsos.170683

Wall, C. B., Ricci, C. A., Wen, A. D., Ledbetter, B. E., Delania, E., Mydlarz, 
L. D., Gates, R. D., & Putnam, H. M. (2021). Shifting baselines: 

Physiological legacies contribute to the response of reef coral to 
frequent heat waves. Functional Ecology, 35, 1366–1378.

Ziegler, M., Anton, A., Klein, S. G., Rädecker, N., Geraldi, N. R., Schmidt-
Roach, S., Saderne, V., Mumby, P. J., Cziesielski, M. J., Martin, C., 
Frölicher, T. L., Pandolfi, J. M., Suggett, D. J., Aranda, M., Duarte, 
C. M., & Voolstra, C. R. (2021). Integrating environmental variabil-
ity to broaden the research on coral responses to future ocean 
conditions. Global Change Biology, 27(21), 5532–5546. https://doi.
org/10.1111/gcb.15840

Ziegler, M., Arif, C., Burt, J. A., Dobretsov, S., Roder, C., LaJeunesse, T. 
C., & Voolstra, C. R. (2017). Biogeography and molecular diversity 
of coral symbionts in the genus Symbiodinium around the Arabian 
peninsula. Journal of Biogeography, 44(3), 674–686. https://doi.
org/10.1111/jbi.12913

Ziegler, M., Roder, C., Bchel, C., & Voolstra, C. R. (2015). Niche acclimati-
zation in Red Sea corals is dependent on flexibility of host-symbiont 
association. Marine Ecology Progress Series, 533, 163–176. https://
doi.org/10.3354/meps1​1365

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Tanvet, C., Camp, E. F., Sutton, J., 
Houlbrèque, F., Thouzeau, G., & Rodolfo-Metalpa, R. (2023). 
Corals adapted to extreme and fluctuating seawater pH 
increase calcification rates and have unique symbiont 
communities. Ecology and Evolution, 13, e10099. https://doi.
org/10.1002/ece3.10099

 20457758, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10099 by C

ochrane France, W
iley O

nline L
ibrary on [23/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/ece3.556
https://doi.org/10.1002/ece3.556
https://doi.org/10.3389/fmars.2022.837877
https://doi.org/10.1371/journal.pone.0123394
https://doi.org/10.3389/fmars.2022.973908
https://doi.org/10.1002/bies.202000004
https://doi.org/10.1002/bies.202000004
https://doi.org/10.1007/s00338-013-1085-2
https://doi.org/10.1007/s00338-013-1085-2
https://doi.org/10.1038/s41396-019-0570-1
https://doi.org/10.1038/s41396-019-0570-1
https://doi.org/10.1098/rsos.170683
https://doi.org/10.1111/gcb.15840
https://doi.org/10.1111/gcb.15840
https://doi.org/10.1111/jbi.12913
https://doi.org/10.1111/jbi.12913
https://doi.org/10.3354/meps11365
https://doi.org/10.3354/meps11365
https://doi.org/10.1002/ece3.10099
https://doi.org/10.1002/ece3.10099

	Corals adapted to extreme and fluctuating seawater pH increase calcification rates and have unique symbiont communities
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study sites, coral collection, and acclimation
	2.2|Aquarium setup and physiological measurements
	2.2.1|Aquarium conditions and experimental set-­up
	2.2.2|Growth rate
	2.2.3|Photosynthetic efficiency
	2.2.4|Photosynthesis and respiration rates
	2.2.5|Tissue and surface measurements

	2.3|Symbiodiniaceae community analysis
	2.3.1|DNA extraction, PCR amplification, and sequencing

	2.4|Statistical analyses and data presentation

	3|RESULTS
	3.1|Seawater parameters
	3.2|Growth rate
	3.3|Photosynthetic efficiency and electron transport rate
	3.4|Photosynthesis and respiration rates
	3.5|Symbiodiniaceae, chlorophyll and protein content
	3.6|Symbiodiniaceae communities

	4|DISCUSSION
	4.1|Coral potential resilience to ocean acidification: What do we learn from lifetime adapted corals?
	4.2|To what extent do pH fluctuations improve the physiological performances of corals?
	4.3|Does their Symbiodiniaceae community raise the physiology of Bouraké corals?

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	DATA AVAILABILITY STATEMENT

	REFERENCES


