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Abstract  Increased atmospheric CO2 levels lead to ocean 
acidification, threatening coral reefs. However, certain coral 
species thrive in naturally acidified environments, offering 
unique opportunities to explore potential acclimatization 
or adaptation strategies. We assessed the physiological and 
biochemical parameters of Porites cf. lobata. colonies from 
control and acidified sites in the Palau Archipelago. Using 
a holistic approach, we compared markers related to trophic 
state, symbiotic state, physiology, energy storage, and redox 
status, along with calcification and oxidative metabolism. 
Our findings indicate that these colonies can acclimatize to 
low-pH conditions by utilizing CO2 more effectively. The 
increased passive diffusion of CO2 through their tissues 
enables them to maintain photosynthesis and calcification 
rates by reallocating energy that would typically go toward 

bicarbonate uptake. However, this energy reallocation can-
not maintain skeleton density. Corals expend energy to ele-
vate pH in the extracellular calcifying fluid, which is highly 
energy-demanding and reduces lipid reserves, potentially 
compromising long-term resilience. Despite the heightened 
energy production requirements, oxidative stress does not 
appear to worsen; the colonies exhibited lower antioxidant 
defenses and protein damage under low-pH conditions. The 
absence of metabolic suppression due to stable respiration 
rates and increased biomass suggests modifications in meta-
bolic pathways, likely shifting toward a Warburg-like effect. 
These findings highlight the potential for some corals to 
tolerate near-future ocean acidification, the trade-offs asso-
ciated with this resilience, and the potential for cascading 
effects on reef ecosystems. Further research should explore 
corals metabolic pathways as potential coping mechanisms.

Stéphanie Reynaud and Paola Furla have jointly supervised this 
work.
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Introduction

Ocean acidification refers to changes in ocean chemistry 
caused by carbon dioxide (CO2) uptake from the atmosphere 
due to human activities since the industrialization era. This 
process leads to an increase in dissolved inorganic carbon 
(DIC), changing seawater carbon equilibrium and result-
ing in a decline in pH and aragonite saturation state (Ω; 
(Orr et al. 2005; Gattuso and Hansson 2011; Gruber et al. 
2019)). Studies on ocean acidification’s effects on marine 
organisms have highlighted contrasting responses. Indeed, 
photosynthetic organisms may benefit from this increase in 
CO2 (Koch et al. 2013), whereas calcifying organisms are 
considered vulnerable (Kroeker et al. 2013a, b; Leung et al. 
2022), ultimately leading to changes in communities’ struc-
ture and decreasing ecosystem resilience (Andersson et al. 
2011; Kroeker et al. 2013a, b).

Scleractinian corals, with their aragonite skeletons pro-
duced through biomineralization in the calcifying fluid, are 
particularly susceptible to the effects of ocean acidification 
(Erez et al. 2011; Tambutté et al. 2011). The pH of the calci-
fying fluid, typically between 8.2 and 8.9 (McCulloch et al. 
2012; Venn et al. 2019), is increased by the animal through 

calcium pumps (Ca2+-ATPase) of the calicoblastic epithe-
lium (Isa et al. 1980; Zoccola et al. 1999, 2004), resulting in 
inorganic carbon levels 1.5 to 2 times higher than in seawa-
ter and an increase in calcium carbonate Ω (DeCarlo et al. 
2017). In addition, many scleractinian corals live in symbio-
sis with intracellular dinoflagellates from the family Sym-
biodinaceae, which plays a significant role in their survival 
in oligotrophic environments (Davies 1991; Muscatine et al. 
1989; Wang and Douglas 1998). This partnership revolves 
around the metabolic exchange between the host and the 
symbiont. Indeed, the host supplies DIC to the symbiont 
through proton pumps and carbonic anhydrase, which act 
as a inorganic carbon concentrating mechanism that dif-
fuses through animal tissues and allows photosynthesis by 
the symbiont (Brownlee 2009; Furla et al. 2000a, b; Weis 
et al. 1989). Photosynthesis products are then transported to 
the host to support vital functions such as growth or repro-
duction (Muscatine et al. 1984; Muscatine 1990; Davies 
1991; Erez et al. 2011; Inoue et al. 2018). Previous stud-
ies have suggested that ocean acidification may not disrupt 
the symbiotic relationship of many coral species (Wall et al. 
2014; Davies et al. 2018) or even increase primary produc-
tivity (Suggett et al. 2012; Biscéré et al. 2019). As ocean pH 
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decreases, corals must invest more energy in maintaining the 
pH of the calcifying fluid and maintaining their calcification 
rates (Allemand et al. 2004; Zoccola et al. 2004; Erez et al. 
2011), possibly leading to increased energy requirements 
(Edmunds 2011) that might be mitigated by increased pho-
tosynthesis efficiency and product translocation. However, 
the mitigation might be efficient until a certain threshold is 
reached, and this additional energy demand could reduce 
their resistance to other environmental stressors (Cohen and 
Holcomb 2009; Pandolfi et al. 2011).

Much of the research on the effects of ocean acidification 
on corals is based on short-term CO2 conditions in labora-
tory-controlled environments and, therefore, does not accu-
rately reflect the long-term effects of ocean acidification in 
the wild (Fabricius et al. 2011). However, using naturally 
acidified sites as marine laboratories offers a unique and 
promising avenue for studying ocean acidification and the 
response of corals to the environment. These sites, which 
mimic near-future acidification scenarios, allow organisms 
to be studied under more realistic environmental conditions 
over broad temporal scales (González-Delgado and Hernán-
dez 2018; Hill and Hoogenboom 2022). Therefore, they pro-
vide invaluable insights into the acclimatization mechanisms 
and rapid evolutionary responses that allow organisms to 
live in low pH conditions.

The Palau Archipelago’s naturally acidified site has 
recently received considerable attention. The reef’s biologi-
cal processes and water circulation patterns create a natural 
gradient established from the past 150–500 yr (measuring 
8.05 to 7.84; Shamberger et al. 2014; Golbuu et al. 2016; 
Barkley et al. 2017; Canesi et al. 2024) that mimics pre-
dicted pH conditions by the year 2100 under RCP 8.5 sce-
nario (IPCC 2019). The highly sheltered system in Nikko 
Bay (also known as Iwayama Bay) allows the seawater resi-
dent time being around 71 d (Golbuu et al. 2016), hence, 
representing a valuable opportunity to assess long-term 
acclimatization or local adaptation mechanisms. Indeed, 
coral coverage inside the bay was found to be high compared 
to outer reefs (van Woesik et al. 2012; Golbuu et al. 2016). 
Among the coral species that thrive, massive corals such 

as Porites (Link 1807) are found across the pH gradient. 
These corals, which are strictly associated with symbiotic 
dinoflagellates of the genus Cladocopium throughout the 
Pacific and Indian Oceans, are known to be slow-growing 
species, (about 1 cm per year; (Pätzold 1984; Linsley et al. 
1999) and can live for hundreds of years (Stat et al. 2009; 
Bythell et al. 2018; Coward et al. 2020; Forsman et al. 2020; 
Smith et al. 2021). The genus Porites is known for producing 
annual density bands, which enable accurate growth meas-
urements over time (Highsmith 1979; Flora and Ely 2003). 
Massive Porites corals have been shown to be more resistant 
to environmental perturbations such as temperature or pH 
changes than branching corals (Loya et al. 2001; Fabricius 
et al. 2011). Therefore, massive Porites corals are interesting 
candidates for understanding the long-term coping mecha-
nisms and the possible adaptation to ocean acidification.

Here, we aimed to assess (1) how long-term exposure 
to low-pH conditions affects Porites cf. lobata colonies in 
the Palau Archipelago and (2) which cellular mechanisms 
allow their survival under low pH conditions. Using a holis-
tic approach, we compared the physiology and metabolism 
of coral colonies from control and acidified sites. The stud-
ied markers are related to animal biomass, symbiotic state, 
energy storage, redox status, inorganic carbon source, cal-
cification, and metabolism.

Material and methods

Site description and sampling

Coral colonies of massive Porites cf. lobata (Rivera et al. 
2022) were sampled in Koror State (Republic of Palau, in 
Micronesia 7°17N, 134°15E) in January 2018. They have 
been sampled according to the marine research permit (RE-
18-04), to the export permit from Republic of Palau (PW18-
009) and to the CITES final import permit from France 
(FR1807512823-I).

The main islands are surrounded by a coral reef barrier 
and form a maze of small bays and semi-enclosed lagoons. 

Table 1   Sampling site locations and environmental parameters

Measured environmental parameters at each site are: sea surface temperature (SST), sea surface salinity (SSS), total alkalinity (TA), dissolved 
inorganic content (DIC), pH, partial pressure of carbon dioxide (pCO2) and aragonite saturation state (Ωa)

Site name Site code Lat Long SST (°C) SSS (ppt) TA (ppm) DIC (µM) pH (TS) pCO2 (µatm) Ωa

Malakal Island CT 1 7°19.726 N 134°27.912 E 29.9 33.5 2116.5 1857.9 7.93 487.8 3.0
Uchelbeluu reef CT 2 7°17.020 N 134°32.000 E 29.7 33.6 2170.6 1855.5 8.03 383.7 3.6
Ucheliungs CT 3 7°18.687 N 134°30.122 E 30.1 33.4 2176.9 1770.7 8.16 255.6 4.6
Bukrrairong AC 1 7°19.445 N 134°29.659 E 30.4 32.6 2023.4 1844.9 7.78 707.3 2.2
Semi-enclosed reef AC 2 7°19.138 N 134°29.764 E 30.2 32.9 2042.4 1834.2 7.85 600.7 2.5
Ngeteklou AC 3 7°19.342 N 134°29.458 E 30.1 32.7 2024.8 1820.7 7.84 606.5 2.4
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The relatively high acidity of Palauan coral reef seawater 
results from a combination of biological processes and cir-
culation patterns within the reef system. Calcification, res-
piration, and dilution (mixing offshore source water with 
freshwater) appear to be the main factors driving changes in 
seawater chemistry. The environment found in Nikko Bay 
is relatively stable (diurnal pH variation inside and outside 
the bay: 0.05 to 0.25; Kurihara et al. 2021) and has been 
suggested to have been maintained for at least more than 
500 years (Golbuu et al. 2016). The carbonate chemistry of 
Palauan reef seawater is significantly different from that of 
open ocean source water (Shamberger et al. 2014; Canesi 
et al. 2024).

Six sampling sites were selected, including three sites 
with pH ranging from 7.93 to 8.16, close to the current 
ambient pH hereafter referred as “control” (CT 1, CT 2, 
CT 3) and three low-pH sites, referred as “acidified” (AC 1, 
AC 2, AC 3), with pH ranging from 7.78 to 7.84 (Table 1; 
Fig. 1), corresponding to conditions predicted to occur in 
the tropical Pacific Ocean by the end of this century (IPCC 
2018; IPCC 2019). The pH diel variability was analyzed in 
the bay by Kurihara and collaborators (2021) who found 
that pH at these sites ranges from 0 to 0.15 (Kurihara et al. 
2021), both inside and outside the bay. At each site, two sets 
of fragments (10 g each) from 6 massive Porites cf. lobata 
colonies were sampled at approximately 5 m depth. Both 
sets were frozen in liquid nitrogen and stored at − 20 °C 
until analysis. The first set was used for biochemical and 
biomass analyses; the second was used for inorganic carbon 
source analysis.

Two massive Porites cf. lobata coral cores were collected 
from an open-ocean site (CT 3) and a semi-enclosed site 

(AC 2) on the southeastern coast of Palau during the Tara-
Pacific expedition (Planes et al. 2019; Canesi et al. 2024) 
(Fig. 1). Cores were collected at 4 m depth using a hydraulic 
drill (Stanley®) with a 7 cm diameter corer. After drilling, 
a cement plug was placed in the hole to facilitate colony 
recovery. The two drilled skeletons were then used to meas-
ure colony growth and calcification parameters.

Porites cf. lobata fragments were also collected for 
photo-physiological measurements at CT 1 and AC 1 sites. 
At both sites, fragments from 5 colonies were sampled at 
depths between 5 and 8 m. The samples were then brought 
back on board the boat, where they were kept in a tank fed 
by a continuous flow of seawater. The photosynthetic and 
respiratory activities of the samples were measured on the 
day of collection using fluorometry and oximetry.

To determine the carbon isotopic composition of plank-
ton, 10 L of seawater were collected and filtered through a 
pre-combusted 0.45 µm glass fiber filter, then dried until 
subsequent analysis.

pHsw and total alkalinity measurements

Seawater was sampled at the control and acidic sites, and 
pHsw (total scale with an uncertainty of ± 0.01; (Canesi et al. 
2024) was measured using the meta-cresol purple indica-
tor dye (Clayton and Byrne 1993; Dickson et al. 2007). 
The absorbances were measured using a Agilent Cary 60 
UV–Vis spectrophotometer on board the Tara.

Seawater was also sampled at each site for total alka-
linity (TA) and dissolved inorganic carbon (DIC). Meas-
urements were performed at the SNAPSOCO2 facility of 
the Sorbonne University in Paris (France). Based on the 

Fig. 1   Study area in the Palau Archipelago. Panel A represents the 
Koror studied area highlighted by the square zone in the insert) and 
the specific sampling sites with the control (CT, light gray) and acidi-

fied (AC, dark gray) location. Panel B shows the mean variation of 
pH between control (light gray) and acidified (dark gray) conditions. 
Significance:***: t-test, p-value ≤ 0.001
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analysis of standard solutions, the external reproducibil-
ity for TA and DIC was ~ 3 μmol  kg−1 (0.15%). TA and 
DIC values were used to calculate the complete carbonate 
chemistry at the sampling sites using the CO2SYS pro-
gram (Lewis et al. 1998), with the carbonate species dis-
sociation constant from Mehrbach et al., (1973), refitted by 
Dickson and Millero (1987), the borate and sulfate disso-
ciation constants from Dickson (1990) and the solubility 
constant for aragonite from Mucci (1983). Calculated pHsw 
from TA and DIC dataset confirmed pH values obtained 
spectrophotometrically.

Sample preparation for inorganic carbon source 
analysis

Sampling glassware was pre-combusted at 480 °C for at least 
6 h. Each coral was placed in a 100 ml beaker containing 
10 to 20 ml of 0.45 µ-filtered seawater. Tissue was removed 
from the skeleton using an ‘air pick’ and homogenized using 
a Potter tissue grinder. The homogenate was then centrifuged 
at 2800 × g for 10 min at 4 °C to pellet most of the zooxan-
thellae. The supernatant was centrifuged at least 2 times for 
10 min to pellet residual Symbiodiniaceae (Muscatine et al. 
1989), transferred to 50 ml Pyrex tubes, and frozen (– 20 °C) 
pending subsequent analysis. Symbiodiniaceae pellets were 
resuspended, washed 3 times with 0.45 µ-filtered seawater to 
avoid any tissue contamination, and frozen. Before isotopic 
measurements, tissue and Symbiodiniaceae samples were 
treated overnight with 0.05 M H3PO4 to remove carbonates 
(Muscatine et al. 1989) and freeze-dried. Organic carbon 
was analyzed by determining δ13C values for coral tissue, 
Symbiodiniaceae, and plankton. Samples were homogenized 
by grinding, weighed into tin capsules, and analyzed using 
a dual-pumped Sercon 20–20 IRMS coupled to a Thermo 
EA1110 elemental analyzer, NC config, and a Carbosieve G 
column. Values are reported relative to the Pee Dee Belem-
nite standard in a delta notation (δ) expressed per mil (‰) 
using the formula below with R corresponding to (heavy 
isotope/light isotope). The precision for the isotopic analyses 
was 0.2 ‰.

Skeletal growth and calcification

The coral cores were scanned with a DISCOVERY CT750 
high-definition Computed Tomography (CT) scanner at 
the DOSEO platform, CEA-Paris-Saclay, to reveal density 
changes associated with annual growth bands. The CT scans 
were used to measure linear extension rates (cm yr−1), den-
sity changes (g cm−3), and upward linear growth, following 
the protocols developed by Alaguarda et al. (2022). Linear 

� =
[

(Rsample∕Rstandard) − 1
]

× 1000

extension and density were measured along three parallel 
growth axes (n = 3) on both cored colonies (i.e., extracted 
from the control and acidified sites) by measuring the dis-
tance between successive low-density bands over the last 
6 yr of growth (2010–2016), excluding the tissue layer (i.e., 
the year 2017), to minimize potential seasonal or structural 
biases, as described in Canesi et al. (2024). The annual coral 
calcification rate (g cm−2 yr−1) was calculated as the prod-
uct of the linear extension rate and the skeletal density. The 
uncertainties of the linear extension rate and the density 
measurements were 4 and 2% (2σ), respectively. The calci-
fication rate uncertainty was calculated as the square root of 
the sum errors of the density and linear extension and was 
equal to 4.5% (2σ).

Animal and symbiodiniaceae biomasses

A fragment of approximately 1 cm2 was used for biomass 
analyses from the collected samples. Coral fragments 
were incubated in a sodium hydroxide solution (1N) as 
described by Zamoum and Furla (2012). After incubation, 
aliquots of the lysate were used to count Symbiodiniaceae 
cells using disposable counting chambers (Kova® Glass-
tic® Slide, USA). The Bradford protein assay (B6916, 
Sigma-Aldrich) was used to determine the animal pro-
tein concentration (Bradford 1976). The aluminum foil 
technique was used to measure the surface area of the 
remaining coral skeleton (Hoegh-Guldberg 1988). Ani-
mal biomass was expressed as mg of protein per surface 
(mg cm−2), while symbiont biomass was expressed as the 
number of cells per mg of animal protein (cells mg−1).

Biochemical markers

Total lipid and cytosolic extractions

Total lipid extraction was performed with a modified ver-
sion of McLachlan et al. (2020). A fragment of approxi-
mately 10 cm2 was incubated in 10 mL of a mixture of 
chloroform:methanol (2v:1v) and butylated hydroxytolu-
ene (50 mg L−1). After one hour, the extracts were centri-
fuged at 1 600 g for 5 min and stored in a clean glass con-
tainer until purification. Extracts were then purified with 
a 0.88% KCl solution in a glass separatory funnel. The 
organic phase was then evaporated, and the lipids were 
resuspended in 1 mL of chloroform:methanol (2v:1v).

Total cytosolic extraction steps were performed under 
constant cooling (4 °C). Upon extraction, fragments of 
approximately 5 cm2 were ground to powder and stored at 
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− 20 °C. Soluble cytoplasmic proteins and carbohydrates 
were extracted by resuspending the powder in a hypo-
osmotic lysis buffer consisting of 25 mM 2-[4-(2-hydrox-
yethyl)piperazin-1-yl]ethanesulfonic acid, 5 mM MgCl2, 
5 mM 4-dithiothreitol, 5 mM ethylenediaminetetraacetic 
acid, 2 mM phenyl methyl sulfonyl fluoride, protease 
inhibitor cocktail (1  μL  mL−1) and anti-phosphatase 
(10 μL mL−1) at pH 7.5 (ThermoScientific). The lysates 
were centrifuged at 12 000 g for 5 min, and only the super-
natant containing the animal cytosoluble fraction was 
collected. The supernatant was stored at − 20 °C until 
analysis. The aliquots obtained were used for carbonic 
anhydrase activity, total antioxidant capacity, protein 
carbonylation, and carbohydrate analyses. The Bradford 
protocol was followed to determine the protein concentra-
tion of the supernatant using bovine serum albumin (BSA) 
solution as standard.

Carbonic anhydrase activity

Animal carbonic anhydrase (CA) activity was determined 
according to Weis et al. (1989). Briefly, animal carbonic 
anhydrase activity was measured using CO2 as a substrate 
and following the pH decrease due to the hydration of 
CO2 to form HCO3

− and H+. Assays were performed in a 
chamber containing 100 μg of protein diluted in Veronal 
buffer (25 mM NaVeronal, 5 mM EDTA, 5 mM DTT, and 
10 mM MgSO4; pH 8.2). The carbonic anhydrase activity 
was normalized to minutes and mg of animal proteins (AU 
min−1 mg−1).

Total antioxidant capacity

The total antioxidant capacity was tested using a modified 
version of Naguib’s (2000) total oxidant scavenging capac-
ity (TOSC) assay. Cytosoluble extracts were diluted in a 
phosphate buffer to obtain protein concentrations between 
0.01 and 0.045 mg mL−1 in the reactive medium. The fluo-
rescence signal was obtained by the oxidation of fluores-
cein (224 mM) by 2,2′-azobis(2-methylpropionamidine) 
dihydrochloride (600 mM). Calibration was performed with 
6-hydroxy-2,5,7,8-tetramethyl-1-chroman-2-carboxylic acid 
(Trolox, 1.02 mM). The fluorescence decay was recorded 
using a spectrofluorometer (SAFAS, Monaco) at an excita-
tion/emission wavelength of 520/495 nm for 1 h. Relative 
antioxidant activities of protein samples were measured by 
comparison with Trolox standard, and results were expressed 
as μmol Trolox equivalents normalized to mg of animal pro-
tein (eq Trolox μmol mg−1).

Protein carbonylation

Protein carbonylation is a proxy for protein damage caused 
by oxidative stress. Carbonylated protein contents were 
measured using ELISA assay followed by spectrophotomet-
ric quantification according to Buss et al. (1997). Cytosolic 
proteins (0.5 μg μL−1) were derivatized with a dinitrophe-
nylhydrazine (DNP) solution (10 mM in 6 M guanidine 
hydrochloride and 0.5 M potassium phosphate, pH 2.5). 
Antibody against the DNP component (anti-rabbit DNP; 
1:2000) was used as the primary antibody, and a Goat anti-
rabbit IgG peroxidase conjugate (1:3000) was used as sec-
ondary antibody. A standard curve of reduced and oxidized 
BSA was included in each microplate. Derivatized proteins 
were finally detected by incubating the microplate for 20 min 
at room temperature with a reaction solution (0.6 mg mL−1 
o-phenylenediamine, hydrogen peroxide (1:2500), 50 mM 
Na2HPO4, 24 mM citric acid). The absorbance was read at 
490 nm with a spectrophotometer (SAFAS, Monaco). Car-
bonyl contents were expressed as nmol per mg of animal 
protein (nmol mg−1).

Total carbohydrate content

The carbohydrate content was determined using a modified 
phenol–sulfuric acid method described by Masuko et al. 
(2005). Briefly, 30 μL of each sample were deposited in a 
96-well plate with 100% sulfuric acid and incubated in the 
dark for 15 min at 90 °C. After 15 min, 5% phenol was added 
to each sample, and the reaction was incubated for 5 min 
at room temperature. The absorbance was read at 490 nm 
using a spectrofluorometer (SAFAS, Monaco). The standard 
curve was prepared with known concentrations of D-glucose 
(from 0 to 24 mg mL−1), and values were expressed as mg 
of carbohydrate per mg of animal protein (mg mg−1). A 
detailed protocol can be found at protocols.io (Plichon and 
Furla 2024a).

Total lipids content

Lipid quantification was performed using a modified ver-
sion of the sulfo-phospho-vanillin method described in 
Cheng et al. (2011). Briefly, 150 μL of the sample were 
evaporated in an individual hemolysis glass tube at 90 °C 
for 30 min. Then, 150 μL of concentrated sulfuric acid were 
added to the dried sample and incubated at 90 °C for 20 min. 
Finally, 100 μL were transferred to a 96-well plate, and the 
background absorbance was determined with a spectropho-
tometer at 540 nm (SAFAS, Monaco) before the addition 
of a reagent solution containing 17% phosphoric acid and 
2 mg mL−1 of vanillin. The plate was then incubated at 37 °C 
for 15 min, and the absorbance was determined at 540 nm. 
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The final concentration was determined using a cholesterol 
standard curve. The lipid content was normalized to mg of 
animal protein (mg mg−1). The detailed protocol is available 
on protocols.io (Plichon and Furla 2024b).

Photosynthesis and respiration

Chlorophyll fluorescence measurements

The chlorophyll fluorescence parameters of the coral frag-
ments were measured on board Tara using a diving-PAM 
chlorophyll fluorometer (Walz GmbH, Germany). Prior 
to measurement, samples were kept in a 30 L tank, which 
was sheltered from direct sunlight and supplied with water 
continuously pumped from a depth of a few meters below 
the sea surface. Measurements were always taken with the 
fiber optic of the diving-PAM positioned 0.5 cm above the 
sample. After a 30-min dark adaptation period, the maximal 
photochemical quantum yield was measured with gain (G) 
and attenuation (D) set to 4 and 1, respectively. The initial 
fluorescence level (F0) was determined by applying weak 
modulated pulses of red measuring light (MI = 12). A 0.8 s 
saturating pulse of actinic light (SI = 12; ≈ 3000 μmol pho-
ton m−2 s−1) was then applied to estimate the maximum fluo-
rescence level (Fm). The maximum photochemical quantum 
yield was calculated as (Fv/Fm), where Fv = Fm-F0.

Oxygen exchange measurements

Photosynthesis and respiration rates were measured using a 
FireSting O2 optical oxygen sensor (Pyro Science, Germany) 
mounted in a double-walled acrylic chamber with an internal 
volume of 70 mL. A continuous flow of water from a 15-L 
tank maintained at 30 °C was used to keep the temperature 
in the chamber constant. This corresponded to the average 
temperature at the various sampling sites. The optode was 
calibrated against oxygen-saturated seawater (100% air satu-
ration) and sodium dithionite-saturated seawater (0% oxygen 
saturation). Actinic light was provided by LED light sources 
(light temperature 10 000 °K). After 7 min of dark acclima-
tion, the oxygen concentration was monitored for 5 min at 
different light levels (0, 95, 140, 267, 530, and 1068 μmol 
photon m−2 s−1). Respiration and net photosynthesis rates 
were then derived from the linear regression slope of the 
variation in oxygen concentration over the incubation time. 
Data were then normalized by the surface area of coral frag-
ments using the wax dipping method described in Stimson 
and Kinzie (1991).

Data analysis

Raw data is available in Zenodo (Plichon et  al. 2024). 
To analyze the results of the biochemical markers, linear 

regression analysis was performed for each marker, and 
a comparison between the control and acidified sites was 
displayed in boxplots. The variance distribution for each 
variable was presented as boxplots generated using the R 
(v.4.3.1) package ggplot2 (v.3.4.4). The rationale for these 
representations is to identify potential continuous rela-
tionships between the measured parameter and pH while 
summarizing the main differences between the control and 
acidified sites. The Shapiro–Wilk test assessed the normal 
distribution of the raw data, while the Bartlett test assessed 
homoscedasticity. A parametric t-test or a nonparametric 
Wilcoxon–Mann–Whitney test was performed to compare 
unpaired samples from control and low-pH conditions. Pear-
son (parametric) or Spearman (non-parametric) correlation 
tests were performed to assess the correlation between the 
biochemical markers and pH.

Results

Environmental assessment of the studied area

The control and low-pH sites demonstrate clear differences 
in seawater physico-chemical parameters. On average, pH at 
the control sites is 8.04 ± 0.12, while the inshore low-pH site 
records a lower average pH of 7.82 ± 0.04. Correspondingly, 
mean aragonite saturation state (Ω_arg) is higher at the con-
trol sites (3.73 ± 0.81) than at the low-pH site (2.37 ± 0.15).

The low-pH site also exhibits slightly elevated seawater 
temperatures (30.23 ± 0.15), reduced salinity (32.73 ± 0.15), 
and lower total alkalinity (2030.20 ± 10.59) compared to 
the control site. However, the minor temperature difference 
does not fully explain the disparity in aragonite saturation 
states between the inshore and offshore reefs (Shamberger 
et al. 2014). While total dissolved inorganic carbon (DIC) 
remains comparable, pCO2 levels are significantly higher at 
the acidified sites (638.17 ± 59.94) than at the control sites 
(375.70 ± 116.31).

These observed conditions at the sampling sites are con-
sistent with present-day oceanic trends and align with IPCC 
projections, with the low-pH site’s pH resembling RCP 8.5 
scenarios and its pCO2 values corresponding to those pre-
dicted under RCP 4.5 (IPCC 2019).

Dissolved inorganic carbon source

The δ13C of the animal tissues obtained from the acidified 
sites were more negative than for the control site: − 15.70 
‰ ± 0.10 ‰ vs. − 13.46 ‰ ± 0.20 ‰ (Fig. 2A, Student 
t-test, p-value = 0.0004).
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For the symbionts, the mean δ13C was not significantly 
different: − 12.82 ‰ ± 0.31 ‰ vs. − 11.98 ‰ ± 0.32 ‰ 
(Fig. 2B, Student’s t-test, p-value = 0.3). Finally, there was 
a significant difference between acidified (− 23.65 ± 0.07 ‰) 
and control (− 18.59 ± 0.6 ‰) sites for plankton (Fig. 2C, 
Welch t-test, p-value < 0.01). In low-pH conditions, ani-
mal tissues δ13C (− 15.70 ‰ ± 0.10 ‰) is closer to the 
symbionts’ values (− 12.82 ‰ ± 0.31 ‰) than plankton 
(− 23.65 ± 0.07 ‰).

Skeletal growth and calcification

Table 2 presents the averaged skeletal density, linear exten-
sion, and calcification rates from 2010 to 2016. While calci-
fication remained unchanged between control and acidified 
sites, linear extension and skeletal density differed. Indeed, 
linear extension was approximately 10% higher in low-pH 
conditions than control, with a reduced skeleton density by 
approximately 21%.

Biochemical markers

Animal and symbiotic biomasses

Figure 3A shows a negative correlation between the animal 
biomass and the pH of the experimental sites (Spearman 
correlation test, r = − 0.517, p-value = 0.002). The animal 
biomass was almost twice as low in Porites cf. lobata colo-
nies at control sites as in those at acidified sites (respectively 
of 1.23 ± 0.17 mg of protein cm−2 and 1.99 ± 0.11 mg of 
protein cm−2; Student’s t-test, p-value < 0.001; Fig. 3B). A 
positive correlation was also found between symbiont den-
sity and pH (Fig. 3C, Pearson correlation test, r = 0.526, 
p-value = 0.001). Still, the symbiont density did not differ 
significantly between the control and acidified sites (Fig. 3D, 
Wilcoxon–Mann–Whitney test, p-value = 0.2).

Fig. 2   Carbon isotopic composition of Porites cf. lobata colonies 
and plankton. δ13C composition in Porites cf. lobata animal tissues 
(A), symbionts (B), and plankton (C) from colonies sampled at con-

trol (light gray; n = 6) and acidified (dark gray; n = 6) sites. Dots cor-
respond to values measured in each colony; diamonds represent the 
mean of each site. Significance: n.s > 0.05; ** ≤ 0.01; *** ≤ 0.001

Table 2   Calcification rate and skeleton properties measured in skel-
eton cores from Porites cf. lobata. colonies

Averaged growth parameters (linear extension rate, skeletal density, 
calcification rate from 2010 to 2016) of the two massive Porites 
cf. lobata coral colonies extracted from the control (pHsw = 8.03) 
and acidified (pHsw = 7.85) sites in Palau. Growth parameters are 
expressed as the mean of three measurements for each of the studied 
colonies. Letters indicate significant differences between sites (Stu-
dent’s t-test, P < 0.05)

Growth parameters

Extension (n = 3) Density (n = 3) Calcification 
(n = 3)

cm yr−1 g cm−3 g cm−2 yr−1

Control site 1.40 ± 0.06a 1.51 ± 0.06a 2.11 ± 0.13a

Acidified site 1.54 ± 0.06b 1.18 ± 0.05b 1.82 ± 0.11a
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Carbonic anhydrase activity

A positive correlation between carbonic anhydrase activ-
ity and pH was observed (Fig. 4A, Spearman correlation 
test, r = 0.516, p-value = 0.007). Carbonic anhydrase activ-
ity in the control condition was twice as high as in the 
low-pH condition (respectively (118.09 ± 15.99 AU min−1 

and 58 ± 8.15 AU min−1; Wilcoxon–Mann–Whitney test, 
p-value = 0.001; Fig. 4B).

Redox status

The redox status of colonies sampled from control sites was 
significantly different from those from colonies sampled 

Fig. 3   Animal biomass and symbiont density from Porites cf. lobata 
colonies. Linear regression between animal biomass (A) or symbiont 
density (C) and pH, with the confidence interval colored in gray. Dots 
correspond to values measured in each colony. Animal biomass (B) 

and symbiont density (D) at control (light gray; n = 17) and acidified 
(dark gray; n = 17) sites are represented by boxplot; diamonds repre-
sent the mean of each site. Significance: n.s > 0.05; *** ≤ 0.001
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in acidified sites (Fig. 5). A significant positive correla-
tion was found between total antioxidant capacity or car-
bonylated protein content and pH (Spearman correlation 
test, p-value < 0.0001; Fig. 5A, C). In addition, Fig. 5B 
shows that the total antioxidant capacity in control condi-
tions was twice as high as in low-pH conditions (respec-
tively 16.55 ± 1.78 and 7.85 ± 0.71 Eq. 1 μM Trolox  m
g−1 of protein; Welch t.test, p-value = 0.0002). Besides, 
carbonylated protein content was almost twice as high in 
control sites as in acidified sites (respectively 34.19 ± 2.58 
and 59.56 ± 4.02  nmol  mg−1 of protein; Welch t.test, 
p-value < 0.0001; Fig. 5D).

Total carbohydrate and lipid content

No correlation between total carbohydrate content and 
pH was found (Spearman correlation test, r = − 0.03, 
p-value = 0.9; Fig.  6A) and total carbohydrate con-
tent remained unchanged between conditions (Wil-
coxon–Mann–Whitney, p-value = 0.8; Fig. 6B). However, 
a positive correlation was found between total lipid con-
tent and pH (Fig. 6C, Spearman correlation test, r = 0.436, 
p-value < 0.01). Total lipid content was statistically different 
between conditions, as lipid levels at control sites were twice 
as high as those at acidified sites (2.45 ± 0.39 mg mg−1 of 
protein and 1.25 ± 0.22 mg mg−1 of protein, respectively; 
Wilcoxon–Mann–Whitney, p-value = 0.013; Fig. 6D).

Photosynthesis and respiration

The acidified environment unaffected net photosynthesis 
(Fig. 7A, Student’s t-test, p-value = 0.5), respiration (Fig. 7B, 
Student’s t-test, p-value = 0.05), and effective quantum yield 
(Fig. 7C, Student’s t-test, p-value = 0.2).

Discussion

This study investigated the adaptive mechanisms of Porites 
cf. lobata corals to local acidification in the Palau archi-
pelago. Despite maintaining key physiological functions 
such as symbiont density, photosynthesis, respiration, car-
bohydrate content, and calcification, corals in acidified sites 
exhibited shifts in cellular pathways. Notably, differences 
in inorganic carbon sources were observed highlighted by 
reduced carbonic anhydrase activity in low-pH conditions. 
Corals also displayed decreased lipid content and redox 
status but increased animal biomass, suggesting potential 
metabolic adjustments to acidification.

Porites cf. lobata. becomes more efficient at utilizing 
CO2 in lower pH conditions

Under control conditions, the dissolved inorganic carbon in 
oceanic seawater (at around pH 8.0) is mainly bicarbonate 

Fig. 4   Carbonic anhydrase activity of colonies of Porites cf. lobata 
colonies. Linear regression (A) between carbonic anhydrase activity 
and pH, with the confidence interval colored in gray. Dots correspond 
to values measured in each colony. Carbonic anhydrase activities 

(B) measured at control (light gray; n = 17) and acidified (dark gray; 
n = 17) sites are represented by boxplot; diamonds represent the mean 
of each site. Significance: *** ≤ 0.001
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(2 mM), which is used by corals for photosynthesis and cal-
cification (Furla et al. 2000b). Here, photosynthetic param-
eters (Pnet and Fv/Fm) and the average symbiont density did 
not present significant differences between sites (Figs. 3C, 
7A, C). The symbiotic relationship between the cnidarian 
host and its dinoflagellate partner present complex responses 
to ocean acidification, as reviewed by Hill and Hoogenboom 

(2022). Most studies did not observe a significant effect of 
ocean acidification on photosynthesis rate or its efficiency 
(e.g., Kroeker et al. 2013a, b; Bedwell-Ivers et al. 2017; Bahr 
et al. 2018), symbiont lineage, symbiont density or chloro-
phyll concentration (e.g., Fabricius et al. 2004; Rivest and 
Hofmann 2014; Bedwell-Ivers et al. 2017). However, some 
studies have found contrasting results, showing enhanced 

Fig. 5   Redox status of Porites cf. lobata colonies. Linear regres-
sion between antioxidant capacity (A) or total carbonyl content (C) 
and pH, with the confidence interval colored in gray. Dots corre-
spond to values measured in each colony. Total antioxidant capacity 

(B) and carbonyl content (D) measured at control (light gray; n = 17) 
and acidified (dark gray; n = 17) sites are represented by boxplot; dia-
monds represent the mean of each site. Significance: *** ≤ 0.001; 
**** ≤ 0.0001
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photochemistry and translocation of photosynthates to the 
host (Krueger et al. 2017, 2018; Sun et al. 2024), while oth-
ers show decreases in productivity and symbiont density 
(Anthony et al. 2008; Kaniewska et al. 2012). Herrera and 
coworkers (2021) showed that despite an up-regulation in 
genes related to photosynthesis in the endosymbionts of 
Stylophora pistillata under long-term low-pH conditions, 
the efficiency of photosynthesis is decreased. Differences 

in experimental setup and species-specific responses can 
explain the contradicting observations, making it difficult 
to make general assumptions. Nevertheless, our study dem-
onstrated the Porites cf. lobata colonies in Palau archipelago 
were able to cope with ocean acidification, suggesting a good 
robustness on future changing environment. These results 
are in line with observations of Kurihara and collaborators 
(2021) who found no differences in the net photosynthesis 

Fig. 6   Energetic content of Porites cf. lobata colonies. Linear regres-
sion between total carbohydrate (A) or lipid (C) content and pH with 
the confidence interval colored in gray. Dots correspond to values 
measured in each colony. Total carbohydrate (B) and lipid (D) con-

tent measured at control (light gray; n = 17) and acidified (dark gray; 
n = 17) sites are represented by boxplot; diamonds represent the mean 
of each site. Significance: n.s > 0.05; * ≤ 0.05
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of Porites cylindrica in Nikko Bay. The δ13C signatures of 
animal tissues serve as a long-term index of carbon assimi-
lation (Muscatine et al. 1989), and are also a useful tool for 
understanding the trophic status of animals (Bergschneider 
and Muller-parker 2008; Price et al. 2021). In symbiotic cor-
als, the carbon isotopic compositions reflect the assimilation 
of different sources of nutrition including heterotrophic prey 
(such as plankton preys) and the photosymbiont-derived 
carbon source through the fixation of inorganic carbon by 
photosynthetic activity (Nahon et al. 2013). The δ13C values 
obtained in the present study for animal tissue and symbi-
ont (Fig. 2) were in agreement with previously measured 
values for symbiotic corals (Reynaud et al. 2002; Fujii et al. 
2020). As a result of isotopic fractionation associated with 
reciprocal exchanges of carbon between hosts and photos-
ymbionts, animal tissues were C-depleted compared to their 
photosymbiont (Reynaud et al. 2002; Lesser et al. 2022). 
The carbon isotopic signature of coral tissues suggests a 
predominantly autotrophic carbon supply at both sites, with 
less reliance on heterotrophic sources. At the acidified site, 
autotrophy appears to be even more dominant, as suggested 
by the greater difference in δ13C values between coral tissues 
and plankton.

Studies have shown that carbon isotope discrimination 
may vary due to cellular physiological responses and envi-
ronmental factors such as the pH (Roeske and O’Leary 1985; 

Hinga et al. 1994; Brandenburg et al. 2022). In the acidified 
sites of the present work, the carbon isotopic signature of 
the symbionts did not change, whereas the δ13C values of 
the animal tissues decreased sharply (Fig. 2). Taking into 
account that the amount of dissolved CO2 in the seawater in 
acidified sites was roughly the double (Table 1), and since 
dissolved CO2 typically has a lower δ13C than HCO3

− (Mook 
et al. 1974; Reynaud et al. 2002), we could conclude that the 
decrease in δ13C values of the animal tissues could reflect 
a change in inorganic carbon source for photosynthesis. 
Indeed, an increase in the uptake of dissolved CO2, which 
depleted the δ13C, is then responsible for animal tissue car-
bon isotope discrimination, supporting a switch of CO2-user 
coral. These findings are consistent with previous results 
showing that in acidified environments, where dissolved 
CO2 concentrations are higher, corals tend to uptake more 
12C rich-CO2 for photosynthesis (Nahon et al. 2013). This 
change in the source of inorganic carbon for photosynthesis 
is also brought by the carbonic anhydrase activity reduction 
(Fig. 4) in acidified sites.

In the symbiotic state, the coral host acts as a phototro-
phic organism, converting bicarbonate into carbon dioxide 
through the action of proton pump and carbonic anhydrase 
enzymes (Weis et al. 1989; Furla et al. 2000a, b; 2005; 
Bertucci et al. 2010). However, as pCO2 is considerably 
increased under ocean acidification, CO2 becomes more 

Fig. 7   Photosynthetic parameter of Porites cf. lobata colonies. Net 
photosynthesis (A), respiration (B), and Fv/Fm ratio (C) from colo-
nies sampled in control (light gray; n = 5) and acidified (dark gray; 

n = 5) sites. Dots correspond to values measured in each colony; dia-
monds represent the mean of each site. Significance: n.s > 0.05



	 Coral Reefs

available for biological usage. In our study, carbonic anhy-
drase activity positively correlates with pH (Fig. 4). This 
decrease in carbonic anhydrase activity at lower pH has also 
been documented in other symbiotic non-calcifying and cal-
cifying cnidarians. Ventura et al. (2016) observed a 30% 
decrease in total animal carbonic anhydrase activity of the 
temperate sea anemone Anemonia viridis in acidified sites 
of Vulcano Island (Italy). Other studies have also reported 
downregulation of carbonic anhydrase gene expression in 
Acropora millepora juveniles (Moya et al. 2012) and Sty-
lophora pistillata (Zoccola et al. 2016). This decrease has 
been suggested as a mechanism to preserve energy, favoring 
the passive diffusion of CO2 that does not require energy 
investment from the host (Ventura et al. 2016). Indeed, 
the lower activity in low-pH conditions can be linked to a 
change in inorganic carbon source from HCO3

− to CO2 for 
photosynthesis (Horwitz et al. 2015).

The reduction in δ13C values of animal tissues and sym-
bionts, as well as carbonic anhydrases activities reduced 
strongly support that under low-pH conditions, the modu-
lation of inorganic carbon uptake processes in Porites cf. 
lobata ensures host-symbiont trophic relationships. By 
becoming a higher CO2-user compared to HCO3

−, corals 
might have an economy in the holobiont’s energy budget, 
saving energy for other vital processes like calcification 
(Beardall and Giordano 2002).

Calcification rate is preserved in low‑pH conditions

Corals build their skeleton by actively removing protons 
from the calcifying fluid through a Ca2+-ATPase pump in the 
calcifying fluid (Al-Horani et al. 2003; Cohen and McCon-
naughey 2003; Allemand et al. 2004; Zoccola et al. 2004; 
Venn et al. 2011, 2022). This exchange of ions favors the 
formation of CO3

2−, which elevates the aragonite saturation 
state to facilitate calcification. Without the proper animal 
regulation of the calcifying fluid, the calcification rate is 
expected to decrease under low-pH conditions (Gattuso et al. 
1999; Cohen and McConnaughey 2003; Erez et al. 2011; 
Holcomb et al. 2014; Comeau et al. 2022). Here, the analy-
sis of the Porites cf. lobata skeleton cores showed that the 
calcification rate is maintained under low-pH conditions. 
These results indicate that Porites cf. lobata can maintain 
the pH homeostasis of the calcifying fluid. It is consistent 
with previous research on massive Porites species in which 
the chemistry of the calcifying fluid was not affected by 
external seawater chemistry (Comeau et al. 2019; Canesi 
et al. 2024), therefore sustaining calcification (Fabricius 
et al. 2011; Edmunds et al. 2012; Comeau et al. 2014a, b). 
Similar results were observed in Porites’ colonies from 
Papua New Guinea, living at CO2-seeps, where growth rates 
were maintained under low-pH conditions (Fabricius et al. 
2011; Wall et al. 2016), showing the high buffering capacity 

of this genus to lower pH. In addition, previous studies in 
the Palau archipelago have shown hints of high resistance 
of these Palauan corals. Barkley et al. (2017) showed that 
Porites colonies maintained calcification rates over a Ωar 
range from 3.0 to 1.5 regardless of site origin and without 
additional environmental factors, such as nutrients, light, or 
temperature. An increased Ca2+-ATPase pump activity can 
explain this high tolerance (Al-Horani et al. 2003). Indeed, 
Canesi et al. (2024) found that from 1972 to 2015, Porites 
colonies drilled in control and more acidified sites presented 
comparable carbonate chemistry in their calcifying fluid, 
translating to higher energetic effort for the coral to sustain 
calcification (Canesi et al. 2024).

Nevertheless, previous research has demonstrated a limit 
to the buffering capacity of Porites corals. The formation of 
the coral skeleton is dependent on their soft tissue arrange-
ment (Tambutté et al. 2007); therefore, changes in the calico-
dermis induce modification in organic matrix microstructure 
(Tambutté et al. 2015; Coronado et al. 2019). Our results are 
consistent with the literature as skeleton density decreases 
in acidified sites compared to controls (Mollica et al. 2018; 
D’Olivo et al. 2019; Guo et al. 2020) while linear exten-
sion increases (Canesi et al. 2024) (Table 2). However, these 
results should be interpreted cautiously due to the limited 
number of cored colonies—only one per site. Future studies 
should increase the number of cores sampled to strengthen 
and validate these findings. Besides, ocean acidification can 
induce calcification’s “structural” differences (Marubini 
et al. 2003; Cohen et al. 2009; Tambutté et al. 2015) which 
should also be investigated. Factors such as the ratio of cent-
ers of calcification (COC) to aragonite fibers, the composi-
tion and size of COCs (Cuif and Dauphin 1998; Cohen and 
Holcomb 2009), and the quantity and composition of the 
microborer community (Tribollet et al. 2009, 2019; DeCarlo 
et al. 2015) are known to be influenced by environmental 
conditions, including seawater acidification.

Under low-pH conditions, the energy demand for 
increased Ca2+-ATPase pump activity can be met through 
the energy economy by more efficient utilization of CO2. 
This energy can, therefore, be reallocated toward calcifica-
tion. Overall, these results suggest that the energy budget in 
Porites cf. lobata living in an acidified site is sufficient to 
sustain calcification rates, although the skeleton structure 
is modified.

Changes in metabolic pathways

Maintaining calcification in an acidifying ocean requires 
more energy input (McCulloch et al. 2012; Spalding et al. 
2017). One potential strategy to conserve energy is to utilize 
available CO2 directly for the photosynthetic needs of the 
symbionts, rather than relying on the conversion of bicar-
bonate. This energy-saving mechanism could then redirect 
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resources toward calcification processes. Another strategy 
involves optimizing energy efficiency by enhancing the func-
tionality of cellular metabolism (Dellisanti et al. 2022). In 
this study, we observed a decrease in lipid content along 
the pH gradient (Fig. 6 C, D), while total carbohydrates 
were similar between sites (Fig. 6A, B). The decrease of 
lipids, a long-term energetic reserve, may reflect a higher 
mobilization of the compounds for cellular metabolism, as 
described for Acropora millepora (Kaniewska et al. 2012). 

Under high pCO2 conditions, A. millepora showed an up-
regulation of triglyceride lipase and acyl-CoA dehydroge-
nase, enzymes involved in lipolysis. Along with fatty acid 
oxidation, increased respiration rates and oxidative stress 
would be expected due to the increase in ROS as a by-prod-
uct of aerobic metabolism (Vidal-Dupiol et al. 2013; Davies 
et al. 2016; Abou-Rjeileh and Contreras 2021; Agostini et al. 
2021). Surprisingly, in the acidified site, the respiration rates 
of Porites cf. lobata colonies remained unaffected, similar to 

Fig. 8   Metabolic shifts in Porites cf. lobata coral from the Palau 
archipelago under low-pH conditions. (A) Under control condi-
tions, the coral host invests energy to increase pCO2 in the epider-
mal boundary layer using HCO3

− as an inorganic carbon source for 
photosynthesis by the synergistic action of H+-ATPase pumps and 
carbonic anhydrases. CO2 diffuses through the tissues and reaches the 
photosynthetic endosymbionts, where glucose is produced and par-
tially transferred to the host to support its heterotrophic metabolism. 
Within host cells, glucose is used (i) for energy demand via glycoly-
sis and mitochondrial respiration (generating ATP for HCO3⁻ uptake 
for photosynthesis and to support calcification in the extracellular 
calcifying fluid (ECF) and (ii) for biomass growth through conver-
sion into amino acids, nucleic acids, and structural lipids. The excess 
organic carbon is then stored in the host cells as storage lipids. Elec-
tron transfer in photosynthesis and mitochondrial respiration pro-
cesses are sources of ROS that are constantly neutralized by antiox-

idant defenses. (B) Under low-pH conditions, pCO2 is increased by 
atmospheric CO2 dissolution, favoring passive diffusion of CO2 for 
photosynthetic needs. While maintaining an unchanged photosyn-
thetic rate, the increased CO2 source of inorganic carbon reduces the 
ATP requirement for HCO3

− uptake, allowing ATP to be reallocated 
to support calcification. In fact, under acidic conditions, the coral has 
to allocate more energy to achieve a favorable pH for calcification in 
its extracellular calcifying fluid through the action of Ca2+-ATPase. 
In addition, to meet this increased energy demand, lipid reserves are 
mobilized through lipolysis, producing glycerol and fatty acids that 
fuel respiration via β-oxidation. Increased fatty acids content also 
increases the building blocks of cell membranes, stimulating cell pro-
liferation and ultimately animal biomass. At the same time, the redox 
status decreases due to this metabolic shift, where lipolysis and gly-
colysis regulation play a critical role



	 Coral Reefs

the observations made by Kurihara and collaborators (2021) 
in Porites cylindrica. However, the redox state of our colo-
nies was reduced, accompanied by lower total antioxidant 
defenses and protein damage (Fig. 5). To interpret the cel-
lular traits observed in Porites cf. lobata at the acidified site, 
we propose an increase in lipid mobilization to promote less 
efficient metabolic pathways such as glycolysis and its deriv-
atives. Glycolysis is the metabolic pathway that converts 
glucose into pyruvate or lactate in the cytoplasm, generating 
ATP and NADH in the absence of oxygen to produce lactate 
as the end product and keep glycolysis and ATP genera-
tion ongoing (Robergs et al. 2004; Chaudhry and Varacallo 
2023). This later process has been described in cnidarians 
under hypoxic conditions (e.g., Sassaman and Mangum 
1973; Murphy and Richmond 2016; Linsmayer et al. 2020). 
Vidal-Dupiol et al. (2013) observed an up-regulation of 
glycolysis gene expression in Pocillopora damicornis after 
3 weeks of exposure to low pH conditions, supporting the 
possibility that ocean acidification can trigger switches in 
metabolic pathways (Vidal-Dupiol et al. 2013). However, the 
capacity to enhance this or alternative metabolic pathways 
under ocean acidification has been poorly investigated. We 
propose that glycolysis is increased under low-pH condi-
tions to facilitate rapid ATP production in a Warburg-like 
effect. The Warburg effect was first described in cancer cells, 
where the cell undergoes glycolysis and lactate production 
even in the presence of oxygen to support processes such 
as cell proliferation (Warburg and Minami 1923; Warburg 
1925; Liberti and Locasale 2016). The so-called aerobic 
glycolysis is not limited to cancer cells but also occurs in 
exercising muscle cells (Lee 2021), which may be similar 
to what is observed under low-pH conditions. Intermedi-
ate molecules from glycolysis and lactic fermentation can 
be diverted to proteins, lipids, or nucleotide biosynthesis 
(Mullarky and Cantley 2015; Liberti and Locasale 2016; 
DeBerardinis and Chandel 2020), allowing higher cell pro-
liferation and increasing biomass. The coral tissue may act 
as a protective barrier for the site of calcification (Jokiel 
2011; Rodolfo-Metalpa et al. 2011), particularly in Porites, 
as their tissue is known to be thick (Edmunds 2011). The 
increased animal biomass might mitigate the effects of 
decreasing pH on calcification (Ries 2011; McCulloch et al. 
2012). The observed rise in animal biomass at the acidified 
sites compared to control sites could potentially be explained 
by enhanced glycolysis. As a flexible and pivotal pathway 
in cellular metabolism, glycolysis can also be redirected to 
fight oxidative stress, which may account for the observed 
reduction in redox state (Mullarky et al. 2015). These results 
suggest that Porites cf. lobata colonies undergo metabolic 
shifts that enable them to adapt to low-pH conditions, as 
illustrated in Fig. 8.

Conclusions

Our analysis revealed the resilience of Porites cf. lobata 
corals in the Palau archipelago under lower pH and higher 
pCO2 levels. Acidified conditions enhance CO2 diffusion 
through coral tissues, reducing ATPase and carbonic 
anhydrase activity. Despite these changes, photosynthesis 
and carbohydrate levels remain stable, allowing energy 
redirection toward calcification. Metabolic rates stay 
constant, but oxidative stress and lipid reserves decline, 
indicating potential alterations in metabolic pathways akin 
to the Warburg effect. This suggests that glycolysis may 
serve as a coping mechanism for these corals. Despite 
their adaptability, reduced lipid content and lower skel-
eton density could weaken resistance to stressors like heat 
waves, storms, and infections, risking energy depletion and 
ultimately leading to coral death. Our findings highlight 
the evolutionary flexibility of Porites cf. lobata corals, 
contributing to the hypothesis of "winning" corals under 
ocean acidification. Future research should explore these 
metabolic mechanisms in natural populations across sea-
sons, filling knowledge gaps in coral metabolism that may 
vary by species, location, or the degree of acidification.
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