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Abstract
Current climate changes cause increasing stress to corals, which can disrupt host-symbiont relationships, leading to bleach-
ing and mortality. While stress responses are well-documented at the coral colony and reef scales, less is known about 
how stress responses affect different compartments within the coral holobiont. Here, we investigated the impact of ther-
mal stress on macro– and microscale compartments, including the endoderm-lined gastrovascular cavity (GVC) and the 
ectoderm-lined external tissue surface, in two tropical corals, Caulastrea curvata and Galaxea fascicularis. We assessed 
the coral physiological status via respirometry, variable chlorophyll fluorometry, O2 and H2O2 microsensor analyses, chlo-
rophyll measurements, and oxidative stress biomarkers during a 14-day thermal stress exposure. Under heat stress, both 
species showed a reduced O2 concentration in the GVC by up to 90% in the light, reaching hypoxic (< 50 µmol O2 L−1) 
to anoxic levels, while the O2 concentration in the external surface tissue of C. curvata decreased by 20%. Moreover, no 
changes in the H2O2 dynamics of the coral’s external tissue surface were detected. Lipid peroxidation in the gastrodermis 
of both species increased significantly by 90–198% indicating oxidative damage, although antioxidant enzyme activity 
(SOD and CAT), chlorophyll content, and bulk metabolic rates (respiration and photosynthesis) remained stable. Our find-
ings indicated that thermal stress could affect the microenvironment of corals, particularly in the GVC, without visible 
bleaching or major disruptions in bulk physiology. This suggested the importance of microenvironmental metrics for the 
early detection of coral physiological stress.
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Introduction

Coral reefs are hotspots of marine productivity and biodi-
versity (Duarte 2000; Knowlton et al. 2010; Wagner et al. 
2020; Sobha et al. 2023), providing crucial ecosystem ser-
vices such as supporting fisheries that sustain coastal com-
munities, cultural services such as recreation and tourism, 
and coastal protection (Woodhead et al. 2019). Scleractinian 
corals harbor endosymbiotic dinoflagellate algae of the fam-
ily Symbiodiniaceae (LaJeunesse et al. 2018) in their endo-
derm tissue (gastrodermis), which are essential in providing 
organic carbon and oxygen to the animal host (Stanley and 
Swart 1995). Together with their associated microbiota 
(bacteria, archaea, fungi, protists, and viruses), corals form 
a complex biological unit known as the coral holobiont, 
which underpins reef formation and resilience (Rohwer 
et al. 2002; Knowlton and Rohwer 2003; Rosenberg et al. 
2007; van Oppen and Medina 2020; Goulet et al. 2020; 
Apprill 2025). However, this symbiosis is threatened by the 
ongoing climate change. Rising sea temperatures are among 
the most pervasive stressors to coral reefs, triggering coral 
bleaching events and eventually widespread coral mortality 
(Leggat et al. 2019; van Woesik et al. 2022). End-of-century 
temperatures are projected to rise 1–3 °C (or more) in tropi-
cal seawater (Pachauri et al. 2014), and mortality events are 
expected to occur with higher frequency in the next decades 
(van Hooidonk et al. 2014; Sully et al. 2022; Mellin et al. 
2024).

A key player in the coral stress response is the overpro-
duction of reactive oxygen species (ROS), which is crucially 
involved in coral cellular damage during heat stress (Downs 
et al. 2002; Weis 2008; Lesser 2011; Szabó et al. 2020; Isa et 
al. 2024). ROS species such as singlet oxygen (1O2), super-
oxide anion (O2

●−), and hydrogen peroxide (H2O2) are typi-
cally produced as byproducts of photosynthesis in the algal 
symbionts, and their production is proportional to the oxy-
gen concentration in the tissue (Lesser 2006, 2011; Foyer 
and Hanke 2022). ROS can also be released by microbes 
and other organisms associated with the microbiome, as 
well as by cellular processes in the animal host (Hansel and 
Diaz 2021). While ROS serve essential signaling roles, their 
accumulation under thermal stress can increase antioxidant 
defenses, such as superoxide dismutase (SOD) and catalase 
(CAT), leading to oxidative damage and cellular dysfunc-
tion (Liñán-Cabello et al. 2010; Dias et al. 2019a, 2019b, 
2020; Marangoni et al. 2021; Montalbetti et al. 2021; Isa 
et al. 2024). However, the precise mechanisms triggering 
oxidative stress and thermal sensitivity still remain debated 
(Oakley and Davy 2018; Helgoe et al. 2024). Lipid per-
oxidation (LPO) is a key marker of oxidative damage and 
increases when antioxidant systems are impaired or over-
whelmed (Gaschler and Stockwell 2017). However, direct 

in vivo measurements of ROS remain technically challeng-
ing, and most studies rely on endpoint biochemical bio-
markers or infer oxidative stress from bleaching severity 
and photosynthetic efficiency (Monserrat et al. 2007; Baird 
et al. 2009). Recently, the use of H2O2 and O2 microsen-
sors has also been introduced in laboratory studies of ROS 
dynamics in heat-stressed corals (Schlotheuber et al. 2024).

To date, the majority of studies of coral oxidative stress 
have been conducted at the holobiont level (van Oppen and 
Raina 2023), using sampling and analysis methods that 
average stress responses across the different compartments, 
i.e., mucus, tissue, and the coral skeleton that harbor dif-
ferent microbiomes and thus may exhibit different stress 
responses. Yet, corals are structurally complex, and their 
compartments can host markedly varying physical and bio-
chemical conditions. In particular, the gastrovascular cavity 
(GVC) of the coral polyp constitutes a gastrodermis-lined 
central compartment for important functions in the coral 
holobiont, such as uptake and digestion of particulate mate-
rials, as well as the entry and exit path for Symbiodiniaceae 
during symbiont acquisition and expulsion, respectively 
(Hughes et al. 2022). The coral GVC can host a specific 
gut-like microbiome (Bollati et al. 2024) and exhibits pecu-
liar chemical characteristics, such as a lower pH, different 
oxygen concentrations, and higher concentrations of Vita-
min B12 and nutrients compared to the water surrounding 
the polyp (Agostini et al. 2012; Jokic et al. 2012; Bove et 
al. 2020; Hughes et al. 2022). Few studies have investigated 
the microenvironment and microbiome of the coral GVC 
(see Bollati et al. 2024), and so far, no studies have been 
conducted on the effects of increased temperature on the 
coral GVC microenvironment. In addition to the GVC, the 
external diffusive boundary layer (DBL) represents another 
key microenvironment in proximity to the external tissue 
surface, where biological activity can generate local gra-
dients of chemical compounds (Shashar et al. 1993, 1996; 
Lesser et al. 1994; Kühl et al. 1995; Thomas and Atkinson 
1997).

In this study, we investigated the thermal stress response 
of corals, focusing on both the macro– (polyp) and 
microscale (GVC and external tissue surface) levels of two 
tropical, reef-building corals, Galaxea fascicularis (Lin-
naeus, 1767) and Caulastrea curvata (Wijsman-Best 1972). 
We employed a multi-parametric approach including O2 
and H2O2 microsensors, variable chlorophyll fluorescence, 
chlorophyll quantification, and oxidative stress biomarkers 
(SOD, CAT, and LPO) over a 14-day heat stress exposure. 
Our findings highlight the potential of using microenviron-
mental diagnostics, especially GVC oxygen dynamics, as 
sensitive early indicators of coral stress.
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Materials and methods

Coral husbandry

Colonies of the tropical scleractinian coral species Galaxea 
fascicularis and Caulastrea curvata (Fig. S1; 4 colonies per 
species) were obtained from Dejong Marine Life (Neth-
erlands) in March 2024 and kept in the laboratory at the 
Marine Biological Section coral husbandry facilities in Hel-
singør (Denmark). G. fascicularis was selected as a well-
established model species with documented microscale 
features, particularly within the GVC (Agostini et al. 2012; 
Bove et al. 2020; Puntin et al. 2023; Bollati et al. 2024), 
while C. curvata, a commonly used species in aquariol-
ogy, was included due to the significant polyp size and its 
applicability to microsensors, as well as to explore micro-
ecological responses in a non-model coral. Coral colonies 
were fragmented using a hammer and chisel, and the nub-
bins (n = 25 for C. curvata, n = 51 for G. fascicularis) were 
glued to the ceramic supports with GROTECH® Corafix 
SuperFast Epoxy and labeled. The nubbins were acclimated 
for 2 weeks in a 40 L aquarium at a temperature of 25 °C 
and a salinity of 35 ppt under an incident photon irradi-
ance (400–700 nm) of 150 μmol photons m−2 s−1 (12 h:12 h 
light:dark, Fluval Sea Marine 3.0 Nano LED Aquarium 
20W), measured with a photon irradiance meter equipped 
with a spherical micro quantum sensor at the coral surface 
level (Universal Light Meter, ULM-500 and US-SQS/L, 
Heinz Walz, Effeltrich, Germany). Constant water flow 
was ensured by two aquarium pumps (Universal Aquarium 
Pumps 106 s 5w; Tunze). The parameters maintained during 

the experiment are consistent with those commonly used in 
laboratory studies of cultured coral species that were not 
sampled from the field. The used acclimation period is in 
line with previous studies, in which 7–12 days were gener-
ally considered adequate (Grottoli et al. 2021). The incident 
photon irradiance was chosen as it is sufficient for the sur-
vival and growth of G. fascicularis (Schutter et al. 2012) 
and has previously been used for this species (Cheng et al. 
2024). Nubbins were fed with Artemia nauplii twice weekly, 
and one-third of the water was renewed twice weekly.

At the end of the acclimation period, the nubbins of both 
species were randomly and equally distributed in the four 
experimental tanks (8 L each), in which the conditions of 
light, water change, and flow were identical to those during 
the acclimation period. Two aquaria were used as controls, 
and two were used for the temperature increase to perform 
the experiment in duplicate. During the heat stress experi-
ment, the temperature was raised from 25 °C to 29 °C over 
a week (until day 7), with a maximum increase of 1 °C per 
day. The highest temperature of 29  °C (± 1  °C; see Table 
S1 for details on the temperatures recorded on days 0, 7, 
and 14) was then maintained for a week, until day 14. The 
chosen temperature ramp aligns with the moderate inten-
sity and duration criteria outlined by Grottoli et al. (2021). 
The experimental design and the analyses performed are 
shown schematically in Fig. 1. Potential pseudoreplication 
was checked by using a Generalized Linear Mixed Model 
(GLMM) within each species per treatment (see paragraph 
‘2.7 Statistical analysis’).

Fig. 1  Scheme summarizing the workflow and methodology used in 
the experiment. Two species of tropical coral (C. curvata and G. fas-
cicularis) were subjected to two temperature treatments (in duplicate): 
a control (constant temperature at 25 °C) and a heat stress (temperature 
increased gradually from 25 °C to 29 °C over seven days, followed by 
maintenance at 29 °C until day 14). Coral physiological and microsen-

sors measurements were performed at three time points: day 0, day 7, 
and day 14. These measurements included bulk metabolic, variable 
chlorophyll fluorescence, and microsensors measurements. Microsen-
sor measurements involved the external tissue surface and the gastro-
vascular cavity (GVC). Additional analyses included chlorophyll con-
tent in external tissue and biochemical markers in gastrodermis
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Variable chlorophyll fluorescence measurements

The measurements of the maximum quantum yield of pho-
tosystem II (PSII) of the endosymbionts in the host were 
conducted on days 0, 7, and 14 using an Imaging Pulse 
Amplitude Modulated (PAM) Chlorophyll fluorometer 
(IMAG-MIN/GFP; Heinz Walz GmbH, Effeltrich, Ger-
many), equipped with blue LEDs (470 nm); see details in 
Ralph et al. (2005). After a 15-min dark acclimation period 
(Warner et al. 1996; Bhagooli and Hidaka 2004; Gardner 
et al. 2017; Ben-Zvi et al. 2025), PSII performance was 
measured for each nubbin on the polyp surface (epithelium) 
by selecting, via the software (Imaging-WIN v2.32, Heinz 
Walz GmbH, Effeltrich, Germany), five ‘circular’ areas of 
interest (AOI) on the upper part of the polyp. These AOI 
measurements were averaged to obtain a mean value repre-
sentative of each nubbin. The maximum quantum yield of 
PSII was calculated as Fv/Fm (Schreiber 2004), calculated 
as Fv/Fm = (Fm-F0)/Fm, where Fm  is the maximum fluores-
cence yield measured during a strong saturation light pulse, 
and F0 is the minimum fluorescence yield in the dark accli-
mated coral sample before the pulse. Settings (Meas. Light 
Int. 6; Gain 2; Damp 3; Sat. Pulse Int. 8) were adjusted 
before measurements in the imaging system software, as 
reported by Schlotheuber et al. (2024).

Microsensors measurements

Electrochemical O2 microsensors with a tip diameter of 
25 μm (OX-25, Unisense A/S, Denmark) were used to mea-
sure the O2 distribution inside the GVC and over the exter-
nal tissue surface (epithelium, ectoderm) of corals on days 
0, 7, and 14 during the heat exposure (Fig.  1). Similarly, 
electrochemical H2O2 microsensors were setup according 
to Ousley et al. (2022) and used to measure H2O2 profiles 
over the external tissue surface in the same corals. H2O2 was 
not measured in the GVC due to previously known inter-
ferences between the hydrogen peroxide microsensor and 
nitrogen compounds present in this compartment (Ousley et 
al. 2022). For the external tissue surface measurements, pro-
files were measured from the surface of the external tissue 
upward into the surrounding seawater, and the measurement 
was started after the signal had stabilized.

For microsensor measurements, coral nubbins (n = 3 per 
condition) were placed inside a custom-built laminar flow 
chamber connected to a water pump immersed in a reservoir 
with thermostated and aerated seawater (Fig. S2). See Brod-
ersen et al. (2014) and Haro et al. (2019) for the detailed 
description of the laminar flow chamber. During the mea-
surements, corals were exposed to the same photon irra-
diance and temperature conditions as in the experimental 
aquaria. After being placed in the flow chamber, the corals 

Bulk metabolic measurements

Coral photosynthesis and dark respiration were assessed on 
days 0, 7, and 14 (Fig. 1) during the exposure by measur-
ing the net production or consumption of O2 by corals incu-
bated in custom-made, transparent, and gas-tight chambers 
(55  mL volume), as described by Dellisanti et al. (2024). 
The O2 concentration in the chambers was monitored via 
O2-sensitive optical sensor spots (OXSP5-ADH, Pyrosci-
ence GmbH) fixed inside each chamber. Each sensor spot 
was read out using a fiber optic cable (SPFIB-LNS, Pyro-
science GmbH), which was connected to a fiber optic O2 
meter (FireSting-PRO, FSPRO-4, Pyroscience GmbH). The 
meter was connected via a USB cable to a PC running data 
logging software (Pyroscience Workbench V1.4.7.2305; 
Pyroscience GmbH). The sensors were calibrated before the 
start of the experiment in μmol O2 L−1 using a two-point 
calibration method by measuring sensor signals in both 
anoxic (seawater deoxygenation with OXCAL Capsules; 
Pyroscience GmbH) and 100% air-saturated seawater at 
experimental temperature and salinity (25 °C and a salinity 
of 35). After a 10-min dark acclimation, O2 in the chambers 
was recorded every second during incubations. During the 
experiment, the O2 concentration values were temperature-
compensated directly in the system operating software. 
Dark respiration (R) and net photosynthesis (Pnet) were 
measured during 30-min dark and 30-min light incubations, 
respectively, aligning with widely adopted frameworks. The 
change in O2 concentration over time in the chamber was 
calculated from the linear change of O2 concentration dur-
ing the incubation time using the ‘respR’ package (Harianto 
et al. 2019) in the R software (R Core Team 2024). These 
rates were then multiplied by the volume of seawater sur-
rounding the samples of coral in the chamber and divided by 
the surface area of the living part of the nubbin. The surface 
area of the living part of the coral was estimated using the 
cylindrical model technique in both species (Kahng et al. 
2024). Gross photosynthesis (Pgross) rates were calculated 
by adding the absolute values ​​of the respiration rates to Pnet, 
assuming that dark respiration was representative of coral 
respiration in the light. The ratio of gross photosynthesis to 
respiration was then calculated as Pgross:R, which indicates 
the absolute value of respiration that occurs over 24 h, as 
described by Muscatine et al. (1981) and Coles and Jokiel 
(1977). Although it is recognized that respiration can vary 
significantly over diurnal and seasonal patterns (Sawall et 
al. 2025), a constant respiration rate over 24 h was assumed 
for consistency with the traditional approach. Details on the 
number of replicates used for each treatment and measure-
ment at different sampling times are provided in Table S2.
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663 nm, and 750 nm applying dinoflagellate-specific equa-
tions (Jeffrey and Humphrey 1975). Chlorophyll concentra-
tions were normalized to tissue fresh weight (fw).

Analysis of oxidative stress biomarkers in the coral 
gastrodermis

At the end of the experiment on day 14, each polyp was 
cut in half with a scalpel, and the gastrodermis was care-
fully separated from the inner part of each polyp using an 
airbrush (Fig. 1). The gastrodermis tissue was collected and 
stored at -80 °C prior to further analysis. Frozen coral gastro-
dermis samples were crushed with a pre-cooled mortar and 
pestle, transferred to tubes, and homogenized in lysis buffer 
(50 mM Tris–HCl, pH 7.4, 150 mM NaCl, 10% glycerol, 
1% NP40 detergent, 5 mM EDTA) and a protease inhibi-
tor cocktail and PMSF (phenylmethylsulfonyl fluoride) as 
previously reported (Montalbetti et al. 2022a, 2022b). After 
centrifugation (4,400 × g at 4 °C for 10 min) to remove any 
skeletal debris, the supernatant was divided into aliquots 
that were used for protein quantification and biomarker 
analyses, respectively. Aliquots that were not immediately 
processed were stored at -80 °C until further analyses.

Total protein content was determined using Bradford's 
colorimetric detection and spectrophotometric quantifica-
tion method (using a UV–VIS spectrophotometer; Jasco 
V-730, Jasco Inc., USA) using bovine serum albumin (BSA) 
for the calibration curve (Bradford 1976). Analyses of the 
activity of SOD and CAT were performed as previously 
reported (Isa et al. 2025). Briefly, SOD competes with ferri-
cytochrome c to quench O2− radicals; its activity is indicated 
by its capacity to inhibit the reduction of ferricytochrome c 
by O2

−, which is generated in the xanthine/xanthine oxidase 
system. The reaction mixture consisted of ferricytochrome 
c (0.01  mM), EDTA (0.1  mM), xanthine (0.01  mM), and 
xanthine oxidase (0.0061 U) in a final volume of 1 mL, with 
all reagents sourced from Sigma-Aldrich. The reduction 
rate of ferricytochrome c was monitored spectrophotometri-
cally at 550 nm. Under these conditions, one unit of SOD 
activity was defined as the amount of enzyme that achieves 
50% inhibition of ferricytochrome c reduction. Results are 
reported as enzyme units (U) per mg of protein.

The activity of CAT was analyzed considering the per-
oxidative function of the enzyme, based on the method of 
enzyme degradation of hydrogen peroxide. A reaction solu-
tion (containing 50 mM sodium phosphate buffer at pH 7.5 
and 12 mM H2O2) was added to a 1 mL cuvette with differ-
ent sample volumes. The decrease in H2O2 was followed 
spectrophotometrically at 240  nm (Varian Cary 50 Scan 
spectrophotometer, Agilent Technologies). The results are 
expressed as units (U) of enzyme per mg of protein, where 

were acclimated for 15–20 min before measurements were 
taken. Additional time was allowed for GVC measurements 
to ensure full relaxation and mouth opening.

The O2 microsensor was linearly calibrated from sensor 
signal readings in 100% air-saturated seawater and anoxic 
water (using a sodium ascorbate solution) at experimental 
temperature and salinity. For the H2O2 microsensor calibra-
tion, 500 mL of seawater from the experimental aquarium 
was used for 0 concentration measurements, followed by 
measurements during stepwise addition of 5 μL from a 3% 
w/v H2O2 solution, i.e., a concentration increase of 8.8 μmol 
L−1 at each step. Six steps were conducted, resulting in a 
final concentration of 52.8  μmol L⁻1. The microsensors 
were mounted on a motorized micromanipulator system 
(Unisense A/S, Denmark) and were connected to a micro-
sensor meter (fx-6 UniAmp, Unisense A/S, Denmark). The 
micromanipulator and the microsensor meter were con-
nected to a PC with dedicated software for data acquisition 
and sensor positioning (SensorSuite Profiler v3.2, Unisense 
A/S, Denmark). The approaching and positioning of the 
microsensor tip relative to the coral tissue surface and the 
coral mouth were controlled by the motor in 20-μm steps 
and visually guided using a digital microscope (Dino-Lite 
5MP Edge, AnMo Electronics, Taiwan), to avoid direct con-
tact (see examples in Fig. S3). The measurement profile was 
conducted with a step size of 100 µm. After each step, the 
signal was allowed to stabilize for six seconds, followed 
by a three-second measurement period during which the 
average signal was recorded. Here, O2 levels greater than 
atmospheric saturation (230 µmol O2 L−1) are referred to as 
hyperoxic, levels between 180 and 230 µmol O2 L−1 as nor-
moxic, levels between 10 and 180 µmol O2 L−1 as hypoxic, 
and levels below 10  µmol O2 L−1 as anoxic, in line with 
Gattuso et al. (2015).

Quantification of chlorophyll a and c2

Quantification of chlorophyll a and c2 was determined in 
the external tissue surface that was airbrushed from coral 
samples (Fig. 1), which had been stored at -80 °C since the 
end of the experiment (Isa et al. 2024). For pigment extrac-
tion, ice-cold phosphate-buffered saline (PBS) was first 
added to tissue samples, and the resulting suspension was 
mechanically homogenized by repeated passage through a 
syringe needle and then centrifuged (3600 × g for 4  min). 
The supernatant was removed, and the remaining pellet 
was resuspended in 100% acetone and incubated for 24 h 
in the dark at 4 °C. After extraction, the sample was centri-
fuged again (3,600 × g for 4 min), and the supernatant was 
used to determine chlorophyll a and c2 concentrations from 
absorbance measured in a standard 1 cm wide cuvette on a 
spectrophotometer (Jasco V-730 UV–Vis, USA) at 630 nm, 
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points. Pairwise comparisons were performed using the 
‘emmeans’ package (Lenth et al. 2024). A 2-way ANOVA 
was employed to test the main effects of Condition, Time, 
and the interaction term (Time*Condition) in enzyme activ-
ities, LPO (after log transformation), and chlorophyll con-
tent. The results were visualized with the ‘ggplot2’ package 
(Wickham 2016). All the data related to the models used, 
such as chi-squared, marginal R2 (R2m, marginal coefficient 
of determination, which represents the variance explained 
by the fixed factors), and conditional R2 (R2c, which rep-
resent the variance explained by both fixed and random 
effects) as previously described by (Bartoń 2020), are avail-
able in the Supplementary Material section (Table S3–S6).

Results

Bulk metabolic measurements

No temporal or condition-dependent changes in respira-
tion rate were detected in C. curvata (GLMM, all p > 0.05; 
Table S3). In contrast, G. fascicularis showed a significant 
effect of condition in the overall model (χ2 = 77.6, p < 0.05, 
R2m = 0.05; Table S3), with higher respiration rates under 
heat stress (controls 0.77 ± 0.28 µmol O2 cm−2 h1 mean ± SD, 
heat stress 1.21 ± 0.65 µmol O2 cm−2 h−1, Fig. 2a). However, 
no significant differences among conditions for each sam-
pling day for G. fascicularis were observed.

Net photosynthesis (Pnet) in C. curvata showed differ-
ences over time (GLMM, χ2 = 78.8, p < 0.01), and in the 
interaction between time and conditions (χ2 = 84.5, p < 0.05, 
R2m = 0.33; Fig.  2b, Table S3). Controls exhibited higher 
Pnet on day 0 compared to heat-stressed corals (1.22 ± 0.73 
vs. 0.24 ± 0.58  µmol O2 cm−2  h−1; p < 0.001; Table S4), 

U refers to k, the first-order kinetic constant (min−1), as pre-
viously described (Aebi 1984).

Lipid peroxidation was assessed according to Montal-
betti et al. (2021) via malondialdehyde (MDA) quantifica-
tion using an MDA assay kit (Bioxytech LPO-586, Oxis 
International, United States). The method is based on the 
reaction of N-methyl-2-phenylindole with MDA. Gastroder-
mis samples were pulverized and homogenized in 1 mL of 
20 mM phosphate buffer, pH 7.4, with the addition of 0.5 M 
butylated hydroxytoluene in acetonitrile to prevent oxida-
tion. Following sample centrifugation (3,000 × g at 4 °C for 
10 min), the assay (based on the hydrochloric acid solvent 
method) was performed according to the manufacturer’s 
instructions. The blue product was quantified by measuring 
absorbance at 586 nm (Gérard-Monnier et al. 1998). Results 
are presented in μmol MDA μg−1 protein.

Statistical analysis

All data were checked for outliers using Iglewicz and Hoa-
glin's test for multiple outliers (two-sided test, Z score 3,5), 
normality using the Shapiro–Wilk test, and homoscedas-
ticity of the variance using an F-test. Both normality and 
variance tests were conducted in R software v 4.3.3 (R 
Core Team 2024) combined with RStudio v2025.05.0 + 496 
(Posit team 2025). For data that were not normally distrib-
uted (even after log transformation, i.e., for pulse ampli-
tude modulated fluorometry, respirometry, and microsensor 
analysis), a Generalized Linear Mixed Model (GLMM) was 
used, incorporating fixed effects for Condition, Time, and 
the interaction term (Time*Condition), as well as random 
effects to account for repeated measures (Sample ID). Post-
hoc pairwise comparisons were performed using Tukey 
HSD to assess differences between conditions and time 

Fig. 2  Bulk metabolic measure-
ments on colonies of C. cur-
vata (n = 4 per tank per condition 
per day) and G. fascicularis (n = 4 
per tank per condition per day) 
quantifying dark respiration, R (a), 
net photosynthesis, Pnet (b), gross 
photosynthesis, Pgross (c), and the 
ratio of gross photosynthesis to 
respiration, Pgross:R (d). Measure-
ments were recorded on days 0, 
7, and 14 of exposure to control 
(green) and heat stress (purple) 
conditions. Boxplots represent the 
median, interquartile range, and 
extreme values for each condition 
and time point. Asterisks denote 
treatment is significantly differ-
ent from the control on each day 
(* p < 0.05; *** p < 0.001; Tukey 
HSD for pairwise comparison tests, 
Table S4)
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Variable chlorophyll fluorescence measurements

Both C. curvata and G. fascicularis showed lower maximum 
PSII quantum yield (Fv/Fm) in the heat stress conditions 
according to the overall model (GLMM, χ2 = 116.6, p < 0.01, 
R2m = 0.32 for C. curvata; χ2 = 301.9, p < 0.001, R2m = 0.51 
for G. fascicularis, Table S3). Mean values decreased 
slightly over time in nubbins subjected to heat stress (for C. 
curvata, 0.57 ± 0.04 vs controls: 0.59 ± 0.02; mean ± SD; for 
G. fascicularis, 0.64 ± 0.01 vs. controls: 0.63 ± 0.03). Nev-
ertheless, no differences were observed at individual times, 
except on day 14 for G. fascicularis (p < 0.05; Fig. 3, Table 
S3), with higher values (~ 7%) recorded in heat-stressed 
nubbins. Across the experiment, Fv/Fm values remained 
relatively high in both species; for C. curvata, mostly above 
0.55, and for G. fascicularis, above 0.60. By day 14, control 
corals generally maintained values above 0.55, while heat-
stressed corals displayed greater variability. For both condi-
tions on day 14, some values dropped close to 0.50.

Microsensors measurements of O2

The O2 levels within the GVC of C. curvata and G. fascicu-
laris were significantly affected by heat stress. The over-
all model for C. curvata recorded differences across time 
(GLMM, χ2 = 2,118,716, p < 0.001), conditions (χ2 = 68,588, 
p < 0.01, R2m = 0.42), and for the combination of time per 
conditions (χ2 = 1,655,493, p < 0.001; Fig. 4, Table S5), with 
lower O2 values in heat-stressed corals (201 ± 138 µmol O2 
L−1, mean ± SD) compared to the controls (344 ± 94  µmol 
O2 L−1). In G. fascicularis, differences in the O2 within the 
GVC by the model across time (χ2 = 2,149,631, p < 0.001, 
R2m = 0.40) and for the combination time per conditions 
(χ2 = 434,176, p < 0.001; Fig. 4, Table S5), with lower con-
centration under heat stress conditions (238 ± 136 µmol O2 
L−1 compared to 272 ± 66 µmol O2 L−1 in the controls).

On day 0, hyperoxic conditions in control coral nubbins 
were recorded in both coral species, with values ​​ ≥ 600 µmol 
O2 L−1 for C. curvata and > 450 µmol O2 L−1 for G. fascicu-
laris. By the end of the exposure, heat-stressed corals exhib-
ited a marked decline in O2 levels in the GVC. This resulted 
in anoxic conditions (0  µmol O2 L−1) in two C. curvata 
nubbins and hypoxic conditions (< 100 µmol O2 L−1) for G. 
fascicularis ones. Compared to controls, which maintained 
levels exceeding 200  µmol O2 L⁻1, a ~ 90% decrease was 
recorded in heat-stressed corals, reaching strongly hypoxic 
conditions (approximately 20 µmol O2 L−1 for C. curvata 
and 90 µmol O2 L−1 for G. fascicularis, on average). This 
difference was statistically significant for both species (C. 
curvata: p < 0.001; G. fascicularis: p < 0.01; Fig.  4, Table 
S5).

suggesting a recovery or stabilization over time for this spe-
cies. For G. fascicularis, a significant increase in Pnet under 
heat stress on day 7 was detected (controls: 0.47 ± 0.44 vs 
heat stress: 1.04 ± 0.65  µmol O2 cm−2  h−1; p < 0.05; Table 
S4), in which a transient photosynthetic enhancement 
occurs during the exposure period.

No detectable effect of heat stress on Pgross for either spe-
cies was detected by the overall model (R2m = 0.21 for C. 
curvata, R2m = 0.15 for G. fascicularis; Fig. 2c, Table S3). 
However, C. curvata controls had higher values on day 0 
(2.28 ± 1.35 µmol O2 cm−2 h−1; p < 0.05), while G. fascicu-
laris heat-stressed nubbins recorded higher values on day 7 
(2.33 ± 0.95 µmol O2 cm−2 h−1; p < 0.05; Tab. S4).

Effects of heat stress on the Pgross:R ratio were recorded 
in the overall model across time per condition (GLMM, 
χ2 = 79.1, p < 0.05, R2m = 0.19) for C. curvata, with sig-
nificant differences among conditions at day 0 (controls: 
1.08 ± 0.09 vs heat stress: 0.77 ± 0.30; p < 0.05; Table S4). 
The overall model indicated differences among conditions 
for G. fascicularis (χ2 = 67.1, p < 0.05, R2m = 0.17; Fig. 2d, 
Table S3).

On day 14, no differences were found for either species 
or any of the metabolic rate parameters. These results sug-
gest transient, species-specific responses to heat stress.

Fig. 3  Maximum PSII quantum yield (Fv/Fm) of symbionts in-hospite 
measured in control and heat-stressed coral conditions over time. Fv/
Fm values (mean ± SD, n = 7) for the two coral species (C. curvata and 
G. fascicularis) on days 0, 7, and 14 of exposure to control (green) and 
heat stress (purple) conditions. Boxplots represent the median, inter-
quartile range, and extreme values for each condition and time point. 
Asterisks denote treatment is significantly different from the control 
on each day (* p < 0.05; Tukey HSD for pairwise comparison tests, 
Table S4)
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Microsensors measurements of H2O2

At the coral external tissue surface, H2O2 concentration 
showed variation patterns in the two species. Differences 
across conditions were revealed by the overall model in C. 
curvata (χ2 = 0.9, p < 0.01, R2m = 0.04), with lower H2O2 lev-
els under heat stress (controls: 0.17 ± 0.24 µmol H2O2 L−1 vs 
heat stress: 0.12 ± 0.20 µmol H2O2 L−1; mean ± SD), while 
for G. fascicularis, differences were observed for the combi-
nation of time per conditions (χ2 = 239,794, p < 0.001), with 
lower values under heat stress (controls: 0.24 ± 0.53 µmol 
H2O2 L−1 vs heat stress: 0.16 ± 0.37 µmol H2O2 L−1; Fig. 6, 
Table S5). A significant H2O2 concentration decrease under 
heat stress conditions, as compared to the control, was 
recorded at day 0 for G. fascicularis (p < 0.01, Table S6). It 
is important to highlight that at day 0, both groups were kept 
at the same temperature (25 °C) and were not yet subjected 
to the heat stress treatment. While the H2O2 concentration 
in C. curvata rarely exceeded 1 µmol H2O2 L−1, 13 mea-
surements showed higher values at the coral external tissue 

Measurements of O2 concentration over the coral exter-
nal tissue surface revealed similar overall trends to those 
observed in the GVC profiles, where O2 availability at the 
external tissue surface of both species was impaired in the 
heat stress condition. For C. curvata, differences across time 
(χ2 = 997,631, p < 0.001, R2m = 0.36) and conditions (controls 
259 ± 67 µmol O2 L−1 vs heat stress 232 ± 49 µmol O2 L−1; 
χ2 = 86,038, p < 0.01; Fig. 5, Table S5) were recorded in the 
overall model. For G. fascicularis, differences in O2 levels 
were found across time (χ2 = 423,862, p < 0.001, R2m = 0.20) 
and for the interaction of time and conditions (controls: 
232 ± 43 µmol O2 L−1 vs heat stress: 229 ± 42 µmol O2 L−1; 
χ2 = 426,277, p < 0.001; Fig. 5, Table S5). Hyperoxic condi-
tions were recorded on days 0 and 7 at the external tissue 
surface, with values ​​exceeding 400 µmol O2 L−1 for both 
species. By day 14, a significant decrease in O2 concentra-
tion (~ 29%) was measured at the external tissue surface of 
C. curvata (p < 0.001; Fig. 5, Table S6), with heat-stressed 
nubbins showing a mean reduction of 30 µmol O2 L−1.

Fig. 5  Concentration profiles of O2 measured towards the external tis-
sue surface of C. curvata and G. fascicularis after 0, 7, and 14 days of 
exposure to control (green) and heat stress (purple) conditions under 
a downwelling photon irradiance (400–700 nm) of 150 μmol photons 
m−2 s.−1. Zero depth and the grey dashed line indicate the coral external 
tissue surface. Continuous lines indicate the trend line of the means of 
the three profile values, while the shaded grey areas indicate 95% con-
fidence intervals. Oxygen values in individual profiles (1 profile per 
nubbin, n = 3 nubbins per condition per time) are shown with symbols 
(circles for control and triangles for heat stress, in the color of the con-
dition). Asterisks denote cases where the O2 profile in heat-treated cor-
als differed significantly from the control on each day (*** p < 0.001; 
Tukey HSD for pairwise comparison tests, Table S6)

 

Fig.  4  Concentration profiles of O2 measured in the gastrovascular 
cavity (CVC) of C. curvata and G. fascicularis after 0, 7, and 14 days 
of exposure to control (green) and heat stress (purple) conditions under 
a downwelling photon irradiance (400–700 nm) of 150 μmol photons 
m−2  s.−1. The zero depth and grey dashed line indicate the level of 
the coral mouth opening, while negative and positive depths indicate 
positions above and inside the GVC, respectively. Continuous lines 
indicate the trend line of the means of the three profile values, while 
shaded grey areas indicate 95% confidence intervals. Oxygen values 
in individual profiles (1 profile per nubbin, n = 3 nubbins per condition 
per time) are shown with symbols (circles for control and triangles for 
heat stress, in the color of the condition). Asterisks denote cases where 
the O2 profile in heat-treated corals differed significantly from the con-
trol on each day (** p < 0.01; *** p < 0.001; Tukey HSD for pairwise 
comparison tests, Table S6)
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Analysis of oxidative stress biomarkers in the 
gastrodermis

In the heat-stressed corals, no significant changes in the 
SOD and CAT activity in the gastrodermis were recorded 
between species, within each species, or between conditions 
(Fig. 7, Table S7). However, MDA levels, indicative of LPO, 
were higher in the gastrodermis of heat-stressed coral speci-
mens for both coral species (two-way ANOVA, p < 0.05, 

surface of G. fascicularis. The highest H2O2 concentrations 
were recorded at 0.3 mm (4.1 µmol H2O2 L−1) and 0.4 mm 
(3.1 µmol H2O2 L−1) above the external tissue surface on 
day 14 under control conditions.

Quantification of chlorophyll a and c2

After 14 days of heat stress exposure, no significant changes 
in Chl a or c2 concentration were observed between heat-
stressed corals and control conditions for both coral species. 
However, chlorophyll concentration differed significantly 
among the two species, with lower values in G. fascicu-
laris (< 10 µg Chl g−1 fw) compared to C. curvata (~ 35 µg 
Chl g−1 fw) under both control and heat-stress conditions 
(Fig. 7, Table 1).

Fig. 7  Chlorophyll (Chl) concentration and oxidative stress biomark-
ers in the gastrodermis. The concentration of Chl a and Chl c2, and 
the activity of superoxide dismutase (SOD), catalase (CAT), and lipid 
peroxidation (LPO) were measured in C. curvata (left panels) and G. 
fascicularis (right panels) in control (green) and 14-day heat-stressed 
(purple) samples of the two coral species. Chlorophyll concentrations 
were normalized to tissue fresh weight (g fw). Enzyme activity of 
SOD and CAT is expressed in units (U) of enzyme per mg protein 
in the coral, while LPO activity is expressed as µM malondialdehyde 
(MDA) per µg protein. The data are presented as mean ± SD (n = 4 per 
treatment), and asterisks denote a significantly different effect of the 
temperature treatment (2-way ANOVA, Table S7)

 

Fig.  6  Hydrogen peroxide (H2O2) concentration profiles measured 
towards the external tissue surface of C. curvata and G. fascicularis 
after 0, 7, and 14 days of exposure to control (green) and heat stress 
(purple) conditions under a downwelling photon irradiance (400–
700 nm) of 150 μmol photons m−2 s.−1. Zero depth and the grey dashed 
line indicate the polyp surface level. Continuous lines indicate the trend 
line of the means of the three profile values, while the shaded grey 
areas indicate 95% confidence intervals. Hydrogen peroxide values in 
individual profiles (1 profile per nubbin, n = 3 nubbins per condition 
per time) are shown with symbols (circles for control and triangles for 
heat stress, in the color of the condition). Asterisks denote cases where 
the H2O2 profile in heat-treated corals differed significantly from the 
control on each day (* p < 0.05; Tukey HSD for pairwise comparison 
tests, Table S6)
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significant changes occurring at the microscale (Bollati et 
al. 2024).

Bulk metabolic measurements of respiration and 
photosynthesis

After 14  days, respiration rates remained comparable 
between the control and heat-stressed corals in both species. 
Total respiration measured at the level of the coral holobiont 
reflected the combined activity of the host, symbiotic algae, 
and associated microbes (Muscatine et al. 1981; Haas et al. 
2011). Since overall respiration rates did not change under 
thermal stress, the relative contributions of these compo-
nents may have remained stable. Alternatively, thermal 
stress may have induced opposing shifts in the metabolic 
activity of the components, such as increased respiration in 
some and decreased activity in others, resulting in a final 
balance at the holobiont level. By the end of the exposure 
period, there were no significant differences in Pgross, Pnet, or 
the Pgross:R ratio between control and heat stress conditions. 
Similar stability has been reported in other heat-stressed 

Table S7). In C. curvata, MDA levels in the gastrodermis of 
heat-stressed nubbins increased by about 90%, while in G. 
fascicularis, these levels increased by about 198%, as com-
pared to corals under control conditions (Fig. 7).

A schematic summary of the results is provided in 
Table 1.

Discussion

Thermal stress can trigger highly localized changes within 
internal compartments of corals in terms of oxygen dynam-
ics and prelethal oxidative stress, which may not be evi-
dent in larger-scale, integrative measurements. Overall, 
we demonstrated that heat stress drives oxygen depletion 
in the GVC and alters prelethal oxidative stress dynam-
ics, despite a relatively stable respiration, photosynthesis, 
and chlorophyll content measured at the holobiont level 
(Table 1). These findings underscore the need to investigate 
compartment-specific dynamics, as bulk physiological mea-
surements alone may not capture subtle, yet functionally 

Parameters: Heat Stress
Day 0

Heat Stress
Day 7

Heat Stress
Day 14

Caulastrea curvata
Bulk metabolic 
measurements

R  =   =   = 
Pnet ↓  =   = 
Pgross ↓  =   = 
Pgross:R ↓  =   = 

Variable chlorophyll 
fluorescence

Fv/Fm  =   =   = 

Microsensor 
measurements

O2 in the GVC  =   =  ↓
O2 external tissue surface  =   =  ↓
H2O2 external tissue surface  =   =   = 

Chlorophyll 
concentrations

Chl a – –  = 
Chl c2 – –  = 

Biochemical analyses of 
the gastrodermis

SOD – –  = 
CAT – –  = 
LPO – – ↑

Galaxea fascicularis
Bulk metabolic 
measurements

R  =   =   = 
Pnet  =  ↑  = 
Pgross  =  ↑  = 
Pgross:R  =   =   = 

Variable chlorophyll 
fluorescence

Fv/Fm  =   =  ↑

Microsensor 
measurements

O2 in the GVC  =   =  ↓
O2 external tissue surface  =   =   = 
H2O2 external tissue surface  =   =  ↑

Chlorophyll 
concentrations

Chl a – –  = 
Chl c2 – –  = 

Biochemical analyses
of the gastrodermis

SOD – –  = 
CAT – –  = 
LPO – – ↑

Table 1  Summary of results 
obtained for all the parameters 
analyzed in the two coral species 
subjected to heat stress at differ-
ent exposure days

The ‘↑’ symbol indicates a 
significant increase in the 
parameter, while the ‘↓’ symbol 
indicates a significant decrease 
(based on Tukey HSD for 
pairwise comparison tests). 
Non-significant deviations are 
indicated by ‘ = ’, while the ‘/’ 
symbol indicates that the mea-
surement was not carried out on 
that day
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Cheng et al. (2024) found that Fv/Fm values in G. fascicu-
laris were not significantly affected by heat stress after 96 h 
exposure at + 3 °C (control at 29 °C). Similarly, a significant 
decrease in Fv/Fm over time in the high-temperature treat-
ment in G. fascicularis, with reduced yields also observed in 
the control corals, was reported in a previous study (Doering 
et al. 2023). These findings were consistent with our results, 
which showed a slight decrease in mean Fv/Fm values under 
heat stress and relatively high values that are maintained 
throughout the experiment under both conditions. Although 
a decrease in Fv/Fm was observed on day 14 in both experi-
mental conditions compared to day 7 (with no difference 
between conditions), bulk metabolic measurements of pho-
tosynthesis did not show a decrease over time (indeed, net 
and gross photosynthesis appeared to have higher values ​​
over time). This suggests that the decrease in Fv/Fm may 
not be indicative of a true decrease in net or gross photosyn-
thesis. Possibly, the decrease in Fv/Fm reflected increased 
physiological stress at the photosystem level without imme-
diately compromising overall photosynthetic capacity. Shal-
low-water corals show seasonal and diurnal variations in 
quantum yield, with the lowest values ​​during the late sum-
mer months (Warner et al. 2002). The reversible down-reg-
ulation of zooxanthellae’s photosynthetic activity (Long et 
al. 1994) involves the dissipation of excess energy through 
a photoprotective process to avoid damage to PSII by dissi-
pating heat within reaction centers (Niyogi 1999; Gorbunov 
et al. 2001). A photoprotective process known as non-pho-
tochemical quenching (NPQ) of chlorophyll fluorescence 
prevents photodamage under stress (Brown et al. 1999; 
Warner and Berry-Lowe 2006; Derks et al. 2015; Buck et al. 
2019). When NPQ increases, a reduction in Fv/Fm values ​​is 
recorded, with decreased efficiency (Berteotti 2015). Under 
elevated temperatures, NPQ is an important photoprotective 
mechanism in the coral zooxanthellae that helps to dissipate 
excess energy (Hill et al. 2004, 2005; Middlebrook et al. 
2008; Hennige et al. 2009). The observed reduction in PSII 
performance, which occurred in both conditions, could also 
be due to photoacclimatization rather than photoinhibition, 
as already found in previous studies (Robison and Warner 
2006; Hennige et al. 2009; Krämer et al. 2012).

Microenvironment of the coral gastrovascular cavity

Oxygen levels in the upper GVC, as well as in the tissue 
layer surface and the associated diffusive boundary layer 
(DBL), are highly variable as they are influenced by daily 
light cycles and resulting variations in coral tissue oxy-
genation (Shashar et al. 1996). The surface of the external 
tissue, which is lined by ciliated cells, contributes to this 
variability by modifying the local mass transfer with the 
surrounding water (Hughes et al. 2022; Pacherres et al. 

tropical coral species, including G. fascicularis (Hoadley et 
al. 2015; Doering et al. 2023).

The bulk metabolic measurements did not show any sig-
nificant differences in any of the parameters analyzed at the 
end of the heat exposure. This might be attributed to a cer-
tain degree of thermal resistance in the two species studied, 
albeit the mechanisms for such resistance are hard to iden-
tify from such holobiont-level measurements. The ecophys-
iology of corals, as well as their adaptive capacity, can be 
influenced by association with different taxa of zooxanthel-
lae (Bhagooli and Hidaka 2003; Ulstrup et al. 2006; Coo-
per et al. 2011; Torres et al. 2021; Parkinson et al. 2025). 
The relative thermal resilience observed in our results might 
be at least partially affected by a shift of symbionts toward 
more temperature-tolerant clades, as G. fascicularis can 
host the dinoflagellate genera Cladocopium (formerly clade 
C) and Durusdinium (formerly clade D) (Puntin et al. 2023). 
Under typical environmental conditions, Cladocopium is 
the primary symbiont. However, a shift in symbiont domi-
nance from Cladocopium to Durusdinium, which is known 
for its higher thermal tolerance (Matsuda et al. 2022), has 
been previously observed (Puntin et al. 2023). For the genus 
Caulastrea, the most prevalent symbiont type is Clado-
copium (Raijmakers 2024). Coral’s harboring Durusdinium 
are more thermotolerant than those harboring Cladocopium 
(Wang et al. 2023). Therefore, we speculated that shifts in 
symbiont dominance may have contributed to the observed 
resilience.

Variable chlorophyll fluorescence measurements

Variable chlorophyll fluorescence measurements (pulse-
amplitude-modulation fluorometry—PSII performance) 
showed an increase in the maximum PSII quantum yield 
(Fv/Fm) from day 0 to day 7, followed by a decrease on day 
14. Fv/Fm values above 0.60 are generally associated with 
healthy corals, while values below 0.50 typically indicate 
ongoing stress and impaired PSII performance of the sym-
bionts (Schoepf et al. 2018). The low Fv/Fm values observed 
for C. curvata on day 0 may suggest an incomplete accli-
matization period, as some nubbins exhibited relatively 
low values despite the pre-experimental stabilization phase. 
Similarly, G. fascicularis showed an increase in Fv/Fm val-
ues from day 0 to day 7, although the initial values were 
higher than those of C. curvata. This could suggest that 
incomplete acclimation may have affected this species as 
well. Although a stabilization period of 7–12 days is gener-
ally considered sufficient for experimental acclimatization 
in corals (Grottoli et al. 2021), this species may require a 
longer acclimation period. Nevertheless, by day 7, Fv/Fm 
increased to values above 0.60 for both treatments and spe-
cies, suggesting a return to a healthy physiological state. 
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under prolonged illumination, for the same species under 
200 µmol photons m⁻2 s⁻1 and 650 µmol photons m⁻2 s⁻1, 
respectively. Similarly to our results, normoxic or hyper-
oxic conditions were recorded under the light in the GVC 
of tropical (Bove et al. 2020) and temperate (Dellisanti et 
al. 2024) corals due to the photosynthetic activity of symbi-
onts. Normoxic or slightly hyperoxic values were recorded 
by Agostini et al. (2012, 2013) in the upper GVC of G. fas-
cicularis in light-exposed specimens. Bollati et al. (2024) 
suggested that, besides the effects of diffusional exchange 
between the GVC and the surrounding tissue, microenvi-
ronmental changes in the upper GVC may also result from 
polyp expansion/contraction movements, which increase 
contact between the upper GVC and oxygenated seawater, 
creating a ventilation effect. This aeration might be more 
effective in corals with larger polyps, such as the two spe-
cies studied in this work the observed oxygen distribution 
dynamic. Our results indicate that the GVC is a dynamic 
environment that plays an active role in coral holobiont 
function and stress resilience.

Coral external tissue surface microenvironment

The external tissue surface O2 concentrations of control 
samples in both species were generally above 230 µmol O2 
L−1 due to photosynthesis by symbiotic algae in the under-
lying coral tissue. The hyperoxic and normoxic conditions 
measured in the DBL by microsensors under light are con-
sistent with data previously recorded for other tropical coral 
species, including G. fascicularis (Agostini et al. 2013; 
Linsmayer et al. 2020, 2024; Schlotheuber et al. 2024). In 
our experiment, the tissue surface O2 concentration was 
influenced by time and conditions for both species. After 
14 days, the O2 concentration was significantly reduced for 
the heat-stressed C. curvata. Agostini et al. (2013) found 
differences in the microenvironment near the external tissue 
surface of heat-stressed corals, with differences in photo-
synthesis and respiration rates recorded with microsensors. 
Linsmayer et al. (2024) found a decrease in O2 at the coral 
surface as bleaching progressed. In partially bleached colo-
nies, tissue surface O2 levels were indistinguishable from 
water column O2 concentrations and reached lower levels in 
fully bleached colonies, indicating a loss of O2 production 
from photosynthesis due to the ongoing stress (Linsmayer 
et al. 2024). In contrast, our results showed a local decrease 
in tissue surface O2 concentration in the absence of bleach-
ing, indicating a local heat-induced increase in respiration 
in the coral external tissue surface and/or the immediate 
mucus layer above. The nature of bleaching cascades, in 
which single triggers can activate multiple pathways, and 
multiple stressors can converge toward common endpoints, 
is complex, and uncertainties persist (Helgoe et al. 2024). 

2022). In contrast, deeper parts of the GVC can exhibit low 
O2 conditions or anoxia even under continuous light (Agos-
tini et al 2012; Bove et al. 2020). The O2 dynamic in the 
coral GVC is highly variable across species (Bollati et al. 
2024) and can be strongly influenced by the coral structure 
and tissue plasticity ( e.g., Dellisanti et al. 2024).

In our study, corals subjected to thermal stress showed 
significant decreases in the GVC O2 concentration reach-
ing hypoxic/anoxic conditions after 14 days of exposure, as 
compared to the controls that remained normoxic or hyper-
oxic. The reduction of O2 in the GVC can be explained as 
the increase in respiration by the holobiont, as already sug-
gested by Agostini et al. (2012). However, this hypothesis is 
not supported by our bulk metabolic measurements showing 
no significant differences between conditions for either spe-
cies. Hypoxic conditions could also be triggered by the high 
metabolic activity of bacteria living in the microenviron-
ment of the GVC of the coral polyp, which is known to har-
bor a distinct microbiome (Bollati et al. 2024). According 
to Riedel et al. (2013), nutrient availability plays a critical 
role in influencing respiration rates in bacteria. The richness 
of nutrients in the GVC compared to the surrounding water 
(Agostini et al. 2012), combined with elevated tempera-
tures, may further stimulate bacterial metabolism (Manning 
et al. 2018). Lowest O2 levels were recorded in the deeper 
regions of the GVC, where hypothetically and according 
to our results, interactions with the water surrounding the 
holobiont is minimal. Therefore, the observed O2 decline in 
the GVC might be explained by the metabolic activity of its 
associated bacterial community. Bollati et al. (2024) found 
that the coral GVC microbiome was mainly composed of 
microaerophilic or facultatively anaerobic microbial com-
munities such as Epsilonproteobacteria (formerly Campy-
lobacterota), a class of Proteobacteria already known as gut 
symbionts of other marine invertebrates (Hakim et al. 2015).

The decrease in O2 levels in the coral GVC with increas-
ing temperatures could also be attributed to reduced avail-
ability or reduced uptake rates of organic and inorganic 
nutrients required for photosynthesis by symbiotic algae 
(Yellowlees et al. 2008; Rädecker et al. 2015; Tansik et al. 
2017). High temperatures can limit the coral uptake rate of 
some nutrients, such as nitrate and ammonium. Disruption of 
the homeostatic balance of inorganic nutrients during ther-
mal stress plays a role in host immunity and dysregulation 
of the coral symbiosis (Weis 2019). These limitations may 
also have occurred within the GVC, which would have led 
to reduced photosynthesis and reduced oxygen production.

On the other hand, G. fascicularis nubbins under control 
conditions showed normoxia/hyperoxia in the GVC under 
an incident photon irradiance (400–700 nm) of 150 µmol 
photons m⁻2  s⁻1, while Agostini et al. (2012) and Bol-
lati et al. (2024) reported hypoxic/anoxic conditions, even 
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Chlorophyll concentration and prelethal oxidative 
stress biomarkers in the gastrodermis

Despite the absence of significant changes in chlorophyll 
content, SOD and CAT activity, we observed an increase in 
lipid peroxidation (LPO) in the gastrodermis lining the GVC 
of heat-stressed corals. Noteworthy, this is the first time that 
antioxidant enzymes have been analyzed in the gastroder-
mis of corals. Previous studies on G. fascicularis have also 
reported limited or no modulation of antioxidant enzymes 
in response to heat stress: Higuchi et al. (2008) found no 
differences in SOD activity and an increase in CAT lev-
els, while Doering et al. (2023) reported no effect on either 
enzyme. However, Dias et al. (2019b) found no evidence 
of oxidative damage in G. fascicularis. This species typi-
cally hosts thermo-tolerant Durusdinium symbionts, and it 
was identified as the most resistant species to heat stress in 
the aforementioned study. Our results are consistent with 
these observations, as neither species we studied showed 
increased SOD or CAT activity under heat stress condi-
tions. Doering et al. (2023) suggested that such absence of 
enhanced ROS-related enzyme activity in heat-stressed cor-
als could result from a fast antioxidant response to ROS. 
Enzymes such as SOD and CAT are typically involved in the 
early stages of oxidative stress defense, which may become 
compromised by ROS activity over longer periods of stress. 
We speculate that corals in our study may have reached a 
threshold where their antioxidant defense mechanisms were 
overwhelmed by ROS generated during thermal stress. In 
this scenario, our finding of enhanced LPO in heat-stressed 
polyps could indicate that antioxidant defenses were insuf-
ficient to counteract ROS accumulation in the gastrodermis, 
leading to oxidative damage. This pattern aligns with previ-
ous studies that detected oxidative damage at the level of 
whole coral holobionts (Downs et al. 2002; Montalbetti et 
al. 2021). For instance, Downs et al. (2002) and Montal-
betti et al. (2021) demonstrated that while SOD and CAT 
levels might not always rise during bleaching events, LPO 
levels increased significantly. This could imply that the cor-
als had reached a point at which their enzymatic defenses 
were no longer sufficient to counteract the stressors. This 
suggests that focusing only on antioxidant enzymes might 
not fully capture the complexity of coral oxidative stress, 
as ROS can originate from multiple sources, including algal 
photosynthesis, associated microbiome organisms, or the 
host coral itself (Hansel and Diaz 2021). Our focus on gas-
trodermal enzyme activity may have overlooked other sites 
of ROS generation, such as intracellular production result-
ing from disrupted photosynthesis in Symbiodiniaceae, 
mitochondrial electron transport in the coral host (Lesser 
2006; Diaz et al. 2016), and extracellular ROS production 
at the coral surface mediated by host oxidoreductases or 

In particular, their analysis highlights how the activation 
of specific pathways and the resulting outcomes are highly 
dependent on environmental and biological context, under-
scoring the need for further research.

Hydrogen peroxide (H2O2) dynamics at the coral sur-
face were variable, with no changes under stress. Our find-
ings showed that, while only a few H2O2 concentrations 
exceeded 1 µmol H2O2 L−1 in C. curvata, G. fascicularis 
had 13 cases above this threshold, with peaks of 4.1 µmol 
H2O2 L−1 (at 0.30 mm distant from the external tissue sur-
face) and 3.1  µmol H2O2 L−1 (0.40  mm distant) on day 
14 under control conditions. These values and the profiles 
recorded in this study were consistent with those previ-
ously found by Ousley et al. (2022) in Stylophora pistil-
lata (Esper, 1792) and Pocillopora damicornis (Linnaeus, 
1758), and by Schlotheuber et al. (2024) in P. damicornis. 
Similar to a previous study (Schlotheuber et al. 2024), our 
results showed no evidence of a relationship between heat 
stress and increased H2O2 concentrations at the external 
coral tissue surface. Moderate heat may accelerate H2O2 
production in the chloroplasts of algal symbionts by dam-
aging the thylakoid membrane, allowing diffusion to the 
host cell (Baird et al. 2009), and leading to the expulsion 
of the symbionts (Dunn et al. 2007). However, some of the 
measured oscillations in the H2O2 levels might also have 
been affected by interferences, as discussed by Ousley et al. 
(2022) and by Schlotheuber et al. (2024). According to Ous-
ley et al. (2022), rapid H2O2 dynamics showed a rapid sig-
nal increase within milliseconds that dissipated over 1–5 s, 
might be due to mechanical interference, whereas as H2O2 
concentration bursts from the coral external tissue surface 
showed a slower dynamic. Increasing H2O2 concentration 
over some minutes were recorded by Armoza-Zvuloni et al. 
(2016) in S. pistillata after feeding and chemical stimuli. In 
our measurements, we mostly observed burst-like dynamics 
in H2O2 concentrations, indicative of biological production 
of H2O2 rather than interference (Fig. S4b). The latter was, 
however, also observed with the microsensor tip positioned 
close to the external tissue surface (Fig. S4a), which may 
explain our measurements of the highest H2O2 concentra-
tions just above this microenvironment. Such H2O2 bursts 
are commonly observed in healthy corals (Ousley et al. 
2022; Schlotheuber et al. 2024). Given that the overall H2O2 
concentrations did not indicate an increase in its produc-
tion in the external tissue microenvironment under thermal 
stress, we proposed that such H2O2 levels were likely within 
the coral's ability to maintain H2O2 homeostasis.
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reflect the conditions experienced by the coral host and its 
symbionts as temperatures rise, highlighting how local stress 
dynamics could eventually extend to affect the holobiont. 
These conditions can affect nutrient exchange, metabolic 
balance, and the stability of the symbiosis. Accordingly, 
microenvironmental dynamics should be interpreted as inte-
grative indicators of in-hospite functioning, reflecting the 
actual response within compartments in which key meta-
bolic exchanges and stress regulation take place. Changes 
in oxygen dynamics in the GVC and prelethal oxidative 
stress observed in the gastrodermis may also serve as early 
warning signals of holobiont destabilization before visible 
bleaching signs.

Our results highlight the complexity of coral responses 
to ongoing ocean warming and the importance of consid-
ering host-symbiont-microbe interactions in different com-
partments of the holobiont. However, we also note some 
limitations in the present study. While light intensity was 
kept stable in this experiment, the combination of heat and 
light stress is a significant contributor to oxidative stress. 
As discussed by Lesser (2024), heat stress alone generates 
relatively small ROS fluxes, and reactive nitrogen species 
(RNS) may play a more important role, particularly at low 
irradiance. Moreover, ROS can originate from multiple 
sources, so our focus on gastrodermal enzymes may have 
missed other primary sites of ROS generation, as our mea-
surements were confined to a few microenvironments (GVC 
and external tissue surface) without evaluating other com-
partments or tissues, such as the ectoderm or mitochondria-
rich host tissues. This emphasizes the importance of future 
studies that combine compartment-specific ROS measure-
ments with biochemical analyses to fully understand oxida-
tive stress responses in corals. Laboratory conditions cannot 
fully reproduce natural environmental variability, such as 
diurnal fluctuations in light and temperature, although the 
parameters used in this experiment were set within the range 
commonly applied in laboratory studies. Direct data on the 
composition and functional role of the microbial commu-
nity is lacking, albeit the GVC microbiome likely modu-
lates the observed responses (Bollati et al. 2024). We note 
that our results thus reflect short-term, compartment-spe-
cific responses rather than the complete scope of holobiont 
dynamics under environmental stress. Future studies should 
address these gaps by studying multiple holobiont compart-
ments under different light and temperature conditions. This 
will help clarify how various stressors interact to influence 
coral physiology. To understand how the GVC microbiome 
influences oxygen dynamics, ROS and RNS fluxes, and 
holobiont resilience, it is essential to evaluate its compo-
sition and functional role. Combining measurements from 
specific compartments with holobiont-level physiology 
would provide a more comprehensive view of how corals 

mucus-associated microbes (Saragosti et al. 2010; Diaz et 
al. 2016). Furthermore, according to Diaz et al. (2016) and 
Grabb et al. (2019), extracellular superoxide concentrations 
are dependent on bacterial community composition and 
coral species. Therefore, coral-associated microbial com-
munities and how they interact with the host during thermal 
stress need to be better understood.

Low O2 concentration detected in the GVC reaching 
hypoxic or anoxic conditions in our heat-stressed corals 
could have further contributed to the damage of biological 
membranes, as indicated by the elevated levels of MDA in 
the polyps’ gastrodermis. Indeed, hypoxia can induce the 
production of intracellular ROS in aquatic invertebrates 
(Wang et al. 2022; Lee et al. 2022, 2023), and an increase in 
MDA in response to hypoxia has been reported in Mytilus 
galloprovincialis (Lamarck, 1819), according to the results 
of Wang et al. (2022). Higher levels of LPO indicate excess 
ROS that are not neutralized by antioxidants, which can 
lead to oxidative damage. However, to date, there is no evi-
dence in the coral literature for increased LPO values under 
low O2 conditions, and the only other study of anoxia and 
LPO in corals indicated no changes (Deleja et al. 2022) after 
overnight exposure to anoxia.

The so-called ‘hypoxia paradox’ describes the produc-
tion of ROS under low-oxygen conditions, although these 
molecules require O2 for their formation. This phenomenon 
is related to a malfunction of the mitochondrial respiratory 
chain, where the blockage of electron flow at the level of 
complex III (ubiquinone cytochrome c reductase) leads to 
the accumulation of reduced intermediates such as ubisemi-
quinone (Chandel et al. 1998) that react with the remaining 
available O2 to form O2

− by electron leakage. Additionally, 
Guzy and Schumacker's (2006) suggested that the respira-
tory electron transport chain in eukaryotic cells serves as 
an oxygen sensor by releasing ROS in response to hypoxia. 
We speculate that the ROS produced under hypoxic/anoxic 
conditions in the GVC of corals after exposure to heat stress 
overwhelmed the first-line defense enzymes such as SOD 
and CAT, thus allowing lipid peroxidation. Deoxygenation is 
a major determinant of coral reef health (Altieri et al. 2017; 
Nelson and Altieri 2019; Hughes et al. 2020) and reflects 
the widespread decline in ocean oxygen that has occurred in 
recent decades (Oschlies et al. 2018). Low oxygen availabil-
ity directly threatens coral survival through both lethal and 
sublethal stress responses (Johnson et al. 2017; Kealoha et 
al. 2020; Mallon et al. 2025). Further clarification is needed 
to better understand the effects of temperature-induced 
deoxygenation on coral microenvironments.

To conclude, our study provides the first evidence that 
thermal stress induces oxygen depletion and oxidative dam-
age within the gastrovascular cavity and the gastrodermis 
of tropical corals. These local microenvironmental changes 
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respond to thermal stress. Currently, few studies have sys-
tematically compared different microenvironments within 
the holobiont or examined how these compartments respond 
to environmental stress. Future research should focus on the 
characteristics of the GVC microbiome and other microen-
vironments under normal and combined stress conditions, 
as well as in light and dark, and on the role of microbial 
communities in supporting coral resilience. Moreover, to 
understand the complexities of coral oxidative responses, 
it is essential to have a better understanding of the time-
dependent dynamics of oxygen production and consump-
tion, as well as the generation of hydrogen peroxide under 
thermal stress, and how those dynamics relate to other phys-
iological stress markers. Such an integrative approach will 
be pivotal to enhancing our knowledge of coral response 
and resilience under climate change.
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