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Abstract  Human-induced climate change is causing ocean 
warming that triggers the breakdown of the coral–algal sym-
biosis. The proximate cause of this phenomenon, known as 
coral bleaching, is commonly attributed to the overproduc-
tion of reactive oxygen species (ROS) by the thermally 
stressed photosynthetic algal symbionts. However, direct 
evidence that algal ROS production (e.g., in the form of 
H2O2) and coral physiological stress are the ultimate cause 
of bleaching remains ambiguous. Here, we investigated the 
temporal dynamics of H2O2 and oxygen (O2) concentrations 
during thermally induced coral bleaching to disentangle 
cause from consequence. Microsensors at the tissue inter-
face of Pocillopora damicornis measured H2O2 and O2 con-
centrations while exposing single nubbins to baseline tem-
peratures (30 °C) and to minor (33 °C), moderate (36 °C), 
and high (39 °C) levels of acute heat stress using the Coral 
Bleaching Automated Stress System (CBASS). We show 
that a temporary decline in O2 concentration, accompanied 

by a declining photosynthetic efficiency and loss of Symbio-
diniaceae and pigmentation, is the initial response to moder-
ate thermal stress. This response was neither provoked nor 
followed by an increased H2O2 concentration at the coral 
tissue interface. A steady light-independent increase of H2O2 
was only detected during high heat stress, resulting in the 
complete and permanent loss of photosynthetic activity. 
Our findings do not support a direct connection between 
algal photodamage and an increase in H2O2 concentration 
during thermally induced bleaching and suggest that more 
research on the function of H2O2 is warranted. This notion 
is further substantiated by the observation of an additional 
source of H2O2, likely oxidative bursts, that were common at 
the baseline temperature and under minor heat stress, while 
their occurrence decreased at moderate and high heat stress. 
Resolving the multifaceted and dynamic roles of H2O2 in 
coral bleaching is critical to better understand the response 
of the coral holobiont to thermal stress and identifying the 
processes underlying the breakdown of the coral–algal 
symbiosis.

Supplementary Information  The online version contains 
supplementary material available at https://​doi.​org/​10.​1007/​
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Introduction

Global warming is affecting biota with consequences for 
virtually every ecosystem on Earth. Tropical coral reefs 
are particularly threatened by ocean warming (Eakin et al. 
2022), ocean acidification (Cornwall et al. 2021), deoxy-
genation (Hughes et al. 2020), and salinity changes (Röthig 
et al. 2023; Coles and Jokiel 1992). Reef-building corals 
and their symbioses with photosynthetic dinoflagellates and 
other microbes (i.e., the coral holobiont) are the foundation 
of tropical reef ecosystems that have significant ecological 
and economic value (Costanza 2014). Ocean warming is 
currently the most pressing threat, as it causes the (repeated) 
expulsion of the endosymbiotic dinoflagellates leading to 
coral bleaching and often to subsequent coral mortality 
(Hughes et al. 2017).

Although coral bleaching is extensively studied (e.g., 
Glynn 1993; Brown 1997; Warner et al. 1999), its underlying 
mechanism and what “pulls the trigger” are still the subject 
of ongoing debate (Rädecker et al. 2023; Dungan et al. 2022; 
Rädecker et al. 2021; Suggett and Smith 2020). Neverthe-
less, a common notion is that the production and accumula-
tion of excessive photosynthetically derived reactive oxygen 
species (ROS) due to heat stress lead to cellular damage and 
bleaching (Lesser 1997, 2011; Downs et al. 2002).

ROS such as superoxide anion radicals (O2
−), hydrogen 

peroxide (H2O2), hydroxyl radical ions (.OH), or hydroxyl 
radical ions (OH−) arise as a consequence of single electron 
transfer reactions with oxygen (Byczkowski and Gessner 
1988). Despite extensive investigations of ROS produc-
tion during bleaching, the particular ROS involved remains 
ambiguous. However, H2O2 has been suggested as the most 
important ROS associated with coral bleaching (Downs et al. 
2002; Smith et al. 2005; Solayan 2016). H2O2 functions as 
an important signaling molecule between the coral host and 
its algal symbiont, due to its long lifetime and ability to 
rapidly diffuse through cells and across membranes, which 
make it a key molecule within the coral holobiont (Roberty 
et al. 2015; Smith et al. 2005). Moreover, the prevalent ROS 
O2

− is highly reactive and rapidly converted into H2O2 by the 
antioxidant enzyme superoxide dismutase. Thus, external 
levels of H2O2 at the coral tissue interface are also the result 
of internal and external O2

− production and conversion rates 
(Hansel and Diaz 2021; Ousley et al. 2022).

Within the coral holobiont, O2
− and H2O2 can be pro-

duced by the coral host, the photosynthetic algal symbiont, 
and associated bacteria, whereas at the cell biological scale, 
the locations and pathways are diverse (Hansel and Diaz 
2021). H2O2 plays an essential role in cellular homeostasis, 

health, and signaling and is released in bursts that are char-
acterized by rapid increases and decreases lasting seconds 
to minutes in non-stressed corals (Ousley et al. 2022). Oxi-
dative bursting is caused by specific enzymes such as the 
NADPH oxidase (NOX), belonging to the family of trans-
membrane oxidoreductases (Suzuki et al. 2011; Hansel and 
Diaz 2021). Notably, H2O2 is an inevitable byproduct of 
aerobic metabolic processes such as respiration and photo-
synthesis. However, H2O2 concentrations above organism-
specific thresholds can cause oxidative stress and be harmful 
to cells (Fridovich 1998; Aguirre et al. 2005; Lesser 2006; 
Hopkins 2016). Given the multifunctional roles of ROS, 
intracellular concentrations are tightly regulated through 
antioxidant molecules and enzymes such as superoxide dis-
mutase, catalase, and ascorbate peroxidase (Fridovich 1998). 
Catalase is an important heme-based metalloenzyme that 
scavenges H2O2 by splitting it into water and O2, preventing 
the formation of hydroxyl radicals, a highly reactive form of 
reduced oxygen (Apel and Hirt 2004).

Under thermal stress, the equilibrium between ROS 
production and degradation in the coral holobiont can be 
disturbed resulting in increased ROS levels (Weis 2008; 
Lesser 2011). Occasional single electron redox reactions in 
the mitochondrial electron transport chain and the photo-
synthetic system will lead to the formation of singlet oxy-
gens (Apel and Hirt 2004). More specifically, heat stress can 
damage the photosystem II and the associated D1 protein, 
which can result in photoinhibition and the uncoupling of 
the electron flow, when exceeding the natural repair capac-
ity of the organism (Weis 2008). It has also been suggested 
that heat stress can directly damage the thylakoid mem-
brane and the ribulose bisphosphate carboxylase oxygenase 
(RuBisCO) enzyme, which results in decreased ATP and 
NADPH consumption and ultimately enhances the buildup 
of electrons (Weis 2008). Moreover, single electron transfers 
at the photosystem I can result in the formation of O2

− that 
can be further reduced to H2O2, known as the Mehler reac-
tion (Tchernov et al. 2004).

The oxidative theory of coral bleaching (Downs et al. 
2002) posits that increasing temperatures cause damage to 
the photosystem II of the algal symbiont, resulting in pho-
toinhibition and the overproduction of H2O2 that leaks into 
the coral host tissue (Lesser 1997; Tchernov et al. 2011; 
Weis 2008). With increasing oxidative stress, the ROS scav-
enging activity in the coral host increases (Gardner et al. 
2017; Krueger et al. 2015). When the thermal threshold of 
the coral host is exceeded, the defense mechanisms are over-
whelmed by ROS leading to DNA, protein, and membrane 
damage (Richier et al. 2005; Lesser and Farrell 2004), even-
tually resulting in apoptosis and tissue necrosis (Gates et al. 
1992). It has been hypothesized that the last attempt of the 
coral to reduce further oxidative stress by the algal symbiont 
causes the breakdown of the mutualistic relationship and 
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expulsion of the algal symbiont, i.e., bleaching (Dunn et al. 
2004; Tchernov et al. 2011; Hawkins et al. 2013).

Recent findings, however, challenge ROS as the primary 
driver of coral bleaching (Dungan et al. 2022; Nielsen et al. 
2018) and suggest the breakdown of metabolic cycling 
precedes oxidative damage and may be the ultimate pre-
requisite of bleaching (Rädecker et al. 2023; Rädecker et al. 
2021). Nevertheless, direct evidence for this is scarce and 
heat stress responses may be particularly complex in holo-
bionts (Rädecker et al. 2021). Each holobiont member may 
differ in their response to heat stress, responses may also 
vary across coral species and even among polyps within a 
coral colony (Voolstra et al. 2021). Therefore, further clari-
fying the sequence of events in which different tissue-scale 
processes occur and eventually lead to coral bleaching can 
substantially advance knowledge on thermal stress biology 
across biological scales (Van Woesik et al. 2022).

Here we aim to better understand the role of H2O2 in 
coral bleaching by determining the dynamics of H2O2 con-
centration during thermal stress at high temporal resolution 
directly at the coral tissue interface. This was achieved by 
exposing Pocillopora damicornis nubbins to a series of acute 
thermal stress assays using the Coral Bleaching Automated 
Stress System (CBASS) (Evensen et  al. 2023; Voolstra 
et al. 2021, 2020), while monitoring H2O2 and O2 dynam-
ics on single polyps using microsensors. Specifically, we 
investigated (1) how the occurrence of oxidative bursts in 
the holobiont changes with increasing thermal stress, (2) 
whether inhibition of photosynthesis is the initial response 
to thermal stress that triggers increased H2O2 concentrations 
or vice versa, and (3) if photosynthetically produced H2O2 
ultimately leads to the cessation of photosynthetic activity 
under high heat stress (39 °C).

Materials and methods

Coral rearing

Nubbins of a P. damicornis colony, originally sourced from 
and reared at the Royal Burgers’ Zoo in Arnhem (Neth-
erlands), were transferred to the MAREE facilities of the 
Leibniz Centre for Tropical Marine Research (ZMT) in 
2018. Coral nubbins were maintained in artificial seawa-
ter (ASW) prepared from Red Sea salt and reverse osmo-
sis water and reared in a 180 L aquarium. The coral nub-
bins were held at a constant water temperature of 25.4 °C 
(SD = 0.07 °C), a salinity of 35.1 PSU (SD = 0.03 PSU), 
and at a light intensity of 138 µmol photons m−2 s−1 (LI-
250A Light Meter, WALZ) supplied by 3 blue LED pan-
els and 3 white LED panels (Daytime, Waltrin GmbH) in a 
12:12-h dark/light cycle. A total of 16 P. damicornis nubbins 
(0.5–2 cm in length) were obtained from the same colony 

(4 replicates × 4 acute thermal stress profiles). Nubbins were 
glued onto holders and allowed to recover for at least one 
week prior to the CBASS assays.

Measurement of H2O2 concentration dynamics 
during acute thermal stress assays

Coral nubbins were transferred from the rearing aquarium 
to the 10L CBASS holding tanks. All CBASS assays were 
conducted in a climate-controlled room at the Biology Labo-
ratory of the ZMT. Real-time tracking microsensors meas-
ured H2O2 and O2 concentrations at the coral tissue interface 
of single polyps from single nubbins, while running acute 
thermal stress profiles using the Coral Bleaching Automated 
Stress System (CBASS) (four replicates for each of the four 
thermal stress profiles). Water temperature was recorded 
every second using a HOBO logger (Pendant, MX2201). 
A CBASS assay comprises four independent temperature 
profiles with one 19h long 30°C baseline hold profile and 
three  distinct heat stress cycling profiles of a 3h ramp up, 
3h heat-hold (33 °C minor heat stress, 36 °C moderate heat 
stress and 39 °C high heat stress), 1h ramp down, and a 12h 
overnight hold at baseline temperature (Fig. 1).    The base-
line temperature of 30 °C was chosen based on pilot CBASS 
assays at 27 °C and 30 °C (Supplementary Fig. S1). Coral 
nubbins were placed into CBASS tanks and temperature 
was increased from the rearing temperature to 30 °C over a 
30-min interval before the start of the 19h long CBASS tem-
perature profiles. At the beginning of the ramp-down phase, 
the white light was switched off, and after a further 30 min 
the blue light was switched off (night cycle). Photosynthetic 
efficiency was measured after 30 min of dark acclimation 
(Fig. 1). The light remained switched off during nighttime 
until the next day at 07:00 am. Upon completion of the 
CBASS run at 08:00 am, nubbins were removed from the 
tanks, photographed for visual bleaching assessment using 
a Canon G15 camera (Canon Zoom Lens 5 × IS) against a 
color reference card, and transferred into 1 M NaOH for 
Symbiodiniaceae cell counts. To assess the effect of light 
on H2O2 concentration dynamics, we also conducted the 39 
°C heat stress cycling profile during the night (ramp up from 
01:00 am to 04:00 am, heat-hold phase from 04:00 am to 
07:00 am) 

Photosynthetic efficiency

Photosynthetic efficiency was measured per nubbin as 
the dark-acclimated maximum quantum yield (Fv/Fm) of 
photosystem II using a diving pulse amplitude modulated 
(PAM) fluorometer (Walz), following the ramp-down phase 
(Fig. 1, Table S4). Fluorescence level and gain settings were 
adjusted before measurements (Meas. Int. 6; Gain 2; Damp 
3; Sat Int. 8 Ft ~ 300 to 500).
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Visual bleaching assessment and Symbiodiniaceae cell 
count

Bleaching extent was assessed based on photographs of 
coral nubbins in comparison to a color reference card. The 
degree of bleaching was classified into six pigmentation 
categories: 100%, 80%, 60%, 40%, 20%, and 0%. Three 
people scored the extent of bleaching across each nubbin 
independently and the mean was calculated (Table S5) 
(Morikawa and Palumbi 2019; Alderdice et al. 2022).

For Symbiodiniaceae cell counts, coral nubbins from 
CBASS assays were used. Coral  tissue was removed 
from the underlying skeleton using the sodium hydrox-
ide (NaOH) method (Zamoum and Furla 2012; Pogoreutz 
et al. 2017). Each coral nubbin was incubated for 1 h in 
1 M NaOH to dissolve the tissue. The skeleton was then 
removed to measure the coral surface area of each nubbin. 
The suspended Symbiodiniaceae cells were washed three 
times with 1 mL 1 × Phosphate-Buffered Saline and spun 
down in a bench-top centrifuge (5 min, 3000 RCF, 25 °C). 
A Neubauer counting chamber was used to determine 
the number of cells within the washed cell pellet from 
each coral nubbin. The surface area of the skeleton was 
determined using the geometric approximation method 
(Naumann et al. 2009). Each nubbin was categorized into 
a specific shape (e.g., cylinder, cuboid), a caliper was 
used to measure dimensions, and the respective geometric 

formulas were used to normalize Symbiodiniaceae cell 
counts to coral surface area (cm2) (Table S6).

Hydrogen peroxide and oxygen microsensor 
measurement

H2O2 and O2 microsensors were built by the Microsensor 
group at the Max-Planck Institute for Marine Microbiol-
ogy. The O2 microsensors with an internal reference were 
constructed based on the Clark-type oxygen microelectrodes 
(Revsbech and Jørgensen 1986). H2O2 microsensors were 
constructed as an adaptation of a previous glucose micro-
sensor (Cronenberg et al. 1991). Because of the significant 
cross-sensitivity of the microsensor to nitric oxide (NO) 
(49-63%) (Ousley et al. 2022), NO had to be considered 
part of the measured H2O2 signal. Signal interferences were 
removed from measured microsensor signals by calculat-
ing the second derivative of concentration over time. Inter-
ferences were defined as cases where the absolute value 
was > 5 µM  s−1. This threshold was chosen after visual 
inspection of a number of bursts and interferences. All data 
points logged shortly after each interference were removed 
until the signal returned (+ 5 µM s−1) to the baseline value 
(defined as the median of the 10 data points before the inter-
ference). The removal of interference signals was conducted 
in R and was run twice to ensure discrimination between 
interferences and bursts (Figs. S2–S5). Both microsensors 
were calibrated before each CBASS run as described in 

Fig. 1   Temperature profiles maintained using the Coral Bleaching 
Automated Stress System (CBASS) to run a standardized short-term 
acute heat stress assay (Voolstra et  al. 2020). A CBASS assay con-
sists of a baseline temperature profile at 30 °C (blue line) and three 
thermal stress profiles consisting of 3h thermal ramps to 3h heat-hold 
phases at 33 °C (orange line), 36 °C (red line), and 39 °C (dark red 

line), a 1h ramp-down phase, and a subsequent 12-h holding phase at 
the baseline temperature. After the end of the ramp-down phase (1), 
photosynthetic efficiency was measured, and at the end of the CBASS 
cycle (2) all coral nubbins were photographed for a visual inspection 
of bleaching extent.
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Ousley et al. (2022). For the calibration of the H2O2 micro-
sensor, the signal of the ASW was used for the 0 µM con-
centration. A prior experiment revealed a potential offset 
of 0.3 µM H2O2 between the ASW baseline and the true 
zero H2O2 baseline (ASW + catalase). However, the signal 
of the ASW was used as the 0 µM baseline, since a true 
zero baseline would require the addition of catalase to the 
calibration beaker as well as the CBASS tank, which could 
have impacted the coral as well as the H2O2 production. In 
addition, one may argue that the offset is negligible com-
pared to the H2O2 concentrations reached during bursting. 
To improve microsensor accuracy, an offset correction of 
the calibration was applied if the readings differed between 
the water column (0 µM) of the calibration beaker and the 
water column (0 µM) of the CBASS tank. The difference in 
the microsensor signal was added to each calibration step 
since we assumed an overall shift in the signal.

CBASS microsensor setup

The original CBASS setup was adjusted to allow for the 
assembly and positioning of the microsensors at the coral 
tissue interface of single nubbins (Fig. 2). A 2L flow-
through chamber was placed into the 10L CBASS holding 
tank to reduce electrical interferences provoked by the chill-
ers and heater (Fig. 2). The O2 and H2O2 microsensors as 
well as the H2O2 references and grounding wire were placed 
in the 2L chamber (Fig. 2). Each microsensor was held by 
a micromanipulator and connected through a custom-made 
picoamperemeter and a DAQ-Pad to a computer for data 
transmission (Fig. 2). The heater, the chillers, a flow pump, 
and the sensor of the temperature controller were placed 
in the 10L holding tank, as in the original CBASS setup 
(Voolstra et al. 2020). The accuracy of all temperature pro-
files was assayed using a HOBO logger placed inside the 

Fig. 2   CBASS microsensor setup to measure H2O2 and O2 at the 
coral tissue interface. A 2L flow-through chamber (2) with an input 
(25 ml min−1) and output for ASW was placed into one 10L CBASS 
holding tank (1). The H2O2 (3) and the O2 (4) microsensors were held 
by micromanipulators (5) on each side of the tank. An external ref-
erence for the H2O2 microsensor and a grounding wire were placed 
inside the chamber (6). Each microsensor was connected to the com-
puter through a custom-made picoamperemeter (7) and a DAQ-Pad 

(8) for data transmission. Above the chamber, one LED light (9) pro-
vided illumination. The heater, the chillers, a flow pump, and the sen-
sor of the temperature controller were placed inside the 10-L holding 
tank (not shown). A HOBO logger was placed inside the 2L flow-
through chamber for temperature data collection (not shown). The 
zoomed-in picture shows a coral nubbin and the two microsensors 
positioned at the coral tissue interface
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2L chamber. The chamber was illuminated from above by 
one LED light with 50% blue light and 50% white light 
matching the long-term rearing light intensity of ~ 138 µmol 
photons m−2 s−1 (LI-250A Light Meter, WALZ) (Fig. 2).

Statistical analysis

All data were assessed for normal distribution and homosce-
dasticity prior to ANOVA testing with subsequent Tukey’s 
post hoc tests. To identify the baseline temperature to use 
during the CBASS assay, ANOVAs were conducted to assess 
whether photosynthetic efficiency was significantly differ-
ent between the rearing temperature (25 °C) and the 27 °C 
or 30 °C baseline temperature used in the pilot CBASS 
assays (Table S1). ANOVAs were also conducted to test for 
significant differences in photosynthetic efficiency, coral 
pigmentation, and Symbiodiniaceae cell numbers among 
the four CBASS thermal profiles (Table S2). To determine 
standardized thermal thresholds, i.e., ED50s (Evensen et al. 
2023; Evensen et al. 2021; Voolstra et al. 2021) based on 
photosynthetic efficiency, the effective dose model of the 
DRC package in R was used (Ritz and Streibig 2005) (Fig. 
S6). The ED50 value defines the temperature at which the 
coral still retains 50% of the photosynthetic efficiency it had 
at the baseline temperature.

Results

Heat stress level affects the occurrence of oxidative 
bursts and baseline H2O2 concentration

At the baseline temperature (30 °C) and under minor (33 °C) 
and moderate heat stress (36 °C), dynamic oxidative burst-
ing of H2O2 occurred (Fig. 3a). Oxidative bursting was 
highly variable during the day and during the night and 
among coral replicates (Figs. S7–S9). At moderate heat 

stress, we observed a trend toward less oxidative bursting 
compared to the baseline temperature and minor heat stress 
(Figs. 3a, S9). This decrease became even more apparent 
under high heat stress, with even less frequent bursting 
across replicates (Figs. 3a, S10). The baseline concentra-
tion of H2O2 increased irregularly between 2 and 7 µM 
at 30 °C and under minor heat stress of 33 °C (Figs. 3a, 
S7-S8). In comparison, at moderate heat stress of 36 °C, 
we detected a trend toward a lower baseline concentration 
of H2O2  (Figs. 3a, S9, S11). The baseline H2O2 concentra-
tion mostly increased during daytime across all three tem-
peratures (30 °C, 33 °C, 36 °C) (Figs. 3a, S7–S9). Under 
high heat stress of 39 °C, a steady and steep increase in 
the baseline H2O2 concentration was detected after 3 h of 
heat exposure (Fig. 3a, S10). H2O2 concentration steadily 
increased for approximately 3 h until reaching a maximum 
concentration between 7 µM and 54 µM before decreasing 
again over the course of 2 h (Fig. S10).

Exposure to moderate and high heat stress induces 
coral bleaching

When exposed to the baseline temperature (30 °C) or minor 
heat stress (33 °C), P. damicornis produced high concentra-
tions of O2 during daytime conditions, highlighting that the 
endosymbionts remained photosynthetically active (Fig. 3a). 
Although the O2 concentration fluctuated during daytime, it 
decreased with decreasing light intensity (Fig. 3a, 19.00h) 
and increased with increasing light intensity the next day 
(Fig. 3a, 07.00h). Additionally, no significant decrease in 
photosynthetic efficiency, coral pigmentation, or Symbiodin-
iaceae cell number was detected (Fig. 3b, Table S2). During 
the thermal ramp up to moderate (36 °C) and high (39 °C) 
heat stress, O2 concentrations were initially high (fluctuating 
between 300 and 500 µM) but started to decline when the 
temperature reached approximately 35 °C during daytime 
(Figs. 3a, S9–S10). While after moderate heat stress the O2 
concentration partially recovered as the light was switched 
on the next day, no recovery was detected after high heat 
stress. Moderate heat stress resulted in the significant reduc-
tion of photosynthetic efficiency by 48.3% (p =  < 0.001), a 
decrease in coral pigmentation by 37.8% (p = 0.083), and a 
loss of Symbiodiniaceae cell numbers by 37.9% (p = 0.383) 
compared to the baseline temperature, all of which are indic-
ative of coral bleaching (Fig. 3b, Tables S2-S3). High heat 
stress resulted in the significant reduction of photosynthetic 
efficiency by 88.7% (p =  < 0.001), a significant decrease in 
coral pigmentation by 54.1% (p = 0.011), and in a loss of 
Symbiodiniaceae cell numbers by 53.1% (p = 0.145) com-
pared to the baseline temperature (Fig. 3b, Tables S2–S3). 
Furthermore, tissue sloughing was detected after high heat 
stress.

Fig. 3   Overview of microsensor readings over time and physiologi-
cal metrics of the coral nubbins across the four distinct acute ther-
mal stress temperature profiles. a Light (yellow) and temperature 
(gray) curves as well as H2O2 (red) and O2 (blue) concentrations for 
the respective CBASS runs (30 °C, 33 °C, 36 °C, 39 °C) are shown; 
measurement of a single coral coral nubbin (n = 4 in total) is shown. 
Dashed lines indicate the time points when the white light (at 19.00h) 
and the blue light  (at 19.30h) were switched off and when all lights 
were switched back on the next morning (at 07.00h). O2 concentra-
tion decreased through the night and subsequently increased during 
daytime at 30  °C and 33  °C. At 36  °C, O2 concentration decreased 
before nighttime but partially recovered throughout the night (see, 
partial increase of O2 concentration the next morning). At 39 °C, O2 
concentration also decreased before nighttime but  without recovery 
the following morning. b Violin and boxplots show the values of pho-
tosynthetic efficiency, coral pigmentation, and Symbiodiniaceae cell 
numbers observed across the four thermal stress temperature profiles

◂
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Light‑independent increase of H2O2 concentration 
during high heat stress

The steady H2O2 increase observed during exposure to 
high heat stress (39 °C) occurred after the O2 concentration 
declined when temperatures were above ~ 36 °C (Fig. 4a). 
Intriguingly, the same pattern of steady increase in H2O2 
concentration was observed under high heat stress and at 
night (Fig. 4b). In the presence of light as well as in the dark, 
H2O2 concentration started to increase 3 h after the heat 
exposure and peaked between 45 and 50 µM (Fig. 4a, b). The 
steady increase in H2O2 concentration was detected before 
the light was switched on the next morning (Fig. 4b, first 
dashed line). Switching the light on at 07.00h  did not impact 
the steady increase of H2O2 concentration (Figs. S13–S18). 
Hence, this excessive and continuous net H2O2 release is 
light-independent and thus decoupled from photosynthe-
sis and even from photosynthetically derived O2. H2O2 
concentration reached their maxima ~ 6 h into the thermal 
stress profile (Fig. S10) and consistently decreased after-
ward. Switching the light off (Fig. 4b, second dashed line) 
did not impact the already decreasing H2O2 concentration 
(Figs. S13, S15–S19). Furthermore, holding the temperature 
at 39 °C for an additional hour and increasing it again after 
returning to the baseline value (30 °C) did not result in a 
further net H2O2 increase (Fig. 4b).

Discussion

Excessive photosynthetically produced ROS has long 
been flagged as the major cause of coral bleaching (Downs 
et al. 2002; Lesser 2011; Tchernov et al. 2011). Specifically, 
elevated concentrations of H2O2 detected during heat stress 
and the overproduction of H2O2 have been suggested as the 
main cause for the expulsion of the Symbiodiniaceae (Lesser 
1996; Downs et al. 2002; Roberty et al. 2015). However, 
more recently, several studies have suggested ROS as the 
proximate ("smoking gun") rather than the ultimate cause  
of coral bleaching, since unequivocal evidence confirming a 
direct relationship is missing (Nielsen et al. 2018; Rädecker 
et al. 2021; Suggett and Smith 2020). Here, we present the 
first microsensor-based approach to disentangle the chrono-
logical sequence of the changes in O2 and H2O2 concentra-
tion during thermally induced bleaching. While bleaching is 
detected during moderate heat stress, elevated H2O2 concen-
trations were only observed under high heat stress, following 
a decline in O2 concentration leading to tissue sloughing 
and coral mortality. Although our study was conducted on 
aquarium-reared corals with limited biological replication, 
we argue that recording fine-scale data using microsensors 
at unprecedented temporal resolution during standardized 
heat stress assays provides novel insight into the timing and 

sequence of events underlying coral bleaching. Our study 
questions the direct connection between photodamage and 
H2O2 production at large and thus challenges the notion of 
ROS even being the “smoking gun” of bleaching.

H2O2 dynamics during heat stress

Across temperature treatments, we observed two types of 
H2O2 dynamics: (i) high frequent and dynamic oxidative 
bursting at the coral tissue interface when exposed to the 
baseline temperature (30 °C) as well as to minor (33 °C) 
and moderate (36 °C) heat stress (Fig. 3a), and (ii) a steady 
increase in H2O2 concentration during high (39 °C) heat 
stress (Fig. 3a). Our data support that oxidative bursting is 
common in healthy corals and potentially a distinctive fea-
ture of functioning coral holobionts (Ousley et al. 2022). 
Furthermore, we show that coral bleaching by means of coral 
pigmentation loss and Symbiodiniaceae cell loss (Fig. 3b) is 
already apparent under moderate heat stress (Voolstra et al. 
2020) when oxidative bursting decreases compared to the 
baseline temperature and minor heat stress (Fig. 3a). In con-
trast, no oxidative bursting but a steady light-independent 
increase in H2O2 concentration occurred during high heat 
stress after the O2 concentration had declined (Figs. 3a, 4). 
The lack of O2 concentration recovery, the further decline 
in photosynthetic efficiency, together with the recorded loss 
of coral pigmentation, reduced number of Symbiodiniaceae 
cells, and tissue sloughing indicate the loss of photosynthetic 
activity and coral mortality (Fig. 3a, b).

We expected high background concentrations of H2O2 
suggesting H2O2 production through photosynthetic mecha-
nisms such as the Mehler reaction (Falkowski et al. 1985). 
Instead, we detected highly frequent oxidative bursting 
only at 30 °C, 33 °C, and 36 °C independently from the 
presence or absence of light as reported by Ousley et al. 
(2022) (Fig. 3a). The effect of light (decoupled from the 
effect of temperature) is clear when examining the dynam-
ics of H2O2 concentration during the baseline temperature 
profile which was kept at 30 °C throughout the CBASS 
assay and where frequent oxidative bursting was detected 
during both day and night (Fig. 3a, S12). These findings 
highlight that other light-independent mechanisms contrib-
ute to the production of H2O2 within the coral holobiont. A 
plausible source of the observed bursts is the membrane-
bound NADPH oxidase, which catalyzes the production of 
superoxide (O2

−) and can be found in the coral host, algal 
symbionts, and bacteria (Hansel and Diaz 2021; Saragosti 
et al. 2010). Since oxidative bursting was high at 30 °C and 
33 °C but decreased with increasing thermal stress (36 °C 
and 39 °C), we assume bursting is a sign of a healthy coral 
holobiont (Ousley et al. 2022). This is supported by con-
comitant active photosynthesis and stable photosynthetic 
efficiency, coral pigmentation, and Symbiodiniaceae cell 
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Fig. 4   Comparison of  H2O2 and O2 concentration dynamics under 
high heat stress (39  °C) during day- and nighttime. Microsen-
sor measurements of a representative coral nubbin from a 39  °C 
CBASS run a during the day (n = 4) and b during the night (n = 1). 
Light (yellow) and temperature (gray) curves as well as H2O2 (red) 
and O2 (blue) concentrations are shown. Dashed lines indicate the 
time points when the white light (at 19.00h) and the blue light (at 
19.30h) were switched off and when all lights were switched back on 
the next morning (at 07.00h) and additionally switched back off after 
the night run (at ~ 08.18h , 4b). a O2 concentration decreased during 

daytime without recovery the following morning. H2O2 concentra-
tion started to increase at  16.00h after ~ 3  h of thermal stress (heat-
hold) and peaked around 19.00h at ~ 45 µM  before decreasing again. 
b O2 concentration decreased with decreasing light availability with-
out a subsequent increase the next day. H2O2 concentration started to 
increase at 04.00h after ~ 3 h of thermal stress (heat-hold) and peaked 
at 07.00h at ~ 50 µM before decreasing again. Switching the light on 
(07.00h) and holding the heat stress temperature for an additional 
hour- as well as increasing it again to 39 °C had no further impact on 
H2O2 concentration
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numbers of coral nubbins exposed to the baseline tempera-
ture and to minor heat stress (Fig. 3a, b). O2

− and H2O2 
occur at the surface of healthy coral colonies (Saragosti et al. 
2010; Ousley et al. 2022) and genes associated with ROS 
are involved in coral thermotolerance and resistance against 
pathogens (Dixon et al. 2015; Libro et al. 2013). Considering 
the role of H2O2 in cellular homeostasis, health, and signal-
ing, the coral holobiont likely evolved diverse mechanisms 
to produce and scavenge H2O2 (Fridovich 1998; Hansel and 
Diaz 2021). Moreover, the consistent occurrence of oxida-
tive bursts at the baseline temperature as well as under minor 
and moderate heat stress indicates that H2O2 was not, or at 
least not entirely, scavenged by the coral holobiont. How-
ever, we cannot make a definite claim about the gross rate 
of H2O2 production and the scavenging activity within the 
coral holobiont. Nevertheless, the presence of H2O2 at the 
baseline temperature and under minor heat stress as well as 
the absence of stress signs implies that oxidative bursting 
is not harmful to the organism. These findings show that 
the mere presence of H2O2 is not necessarily a hallmark for 
stress and must be interpreted with caution. Hence, oxidative 
bursting in coral holobiont physiology during non-stressful 
conditions warrants further investigation to eventually dis-
entangle the diverse roles of H2O2 in holobiont health and 
functioning.

The occurrence of oxidative bursting and maximum 
concentrations of H2O2 were highly variable across repli-
cates (i.e., single polyps of a nubbin replicate), corrobo-
rating earlier findings (Ousley et al. 2022). Such variation 
likely comes from spatial differences in the abundance and 
momentary strength of sinks and sources of H2O2 across the 
coral surface (Hansel and Diaz 2021). While polyp-scale 
data are lacking to confirm within coral colony variability, 
differences in the distribution of Symbiodiniaceae, bacte-
ria, and mucus-associated microbes (among others) of the 
coral holobiont that possess NADPH oxidase activity have 
been found, which may contribute to the variability across 
polyps (Rohwer et al. 2002; Daniels et al. 2011; Hansel and 
Diaz 2021). Furthermore, NADPH availability may impact 
the production of O2

− and therefore the occurrence of oxi-
dative bursts. O2 concentration also fluctuated (Fig. 3a), 
which might be caused by the scavenging activity of cata-
lase, which converts H2O2 to O2 and water. However, no 
quantitative assessment of the correlation between the H2O2 
and O2 fluctuations can be undertaken, since the microsen-
sors were not positioned directly on the same polyp but on 
neighboring polyps.

Previous attempts to define extracellular ROS dynamics 
on live corals quantified ROS in the ambient water sampled 
from nearby coral tissue (Saragosti et al. 2010; Armoza-
Zvuloni and Shaked 2014; Armoza-Zvuloni et al. 2016; Diaz 
et al. 2016; Szabó et al. 2020). These measurements fail 
to reflect the temporal dynamics and variability of ROS, 

highlighting the importance of fine-scale temporal and spa-
tial resolution measurements at the coral tissue interface to 
capture ROS dynamics within the coral holobiont (Ousley 
et al. 2022). Despite the limitations imposed by the exclusive 
measurement of H2O2 (and NO due to the cross-sensitivity 
of the microsensor) in our study, we contend that H2O2 
remains one of the most important ROS in the process of 
bleaching (Downs et al. 2002). Furthermore, our research 
enabled a highly time-resolved monitoring of both H2O2, 
and O2 concentrations, yielding novel insights into the 
chronological sequence of events unfolding through ther-
mal stress. For future studies, we propose to investigate the 
production of other ROS during thermal stress using time-
resolved monitoring methods.

High concentrations of ROS are commonly associated 
with thermal stress (Lesser 2011). Specifically, the increased 
production of H2O2 in algal endosymbionts at elevated 
temperatures has often been reported (Lesser et al. 1990; 
Lesser 1996; Smith et al. 2005). However, we show that 
this relationship is not always observed and becomes only 
apparent at high levels of heat stress (39 °C). Also, the rela-
tionship is more complex due to the multifaceted sources 
of H2O2 including oxidative bursts, which naturally occur 
in healthy corals (Ousley et al. 2022) (Fig. 3a). Previous 
studies detected decreased photosynthetic efficiency and 
increased oxidative stress during elevated temperatures in 
algal symbiont cultures (Lesser 1996) and corals (Lesser 
1997; Downs et al. 2002; Saragosti et al. 2010). Counter 
to our initial expectation, moderate heat stress (36 °C) that 
triggered bleaching did not result in higher H2O2 concentra-
tions compared to measurements obtained at the baseline 
temperature and under minor heat stress (Figs. 3a, S11). 
Importantly, we observed all hallmark signs of bleaching 
(i.e., decreased O2 concentrations during the day, reduced 
photosynthetic efficiency, coral pigmentation loss, and 
reduction in Symbiodiniaceae cell numbers) in corals 
exposed to moderate heat stress (36 °C) (Figs. 3a, b). Thus, 
our findings indicate that net H2O2 production is not directly 
related to (i.e., is decoupled from) photodamage and support 
previous studies that suggest that H2O2 is not the initial trig-
ger of bleaching (Tolleter et al. 2013; Rädecker et al. 2021; 
Dungan et al. 2022). Although we cannot exclude that the 
bleaching response was accompanied by increases in the 
intracellular gross production rate of H2O2, we could not 
measure an increase in net release of H2O2 at the polyp sur-
face. Since H2O2 molecules can cross polyp membranes, it 
can be assumed that gross H2O2 production did not exceed 
the intracellular capacity of antioxidant scavenging. Unex-
pectedly, we observed an overall decrease in H2O2 release 
in corals exposed to moderate heat stress but not in corals 
held at the baseline temperature or under minor heat stress. 
This may be explained by reduced gross H2O2 production 
or enhanced antioxidant activity within the coral holobiont 
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(Figs. 3a, S11). Considering the role of H2O2 in cell signal-
ing and the establishment of symbiotic relationships (Marino 
2012; Rosset et al. 2021), the paucity of H2O2 may (initially) 
underlie the loss of Symbiodiniaceae (Rädecker et al. 2021).

Importantly, during high heat stress (39 °C), a different 
type of H2O2 production was observed after O2 concentra-
tion declined and the temperature surpassed 36 °C during 
the ramp-up phase (Figs. 3a, 4). Notably, both the decreased 
occurrence of oxidative bursts and the steady increase of 
H2O2 concentration point toward the breakdown of H2O2 
homeostasis of the coral holobiont. A plausible explanation 
for this observation would be the controlled extracellular 
production of H2O2 via NADPH oxidase during bursting in 
contrast to an uncontrolled intracellular source during the 
steady increase, potentially caused by tissue necrosis and 
coral mortality. This is supported by the observation that 
neither switching the light on nor off impacted the already 
increasing or decreasing trajectories in H2O2 concentra-
tions. Furthermore, holding the temperature at 39 °C for 
an additional hour and increasing it to 39 °C for a second 
time after returning to the baseline temperature did not pro-
voke changes or a second increase in H2O2 concentration 
(Fig. 4b). Interestingly, the H2O2 concentration maxima 
reached during high heat stress were lower than the short 
burst maxima observed at the baseline temperature and 
under minor heat stress, yet resulted in the complete loss 
of photosynthetic activity. Although high heat stress can 
increase H2O2 production, it can also negatively influence 
the antioxidant capacity of the coral holobiont and there-
fore cause the steady increase in H2O2 concentration (Weis 
2008). However, our study cannot differentiate between an 
increased production of H2O2 from the source and a decrease 
in the capacity of the coral holobiont to act as an H2O2 sink. 
Nevertheless, our findings confirm that multiple sources of 
H2O2 coexist within the coral holobiont and determine net 
H2O2 levels.

Photosynthesis‑independent increase in H2O2 
concentration

Damage to the photosystem of algal symbionts due to ther-
mal stress has often been proposed as a major source of ROS 
(Lesser 1997; Downs et al. 2002; Smith et al. 2005). How-
ever, tracking H2O2 concentrations at night under high heat 
stress (39 °C), we show that the increasing H2O2 concentra-
tion is  light-independent. H2O2 concentration was  already 
increasing steeply before switching the light on at 07.00h, 
and this increase was unaffected by the light condition (on or 
off) (Fig. 4, Figs. S13–S18). These findings show that H2O2 
concentration is decoupled from photosynthesis and even 
from photosynthetically derived O2 (Fig. 4b). Therefore, our 
results show that photosynthesis within the algal symbiont 
is not the major source of increasing H2O2 concentrations 

during high heat stress, arguing for a source of H2O2 within 
the coral holobiont.

Given that thermal stress increases oxidative stress in 
algal cultures (Lesser 1996), previous ROS studies have 
often focused on the photosynthetic symbiont. However, 
coral bleaching can occur in the absence of light (Tolleter 
et al. 2013). Furthermore, ROS is produced in bleached cor-
als (Saragosti et al. 2010) and when the electron flow of 
the photosystem machinery is chemically inhibited (Ousley 
et al. 2022), pointing at other ROS sources within the coral 
holobiont. For instance, thermal stress can increase respira-
tion and electron transport inhibition of the coral host and 
algal symbionts within the mitochondria as well as of associ-
ated bacteria, resulting in the increased production of H2O2 
(Fridovich 1998; Murphy 2009). Furthermore, sources of 
NO production within the coral holobiont must also be con-
sidered, since the H2O2 microsensor has a cross-sensitivity 
to NO (Ousley et al. 2022). NO can react with superoxide 
and form highly reactive hydroxyl radicals and inactivate the 
mitochondrial electron transport chain, further increasing 
ROS concentrations (Radi et al. 2000). Notably, NO con-
centration increases under elevated temperatures and is also 
likely involved in coral bleaching (Perez and Weis 2006; 
Bouchard and Yamasaki 2008; Jury 2022). Lastly, a change 
in the sink mechanisms may also contribute to a net increase 
of H2O2 under high heat stress. Within the coral holobiont, 
H2O2 is highly controlled by antioxidant enzymes that are 
specialized in scavenging O2

− and H2O2 (Fridovich 1998; 
Mittler 2002). When antioxidant activity decreases, the bal-
ance between production and degradation can be disrupted, 
causing increased H2O2 concentrations.

Disentangling the effect of temperature and light in H2O2 
production during coral bleaching is not straightforward 
especially because both heat and light co-occur in natural 
reef settings. Our study helps to disentangle the effects of 
temperature and light on H2O2 production via time-resolved 
monitoring of H2O2 and O2 concentrations throughout the 
different temperature profiles of the CBASS. The compari-
son of  H2O2 trajectories throughout the different CBASS 
profiles allowed to clearly identify the isolated effects of 
light and temperature (Fig. S12). Furthermore, fine-scale 
microsensor data allowed the examination of H2O2 concen-
trations seconds before and after the light is switched on/
off to determine whether the trajectory of H2O2 concentra-
tions under heat stress is shifted by the presence or absence 
of light (Figs. S13-S18). The interactive effect of tempera-
ture and light during bleaching in natural field conditions, 
however, deserves further attention in future studies. In 
our experimental design, for instance, lights were simply 
switched on and off to examine the light dependency of the 
H2O2 production. Light enhances the impact of thermal 
stress in corals (Warner et al. 1999). Thus, understanding the 
effect of gradual increases/decreases in light intensity and 
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different light levels on photosynthesis and H2O2 production 
remains of great value.

We demonstrate that in corals exposed to high heat stress, 
O2 concentration decreases before H2O2 concentration 
increases (Fig. 4a). When corals are exposed to elevated 
temperatures, a decrease in O2 concentration can be initiated 
by enhanced respiration rates of the host which accelerate 
O2 consumption (Coles and Jokiel 1977). Furthermore, the 
loss of algal symbionts as well as the inhibition of photo-
synthesis due to the reduction of electron transport and dam-
age to the photosystem II could further contribute to the 
decrease of homeostasis (Long et al. 1994; Niyogi 1999). 
No net O2 release was detectable after the increase in H2O2 
concentration following exposure to high heat stress (Fig. 4). 
The absence of O2, the decline in photosynthetic efficiency, 
the loss of coral pigmentation and Symbiodiniaceae cells, 
and the observed tissue sloughing point to the continuous 
deterioration of the photosynthetic system, the complete 
breakdown of symbiosis and coral mortality. By nature of 
experimental limitations, we could only count Symbiodini-
aceae cells following heat stress exposure. Thus, we could 
not determine the chronological sequence of algal symbiont 
loss and O2 decline. Further experiments with algal symbi-
ont counts at different time points during heat stress should 
clarify this.

H2O2 – neither the trigger nor the “smoking gun” 
but a hallmark of coral bleaching

Coral bleaching occurs in the absence of oxidative stress, 
indicating ROS-independent bleaching (Diaz et al. 2016; 
Nielsen et  al. 2018). Furthermore, no increase in ROS 
concentration was detected in the coral model Exaipasia 
diaphana although photosynthetic efficiency decreased after 
12 days of thermal stress exposure reaching 34 °C (Dun-
gan et al. 2022). Other studies mark the occurrence of coral 
bleaching before an increase in antioxidant activity is noted, 
suggesting the presence of oxidative stress at a later stage 
(Gardner et al. 2017). These studies highlight the impor-
tance of disentangling the chronological sequence of ROS 
production and coral bleaching and support our findings of 
H2O2-independent bleaching. This view may be challenged 
by the ability of exogenous antioxidants to mitigate bleach-
ing (Lesser 1997). However, we also provide evidence of 
H2O2-induced loss of photosynthetic activity. We show 
that H2O2 increases during high heat stress (39 °C) but that 
this is not connected to the prior decrease in photosynthetic 
performance, coral pigmentation, or symbiont loss during 
moderate heat stress (36 °C). While the sustained production 
of H2O2 during high heat stress seems to correlate well with 
bleaching, correlation does not imply causation. The key 
question thus becomes, whether increasing concentrations 
of H2O2 are the cause of  bleaching or the consequence of 

a bleaching coral holobiont. Based on the temporal resolu-
tion of our data, we provide evidence that the continuously 
increasing concentration of H2O2 during high heat stress is 
a consequence of the bleaching process. Hence, we conclude 
that increasing H2O2 concentrations are neither the trigger 
nor the “smoking gun” of coral bleaching within our experi-
mental framework, but rather a hallmark accompanying the 
sequence of events underlying coral bleaching. Therefore, 
our results support growing evidence that coral bleaching 
is driven by H2O2-independent mechanisms (Morris et al. 
2019; Rädecker et al. 2023; Rädecker et al. 2021).

Conclusion

H2O2 is a prevalent ROS in coral holobionts and considered 
one of the underlying causes of coral bleaching, leading to 
the loss/expulsion of algal symbionts (Downs et al. 2002). 
Our study provides evidence that H2O2 is neither the direct 
(trigger) nor the proximate cause (“smoking gun”) of coral 
bleaching. Coral holobionts constantly produce H2O2 and 
oxidative bursts seem to be a hallmark of coral function-
ing, whereas the steady increase in H2O2 levels under high 
heat stress indicates the breakdown of controlled H2O2 
production within the coral holobiont and eventual coral 
mortality. We found that photosynthetically produced H2O2 
is neither the major source of oxidative bursting nor the 
cause of increasing H2O2 under high heat stress. Impor-
tantly, although corals bleached under moderate heat stress, 
increasing H2O2 concentrations were only detected under 
high heat stress. Resolving the chronological sequence of 
ROS production and coral bleaching holds the key to better 
understanding the role of ROS within the coral holobiont. 
Identifying the causative trigger of coral bleaching is impor-
tant to devise strategies that mitigate bleaching and improve 
predictions of climate change impacts on coral reefs.
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