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Abstract Mass coral bleaching events have become
increasingly frequent since the 1980s as sea surface tem-
peratures have risen. Extremes of light and temperature
stress leading to coral bleaching can develop when doldrum
meteorological conditions occur during a marine heatwave
event. The coral bleaching model simulates bleaching by
tracking the build-up of reactive oxygen species driven by
temperature-mediated, light-driven oxidative stress, trig-
gering symbiont cell expulsion. This study is the first to
evaluate the coral bleaching model for its ability to simulate
heat and light stress dynamics in the coral Acropora kenti
over multiple doldrum events and an intermediate recovery
period. We tested model fidelity by comparing model pre-
dictions against laboratory measurements of coral bleaching
stress taken during an emulated multi-doldrum marine heat-
wave event, incorporating artificial shade treatments. The
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model consistently predicted greater bleaching at increased
temperatures and reduced shade levels, with an intermediate
recovery period simulated between the doldrum events. Sim-
ulated bleaching stress captured up to fifty per cent of the
variation in observed antioxidant enzyme activity. This study
confirms that the significant emergent features of the model
are present, as overall, the model adequately represented
bleaching outcomes concerning the interactions between
temperature and light. Thus, process-based modelling could
be a valuable tool for predicting bleaching outcomes and
optimising shading techniques, providing scientific manag-
ers with actionable strategies for mitigating coral bleaching.

Keywords Marine heatwave - Coral bleaching -
Numerical model - Reactive oxygen species - Shading
intervention

Introduction

The proportion of time the global ocean is subject to marine
heatwave (MHW) conditions has increased by more than
50% from 1925 to 2016, relative to a fixed baseline (IPCC
2021; Oliver et al. 2018). MHWs, as defined by Hobday
et al. (2016), are periods when sea temperatures exceed
the 90th percentile of the local climatology for five days or
more, regardless of season. Mass thermal coral bleaching
events (CBEs) typically occur during summertime MHWs,
and since 1998, the Great Barrier Reef (GBR) has expe-
rienced eight such events, with five occurring since 2016
(Cantin et al. 2024). The increasing occurrence and inten-
sity of CBEs during these MHW conditions due to climate
change have been of high concern since the 1990s (Hoegh-
Guldberg 1999; Hughes et al. 2018). The frequency of
MHWs is predicted to increase over the remainder of this
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century (Oliver et al. 2019). Consequently, without inter-
vention, mass bleaching events are likely to increase in both
prevalence and severity (Hughes et al. 2018).

When elevated sea surface temperatures coincide with
clear skies and transparent waters, light stress is intensified
alongside heat stress during severe coral bleaching events
(Baker et al. 2008; Mumby et al. 2001). Doldrums are equa-
torial regions of calm winds within the intertropical conver-
gence zone and have been linked to mass CBEs (DeCarlo
et al. 2017; Miller et al. 2009; Richards et al. 2024). Dur-
ing doldrum periods, reduced wind speeds lead to calmer
surface conditions and increased settlement of particulate
matter. These changes enhance the penetration of visible and
ultraviolet light into the water column, as smoother surface
conditions reflect less light and clearer water allows deeper
transmission. Both factors can accelerate coral bleaching
(Jones et al. 1998, 2000). The effects of temperature stress
during a MHW on various coral genera have been investi-
gated (Martell and Zimmerman 2021; Middlebrook et al.
2010; Sahin et al. 2023). However, model representations
of coral response during simulated marine heatwaves with
multi-doldrum periods are limited, underscoring the need
for simulations that represent coral bleaching under the
combined stressors of elevated irradiance and increased
temperatures.

A recent meta-analysis concluded that reducing incident
light with shade during heat stress could alleviate coral
bleaching impacts (Tagliafico et al. 2022). Forms of natu-
ral shade observed in the reef environment include depth
(Baird et al. 2018a), turbidity (Teixeira et al. 2019), shade
from mangroves (Stewart et al. 2021), other coral colonies
(Stimson 1985), self-shading within a colony (Anthony et al.
2005), and cloud presence (Leahy et al. 2013). Artificial
shading was first experimented with using neutral-density
screens (Coles and Jokiel 1978) and has since gained rec-
ognition as a viable strategy for preventing coral bleaching.
Shading corals in aquaria can delay bleaching up to a mod-
erate heat stress accumulation, preventing photochemical
collapse (Ellis et al. 2024), and increasing the duration of
shading can enhance protection against environmental stress
factors (Butcherine et al. 2023). Shade cloth is a favoured
option for reducing irradiance (Kramer et al. 2016; Taglia-
fico et al. 2022), though species-specific responses to shade
cloth application (Butcherine et al. 2023; Ellis et al. 2024)
and the scalability of this method present challenges for
broader application (Harrison et al. 2019). To address these
scalability constraints, fogging was proposed by the Reef
Restoration and Adaptation Program as a regional-scale
shading technique to reduce light stress at reef depth (Bay
et al. 2019; Harrison 2024). Fogging is believed to be most
applicable at low wind speeds, such as during doldrum peri-
ods. As reef interventions transition to deployment in natural
reef environments, numerical modelling will be required to
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optimise deployment strategies. By extrapolating perfor-
mance outcomes and quantifying potential risks, modelling
will be crucial for evaluating shading as a scalable manage-
ment tool for mitigating coral bleaching.

Numerical modelling is crucial in understanding sym-
biont photochemistry during coral bleaching events. The
validation of coral physiological models ensures they accu-
rately represent the sequence of events leading to bleaching
(Ellis et al. 2025b) and remain a dynamic tool for manage-
ment (Larsen et al. 2017). Model fidelity can be determined
through evaluating how well model outputs align with pho-
tophysiological observations. Since different proxies cap-
ture distinct pathways in the bleaching cascade, selecting a
representative proxy is critical to assessing model fit. Doing
so will enhance predictive accuracy and deepen our under-
standing of the bleaching process.

Tracking the coral bleaching response can constrain the
relative contributions of light and temperature to the bleach-
ing process. The over-production of reactive oxygen species
(ROS) and reduced repair or removal processes can lead to
increased levels of oxidative damage under combined heat
and light stress (Murphy et al. 2022). Proxies of oxidative
stress in corals include members of the antioxidant system
triggered by the in vivo generation of ROS, the photosys-
tem efficiency of the coral’s endosymbiotic algae, and visual
indications of bleaching. However, the connections between
bleaching cascades (e.g. photoinhibition) and endpoints
(including mechanisms of symbiont loss, such as apopto-
sis, necrosis, and exocytosis) are poorly understood (Helgoe
et al. 2024). Quantifying the individual pathways that lead
to a photochemical, physiological, and visual response to
environmental stress may inform the mechanisms of coral
bleaching in a marine heatwave event and serve as bench-
marks to validate physiological models predicting bleaching
outcomes.

In this study, we examine whether a coral physiologi-
cal model can accurately simulate a response to both an
accumulation and recovery of heat and light stress over
two distinct doldrum events in an emulated marine heat-
wave event. Bleaching simulated by the model was com-
pared with observations of antioxidant enzyme activity,
mean intensity of grey (MIG), and the number of frag-
ment removals for Acropora kenti. We directly compared
observed photosynthetic efficiency to the calculated model
equivalent, and observed antioxidant enzyme activity was
used to assess simulated bleaching stress. These results will
determine whether mechanistic modelling from the perspec-
tive of the symbiont provides a realistic projection of coral
bleaching outcomes over a theorised multi-doldrum marine
heatwave-driven bleaching episode. By integrating experi-
mental measurements with mechanistic modelling, this
study contributes to an ongoing effort to predict the impacts
of environmental stress on coral reef ecosystems.
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Methods
Experimental incubations summary

Ten colonies of Acropora kenti (formerly A. tenuis (Bridge
et al. 2023)) were collected from Davies Reef (18° 49.20S,
147° 38.82E), Great Barrier Reef (GBR), Australia, from
a depth of between four and six metres. Previous experi-
mentation using A. kenti has demonstrated that shade is
ineffectual under heat stress (Ellis et al. 2024); however,
there is a relevance to investigating the response of a model
coral candidate such as A. kenti. A. kenti is an abundant
coral species with a broad geographic distribution on the
GBR and thus represents an ideal species to refine models
of the coral-algae symbiosis (Messer et al. 2024). The sub-
sampling of branches from A. kenti in the field provided
intra-organism statistical replication.

The coral colonies were held at the National Sea Simula-
tor facility, Australian Institute of Marine Science, Towns-
ville, Australia, for three days before fragmentation. Each
coral colony was fragmented into 150 X 5 cm fragments and
then acclimated for 20 days under a maximum PAR of 150
pmol photons m~2 s~ (daily light integral (DLI) of 4.13 mol
photons m~2 d~!). After acclimatisation, fifty A. kenti frag-
ments from each of the ten genotypes were assigned between
the experimental tanks (four replicate tanks per treatment
equated to 36 X 50 L tanks). The experimental tanks were
supplied with filtered (0.2 pm) flow-through seawater at
28.5°C (the maximum monthly mean (MMM) for the col-
lection site) at 0.8 L min~! and were circulated with a pump
at~1800 L h™".

A 70-day manipulative experiment tested the responses of
A. kenti to an orthogonal combination of shade (three levels:
an unshaded control, 15% and 30% shade) and temperature
(three levels: ambient control, moderate heat stress, and high
heat stress).

Windspeed data from the Bureau of Meteorology
ACCESS-R model were extracted from the eReefs hydro-
dynamic model and used to estimate the wind conditions
and identify doldrum occurrence. Doldrum duration and
occurrence were determined using aggregated atmospheric,
in-water, and modelled data from bleaching summers on the
GBR, with a typical bleaching profile for individual reefs.
The identified doldrum duration and occurrence pattern set
the light and temperature regime. Water temperature data
recorded at a depth of 4 m from the Davies Reef weather
station in the Great Barrier Reef (1997-2022; AIMS 2020)
were used to calculate the maximum monthly mean (MMM)
of 28.5 °C, following the method described by Heron et al.
(2016), with modifications to include only field-based meas-
urements. Additionally, field data collected at 11 m depth
during the summers of 2020 and 2021 were used to deter-
mine peak daily PAR and DLI experimental light intensity.

A DLI of 15.95 mol photons m~2 d~! (with a peak PAR of
585 umol photons m~2 s~!) was set to determine the normal
summertime condition at 4 m on Davies Reef (N. Cantin &
V. van Dongen-Vogels, personal communication, February
16, 2023). The proposed DLI for the 15% treatment was
13.75 mol photons m~2 d~! (500 pmol photons m~2 s~1); the
proposed DLI for the 30% treatment was 11.28 mol photons
m~2 d~! (410 pmol photons m~2 s~!). The light intensity
was varied as a half-sine curve over a photoperiod with a
12 h light: dark cycle. The Degree Heating Weeks (DHW
(°C-weeks)) were calculated for each temperature treatment.

The experiment consisted of two emulated 14-day dol-
drum events. The first doldrum event commenced one week
after the start of the experiment. The time between the start
of the experiment and the first doldrum event is referred to as
the pre-doldrum event. Each doldrum event was split into a
ramp-up period, the doldrum period itself, and a ramp-down
period. Water temperatures were increased over 4-5 days in
the ramp-up period of each doldrum event and decreased
over 3—4 days in the ramp-down period at the end of each
doldrum event to represent the slower increase and faster
decrease in water temperature around doldrum periods. The
time between the two doldrum events is the intermediate
recovery period (days 30-35); the time between the second
doldrum event and the end of the experiment is the recovery
period post-doldrum two. The temperature of the interme-
diate recovery period and the recovery post-doldrum two
was held below the MMM. The irradiance of the interme-
diate recovery period and the recovery post-doldrum two
was lowered from values in the pre-doldrum period due to
observations of progressed coral bleaching during the first
doldrum event. Light intensity was decreased to a DLI of
8.25 mol photons m~2 d~! with a maximum PAR (PAR
of 300 umol photons m=> s~ 1.

Photosynthetically active radiation (PAR; pmol photons
m~2 s7!) was measured with Odyssey Submersible loggers
(ODYPARW, Dataflow Systems Pty Ltd, New Zealand; 15
min interval; cross-calibrated against an LI-250A light meter
with an attached LI-192 underwater quantum sensor (LI-
COR®, USA)). One logger was placed in the experimental
tank at coral depth for each light treatment. The PAR values
were used to convert light panel intensity to the level of
light received at the coral fragment depth. Temperature (°C)
was averaged between values recorded by HOBO pendant
loggers (HOBO MX2201, Onset, USA; 5 min interval, res:
0.04 °C) and by a series of DS18B20 temperature probes
(n="T) connected to the Seasim internal monitoring system.

To calculate dissolved inorganic nitrate and phosphate,
10 mL samples of incoming water were collected every
four days (n=18) and filtered through polyethersulfone
hydrophilic, non-sterile 0.45 um filters (Minisart®) into
10 mL polypropylene vials. Vials were immediately fro-
zen (—18 °C) and stored for analysis. Concentrations of

max)
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ammonium (NHI), nitrate (NO; ) and nitrite (NO; ) were
determined using a SEAL Analytical AA3 Segmented Flow
5-Channel Analyser. Reagents produced a measurable col-
our change in the presence of the analytes, which were then
measured by a colourimeter.

Coral fragments were fed once daily with green micro-
algae-enriched rotifers at a density of 0.35 individuals per
millilitre of tank water per day (0.35 ind mL~"' d~!) and non-
enriched instar I Artemia salina at a density of 0.5 nauplii
per millilitre of tank water per day (0.5 nauplii mL~! d™1).
The incoming water flow rate was decreased during feed-
ing. The concentration of particulate organic matter (POM)
added to each 50 L tank at the time of feeding, with no
water exchange, was calculated at 1019.25 mg m™, based on
the combined dry weight of Artemia salina instar I nauplii
(~2 pg) (Vanhaecke and Sorgeloos 1980) and rotifer nauplii
(~0.3 pg) (Theilacker and Kimball 1984). The experimental
tanks, including the pump, tank sides, and coral trays, were
cleaned every two days or as necessary.

Experimental photochemical proxy

Coral photochemistry was measured by pulse amplitude
modulated (PAM) fluorometry. Repeated measures were
conducted every 4-6 days (n=13). The fibre-optic probe
of the PAM fluorometer (©Heinz Walz diving PAM I) was
positioned ~3 mm away from the coral tissue. PAM settings:
measuring light intensity = 8, measuring light frequency =3,
saturation width =0.8, saturation intensity =8, signal
damping =3, and gain=2. Corals were low light adapted
(~5 pmol photons m~2 s~! for at least 20 min (Goyen et al.
2017)) before measurements of PSII photochemistry (F,/F,,;
dimensionless) were conducted ~ 1.5 h post-dawn.

Experimental visual proxy

The mean intensity of grey (MIG) is a colour analysis tech-
nique using digital photographs of coral fragments to quan-
tify ‘whiteness’ (McLachlan and Grottoli 2021) and was
used as a visual indication of coral health. Repeated meas-
ures of MIG were conducted every 4-6 days (n=14). Algal
overgrowth was removed before measurements. Images were
taken of the coral fragments in their tanks from above at
midday with consistent settings (Canon EOS R6 mirrorless,
Canon RF 24-105 f/4-7.1 IS STM lens, SS: 1/60, focal
length: 24 mm, manual white balance: 10000K, ISO-6400,
F=4) in a consistent light environment, with limited water
distortion and surface reflection. A colour correction calibra-
tion card (Datacolour SpyderCheckr 24) was used to correct
minute variations in lighting between images. Image correc-
tions were performed in Adobe Lightroom Classic v12.2 and
SpyderCheckr v1.6. In ImageJ (ver. 1.54d), a macro-function
was used to outline the area of each coral fragment in the
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image. The average values of each RGB (red—green—blue)
score were calculated and converted to 8-bit greyscale
((R+G +B)/3) to calculate the MIG for each fragment.

Experimental physiological proxies

This section details the methods used to determine the
experimental proxies for evaluating model outputs.

Coral tissue extraction

Coral fragments were destructively sampled at 5, 19, 40, 54,
and 68 days. Three fragments were randomly selected from
each tank (n=108 fragments taken per sampling event).
Compressed air was used to extract coral tissue, and 2 mL of
ice-cold 0.01 M phosphate-buffered saline (PBS) was added
to each fragment to facilitate tissue removal. The removed
tissue from each fragment and PBS mixture was collected in
plastic bags and split equally between two 2 mL pre-weighed
tubes (Rangel et al. 2019). Tubes were shaken, snap-frozen
in liquid nitrogen, and stored at — 80 °C until analysis.

Biochemical assays

From one tissue sample (Tube 1), the total soluble protein
content and catalase (CAT) activity were determined. From
the second tissue sample (Tube 2), the total superoxide dis-
mutase (SOD) activity and total soluble protein content were
determined. SOD- and CAT-specific activity was normalised
to protein content (units (U) mg™! protein). All analyses used
a BioTek Synergy H4 Microplate Reader and were corrected
for path length. To determine tissue wet weight, tubes 1 and
2 for each coral fragment were centrifuged at 3500 X g for 5
min at 4 °C. The supernatant was discarded, and the result-
ant tissue was weighed.

Tube 1 samples were transferred into a 10 mL polypro-
pylene tube containing 2 mL of PBS (3 mL final volume).
The pellet from Tube 2 samples was resuspended in ice-cold
PBS at 80 mg tissue mL™!, vortexed, and then transferred
into a 10 mL polypropylene tube. Tubes 1 and 2 samples
were pulsed (~ 15 s) with a stick homogeniser IKA ULTRA-
TURRAX T 10; 10,000 rpm).

To determine protein concentration from Tubes 1 and 2,
200 pL of the homogenate was transferred into an empty
microcentrifuge tube on ice containing 1 mL of PBS and
then centrifuged at 7000 X g for 5 min at 4 °C. Protein in the
cell lysate was determined at 595 nm following Bradford
(1976), with bovine serum albumen as the standard. Pro-
tein concentration was estimated from a standard curve and
expressed as mg mL~'. A 150 uL or 5 pL aliquot of tissue
homogenate was used to analyse for a low- or high-protein
concentration, respectively (Bradford 1976).
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For the analysis of CAT, a 50 uL aliquot of tissue
homogenate from Tube 1 was used to estimate CAT activity
at 240 nm every 30 s for 4 min following Beers and Sizer
(1952), with modifications for the microplate (Li and Schell-
horn 2007). The change in absorbance of 0.01 M hydrogen
peroxide (H,0,) was used to estimate CAT activity using a
molar extinction coefficient of 43.6 M~! cm™!. The CAT-
specific activity was expressed as U mg™! protein, in which
1 unit of CAT is required to decompose 1.0 uM of H,O, per
minute at 25 °C (Weydert and Cullen 2010).

For the analysis of SOD, a 200 pL aliquot of the tissue
homogenate from Tube 2 was used to measure the inhibition
of nitroblue tetrazolium reduction with xanthine-xanthine
oxidase as a superoxide generator (Sun et al. 1988). The
reaction mix was incubated at 25 °C for 30 min, and the
absorbance change at 560 nm was compared to a standard
curve to estimate percentage inhibition. The total SOD-spe-
cific activity was expressed as U mg™! protein.

Fragment removals

During the experiment, compromised fragments (>70% tis-
sue removal — visual inspection) were removed from each
experimental tank to preserve the remaining coral fragments.
The total number of removals per treatment per day was
recorded.

Statistical analysis

Independent replicates were used to test for significant dif-
ferences (@ <0.05) in CAT and SOD activity at five destruc-
tive sampling points (0, 19, 40, 54, and 68 days). A permu-
tational multivariate analysis of variances (PERMANOVA)
was conducted using Primer v6 & PERMANOVA + (Clarke
and Gorley 2006), following the framework of Anderson
(2017). The model included the factors shade (fixed, 3 lev-
els), temperature (fixed, 3 levels), and tank (random, 36 lev-
els), nested within temperature X shade.

From the above factorial structure, shade and temperature
were used to test for differences in the number of remov-
als per tank. To test the repeated measures F/F,, (13 time
points) and MIG (14 time points) data, time was added as
a fixed factor (13 or 14 levels) to the above factorial struc-
ture. Where significant variation was observed among tanks
nested within temperature x shade, a permutational analysis
of multivariate dispersion (PERMDISP) was performed to
determine whether the significance was due to differences in
dispersion rather than location. No significant differences in
dispersion were detected for SOD and CAT, indicating that
the observed tank effect was not driven by heterogeneity of
variances; the significant tank effect was not investigated
further. Genotype was excluded from the final model as no
significant differences were observed between genotype

levels. All statistical tests used pair-wise comparisons when
significant main effects or their interactions were detected.
PERMANOVA analyses were based on a normalised Euclid-
ean distance dissimilarity matrix, used Type III sum of
squares, and were run with 9999 iterations using permuta-
tion of residuals under a reduced model.

Linear regression analysis tested for a statistically sig-
nificant relationship (@ <0.05) between the activity of the
antioxidant enzymes CAT and SOD, between CAT activity
and simulated ROS concentration, and between SOD activ-
ity and simulated ROS concentration. CAT or SOD activity
values collected for the same treatment at the same time
point were averaged. Regression analyses were conducted
in MATLAB (2023).

Model description

The coral bleaching model (CBM) has been applied in multi-
year simulations within the CSIRO eReefs Environmental
Modelling Suite (Baird et al. 2021, 2018b) and is a valuable
tool for assessing management strategies on the GBR (Sco-
field et al. 2024). Model parameters were derived from a
laboratory study using cultures of Symbiodinium phylotypes
(Suggett et al. 2008). A one-polyp configuration of the CBM
was developed to facilitate model assessment against labora-
tory experiments (Ellis et al. 2025b).

The CBM uses a process-based representation of the
coral-symbiont relationship. The simulated expulsion of
symbiont cells from the host is the bleaching mechanism
resulting from temperature-mediated, light-driven oxida-
tive stress. The expulsion rate depends on the temperature-
mediated build-up of ROS concentration surpassing a ROS
threshold of 1.42x 107 mg O cell™! under excess light.
Below the ROS threshold, no bleaching occurs (Suggett
et al. 2009). ROS concentration and symbiont cell expul-
sion rate are hereafter termed ‘simulated bleaching stress’
and ‘simulated bleaching’, respectively.

To mechanistically represent ROS-driven bleaching, the
model explicitly represents coral host biomass, symbiont
biomass, intracellular pigment concentration, and nutrient
status. The model’s photophysiological processes, including
photoadaptation, xanthophyll cycle dynamics, and reaction
centre state transitions, are quantified into model outputs.
For a full explanation of model formulations, see Baird et al.
(2018b) and Baird et al. (2021). The core elements of the
model are also explained in Ellis et al. (2025b). A summary
of the model is given below.

The symbiont model photosystem is divided into pigment
and reaction centre dynamics, where absorbed photons influ-
ence carbon reserves, reaction centre state, or ROS concen-
tration. Photochemical quenching occurs when chlorophyll
a and photosynthetic pigments (xanthophyll diadinoxanthin)
absorb photons, and electrons are passed to reaction centres;
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non-photochemical quenching dissipates excess photon
energy as heat via photoprotective pigments (xanthophyll
diatoxanthin). The model represents the xanthophyll cycle
as the switching between photosynthetic and photoprotec-
tive pigments, depending on the fraction of active to inactive
reaction centres.

Symbiont growth depends on internal nitrogen, phos-
phorus, and carbon reserves, which are shared across the
symbiont cell population and consumed to form structural
material at the Redfield ratio. Photon absorption drives the
process from carbon to fixed carbon; fixed carbon is assimi-
lated for symbiont cell growth. The internal reserves of
nitrogen, phosphorus, and carbon increase when the nutrient
supply exceeds the consumption for growth, and decrease
when the consumption for growth exceeds the nutrient sup-
ply (Baird et al. 2003). Diffusion-limited nutrient uptake
increases reserve levels. Pigment synthesis adjusts based on
photosynthetic efficiency, self-shading, and the fraction of
inhibited reaction centres (Baird et al. 2018b).

Carbon fixation is mediated by the ribulose-1,5-bispho-
sphate carboxylase/oxygenase (RuBisCO) enzyme, with its
activity controlled by a temperature-dependent formula-
tion, where a positive temperature anomaly reduces the rate
of carbon fixation. The NOAA bleaching index threshold
links a 1 °C anomaly above climatological MMM to reduced
RuBisCO activity (Baird et al. 2018b). Reaction centres
transition between oxidised, reduced, and inhibited states,
influencing ROS generation. The repair of inhibited reac-
tion centres to an oxidised state is temperature-dependent,
with the rate set to be able to repair damage inflicted by 10
mol photons m~2 d~! light. Photon absorption rates dictate
reaction centre transitions and ROS production, with a stoi-
chiometric ratio of the number of photons that generate ROS
set at 7000 mol photons (mg O,)~ ..

In the model state variables, carbon, phosphorus, and
nitrogen reserves were quantified as the concentration per
unit area of the symbiont cell population (hereafter referred

to as symbiont carbon, phosphorus, and nitrogen reserves).
Symbiont nutrient fluxes include nutrient uptake from the
overlying water column. We also present internal carbon,
phosphorus, and nitrogen reserves as a normalised value,
normalised to the maximum of that reserve that can be
stored within the population (hereafter referred to as inter-
nal carbon, phosphorus, and nitrogen reserves), resulting
in a value between 0 and 1. The chlorophyll a, photosyn-
thetic, and photoprotective pigments were quantified as the
concentration per unit area of the symbiont cell population.
The reaction centre states of oxidised, reduced, and inhibited
were presented as a normalised value, normalised to the total
number of reaction centres.

Model configuration

The single-polyp version of the CBM configured in Ellis
et al. (2025b) provided an enhanced representation of coral
responses. The model originally allowed detoxification to
reduce ROS to zero (Baird et al. 2018b). Revisions pre-
sented in Ellis et al. (2025b) included reducing the number
of photons that lead to the generation of one ROS, altering
the equation for ROS detoxification and removing the ROS
loss coefficient. This configuration of the CBM was used to
simulate coral responses here.

The environmental data of irradiance, temperature, and
nutrients recorded in the experiment (outlined above) were
used as forcings in the CBM. A single-value input forcing for
particulate organic matter concentration was provided for each
simulation (outlined above; 1019.25 mg m~3d™"). The MMM
was input as 28.5 °C. A four-day spin-up period of ambient
environmental data gave initial values for oxidised, reduced,
and inhibited reaction centre concentration. The revised model
configuration (Ellis et al. 2025b; Table 1) provided the initial
conditions for symbiont biomass, chlorophyll a concentra-
tion, and ROS concentration. For a list of initial conditions of
state variables used in the configuration to run the model, see

Table 1 Initial conditions of

. 3 Symbol  Description Value Units

state variables used in model

configuration cs Symbiont biomass 1 mg N m™2
Ry Reserves of nitrogen CS*0.5 mg N m™2
Rp Reserves of phosphorus CS*(1*((1/16)*(30.97/14.01)))*0.5 mg P m™?
R¢ Reserves of carbon CS*((106/16)*(12.01/14.01))*0.5 mg C m™?
Chl Symbiont chlorophyll a concentration CS*5.6786/30 mg m~>
X, Symbiont diadinoxanthin concentration Chl*¥0.2448%0.33 mg m~>
X, Symbiont diatoxanthin concentration Chl*0.2448*0.67 mg m~>
Oox Oxidised reaction centre concentration 8.3213x 107! mg m~>
Ored Reduced reaction centre concentration 7.7056x 107! mg m~>
Oin Inhibited reaction centre concentration 42112x1078 mg m~>
[ROS] Reactive oxygen species concentration ROSthreshold * 0.5 mg O cell™!

ROSthreshold=1.42x 107* mg O cell™!
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Table 1. The simulation timeframe was 70 days. Model simu-
lations were run in MATLAB (2023). See Data Availability
for access to the model code.

Model validation

The CBM was validated using photochemical, visual, and
physiological proxies of coral health recorded in the experi-
ment. Observations of catalase and superoxide dismutase
antioxidant activity, the mean intensity of grey, and the cumu-
lative number of removals (outlined above) were compared
to bleaching stress and bleaching simulated by the model.
Observed PSII photochemistry (F,/F,,) was compared to the
model equivalent—the oxidised fraction of reaction centres
(Eq. (1)). This represents the quantum efficiency of photosys-
tem II if all functioning reaction centres are open:

(Fv/Fm)model = (Qox/QT) (1)

where O, is the concentration of oxidised reaction centres,
and Q- is the total reaction centre concentration (Eq. (2)):

QT = Qox + Qred + Qin (2)

where Q,.4 is the concentration of reduced reaction centres,
and Q,, is the concentration of inhibited reaction centres.
Model F,/F,, was calculated for the same time F,/F,, was
measured in the experiment.

Results
Environmental data

The ambient temperature treatment (28.3+0.2 °C (aver-
age +SD)) remained below the MMM and thus accumu-
lated no heat stress (Fig. 1a). The moderate heat stress
treatment accumulated a total of 3 °C-weeks, separated
into 1.7 °C-weeks during the first doldrum event and
1.3 °C-weeks during the second (Fig. 1b) During these
events, the temperature was 30.75+0.15 °C in the first dol-
drum period and 30.64 +0.15 °C in the second. The high
heat stress temperature treatment accumulated a total of
4.6 °C-weeks, separated into 2.6 °C-weeks during the first
doldrum event and 2 °C-weeks during the second (Fig. 1c).
During these events, the temperature was 31.39+0.17 °C in
the first doldrum period and 31.19+0.17 °C in the second.
The first and second doldrum events lasted 16 and 14 days,
respectively, for all treatments. In the pre-doldrum period
(days 0—4), peak irradiance was recorded at 188.37 umol
photons m~ s~ (DLI 5.55 mol photons m~2 d~!) (Fig. 1d).
In the intermediate recovery period (days 30-35), peak irra-
diance was reduced to 108.03 pmol photons m~2 s~! (DLI
3.32 mol photons m~2 d~!). During the doldrum periods,
the irradiance peaked at 344.46 pmol photons m=2 s~! (DLI
10.23 mol photons m~2 d~1), 292.79 pmol photons m~—2 s~
(DLI of 8.69 mol photons m~2 d~!), and 241.12 pmol

32 T T T T T
16
20 (2) 0 DHW MMM + 1°C|
~ 2 @
%) 28 0.2
s 8
% 6 ? —Mean
£30 ‘2¥ Q |--95% CI
0 28 — |—-DHW
3 'z
32 60
30 4 —
58 2
Z 0 c\;o —Unshaded
0 O —159
S £ 2400 10 £ |—15% shade
§ % ‘n = & —30% shade
g S 200 5 A & --DLI unshaded
EEE (b £ --DLI 15% shade
3£ _‘A3 5 ['DLI 30% shade
5 =) -DIN &
E -
E g DIP
Z 20

0 5 10 15 20 25 30 35 40

Time (days)

Fig. 1 Recorded water temperature (mean temperature (°C) of the
day with 95% confidence limits (CL)) and Degree Heating Weeks
(DHW (°C-weeks)) accumulation for the ambient temperature (nomi-
nal 28.4 °C) (a), moderate heat stress (b) and high heat stress (c)
treatments, and maximum monthly mean (MMM; 28.5 °C)+1 °C.
PAR irradiance (umol photons m~2 s~') and daily light integral

(DLI; mol photons m™2 d™!) at the depth of coral fragments, in the
unshaded, 15% and 30% shade treatment (d). The concentration of
dissolved inorganic nitrogen (DIN; pmol L") and phosphorus (DIP;
pmol L™!) expressed in nitrogen-equivalent units relative to the Red-
field ratio (e)
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photons m~2 s~! (DLI of 7.16 mol photons m~2 d~!) in the
unshaded, 15% and 30% shade treatments, respectively.
Throughout the experiment, DIP (1.68+0.51 pmol L™!) and
DIN (0.95 +0.65 pmol L") varied (Fig. 1e). DIN remained
relatively stable from 16-56 days (0.63 +0.24 ymol L)
but peaked at 1.8 pmol L' and 2.9 pmol L' at day 12 and
61, respectively.

Model behaviour under ambient conditions

The model simulated an expanding population in the ambi-
ent temperature treatment. Symbiont carbon reserves and
symbiont population biomass increased throughout the
70-day model run (Fig. 2a, b, ¢). Symbiont carbon reserves
remained relatively similar between the three shade scenar-
ios at ambient temperature, increasing ~ 83-fold throughout
the model run. Symbiont population biomass increased ~26-
to 28-fold (all shade treatments). Thus, in the ambient sce-
nario, the model simulated individual symbiont cells that are
initially well-adjusted to the environmental conditions with
stable symbiont photophysiology.

As consumption exceeded supply with increasing bio-
mass, the symbiont’s internal reserves of nitrogen and
phosphorus decreased with cell division. Internal reserves
remained relatively similar between the shade scenarios at
ambient temperature (Fig. 2d, e, f). In the symbiont growth

Unshaded

15% shade

dynamics of the model, generating structural material for
an additional cell requires the equivalent of 100% internal
reserves of carbon, nitrogen, and phosphorus of one cell
(Baird et al. 2018b). Internal nitrogen and phosphorus
reserves show nutrients were moderately limiting; internal
nitrogen decreased by ~0.34 to 0.39 (dimensionless), and
internal phosphorus decreased by ~0.37 to 0.39 (dimension-
less) (across all shade scenarios). Carbon fixation was not
limited by temperature as the RuBisCO enzyme remained
active under an ambient temperature scenario (Online
resource 3: Fig. S1a), as demonstrated by the relatively sta-
ble internal carbon reserves (Fig. 2d, e, f). Nonetheless, due
to the day/night cycle, energy reserves were depleted each
night and returned to approximately half full during the day.
Thus, the overall population increase was more limited by
light than by nutrients.

An increasing quantity of the xanthophyll pigments (chlo-
rophyll a, photosynthetic and photoprotective pigment con-
centration) was simulated (Fig. 2g, h, i). The symbiont’s
photosynthetic capability was not compromised; total chlo-
rophyll a concentration increased ~28-32-fold (across all
shade treatments). Rapid xanthophyll switching from pho-
tosynthetic to increased photoprotective pigment concen-
tration between night and day was simulated with elevated
irradiance during the doldrum events. Daily xanthophyll
switching did not occur during reduced irradiance in the
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Fig. 2 Key model outputs for ambient temperature, unshaded (a,
d, g, j), 15% shade (b, e, h, k), and 30% shade (c, f, i, 1) scenarios:
symbiont reserves (carbon, phosphorus, and nitrogen (mg m~2)) and
symbiont biomass (mg N m~2) (a, b, ¢), normalised internal reserves
(nitrogen, phosphorus, and carbon (dimensionless)) (d, e, f), the con-
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intermediate recovery period and the recovery post-doldrum
two. Reduced xanthophyll switching occurred from 30-37
days (post-doldrum one) and 63—70 days (post-doldrum two)
in the unshaded and 15% shade scenario (Fig. 2g, h). In the
30% shade treatment, the reduced switching rate was simu-
lated for longer; the xanthophyll pigments were photosyn-
thetic at 28-39 days and 61-70 days (Fig. 2i), and reaction
centres were primarily oxidised (Fig. 21). The reaction cen-
tres were inactive during the day, with recovery simulated
overnight. As a result, the xanthophyll cycle was photopro-
tective mainly during the day and photosynthetic in the early
morning.

The varying light reserves over a day influenced the frac-
tion of reaction centres in the state oxidised, reduced, and
inhibited (Fig. 2j, k, 1). The fraction of inhibited reaction
centres in the unshaded scenario (Fig. 2j) largely followed
the downwelling light irradiance profile of the experiment
(Fig. 1d). Oxidised reaction centres remained stable through-
out the model run and peaked at~74% of the total reaction
centre concentration (across all shade treatments) (Fig. 2j,
k, I). At 6 am, the reaction centres were highly oxidised
(Online resource 4: Fig. S2j, k, 1), all xanthophyll pigments
were photosynthetic (Online resource 4: Fig. S2g, h, 1), and
the carbon reserves (both in the symbiont (Online resource
4: Fig. S2a, b, c¢) and internal reserves (Online resource 4:
Fig. S24d, e, f)) were depleted. A high proportion of oxidised

Unshaded 15% shade

reaction centres before solar noon (Online resource 4:
Fig. S2j, k, 1) led to a peak in carbon reserves (symbiont
(Online resource 4: Fig. S2a, b, ¢) and internal (Online
resource 4: Fig. S2d, e, f)). At solar noon, reaction centres
were highly inhibited (Online resource 4: Fig. S2j, k, 1),
and xanthophyll pigments were increasingly photoprotec-
tive (Online resource 4: Fig. S2g, h, i). The inhibited reac-
tion centres were detoxified by the morning into oxidised
reaction centres. Reaction centres were less inhibited with
increased shade, peaking at~78%, 76%, and 56% of the total
reaction centre concentration, in the unshaded, 15% shade,
and 30% shade scenario (Fig. 2j, k, 1).

Model behaviour under heat stress conditions

Compared to the ambient temperature scenario, the model
simulated a decline in coral photophysiological health and
reduced symbiont population growth under heat stress.
The simulated symbiont biomass and symbiont carbon and
nitrogen reserves decreased between the moderate heat stress
(Fig. 3) and high heat stress (Fig. 4) temperature scenarios.
Symbiont reserves and biomass increased with increased
shade in both heat stress scenarios (Fig. 3a, b, c, 4a, b, c).
From day zero to the end of the simulation, symbiont popu-
lation biomass increased by ~48%, 88% and 94% (unshaded,
15% shade, and 30% shade, respectively) in the moderate
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Fig. 3 Key model outputs for the moderate heat stress, unshaded (a,
d, g, j), 15% shade (b, e, h, k), and 30% shade (c, f, i, 1) scenarios:
symbiont reserves (carbon, phosphorus, and nitrogen (mg m~2)) and
symbiont biomass (mg N m~2) (a, b, ¢), normalised internal reserves
(nitrogen, phosphorus, and carbon (dimensionless)) (d, e, f), the con-
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Fig.4 Key model outputs for the high heat stress, unshaded (a,
d, g, j), 15% shade (b, e, h, k), and 30% shade (c, f, i, 1) scenarios:
symbiont reserves (carbon, phosphorus, and nitrogen (mg m~2)) and
symbiont biomass (mg N m~2) (a, b, ¢), normalised internal reserves
(nitrogen, phosphorus, and carbon (dimensionless)) (d, e, f), the con-

heat stress scenario. Symbiont biomass decreased by ~29%
in the unshaded scenario and increased by ~81% and 93%
in the 15% and 30% shade scenarios, respectively, under
both heat stress scenarios.

In both heat stress temperature scenarios, carbon fixa-
tion was reduced by the temperature-inhibited RuBisCO
enzyme (Online resource 3: Fig S1b, c¢). Reduced carbon
fixation led to depleted internal carbon reserves during the
doldrum events (Figs. 3d, e, f, 4d, e, f). Reduced internal
carbon reserves limited symbiont population growth. Due
to reduced symbiont growth, symbiont internal nitrogen and
phosphorus reserves did not decline as low by the end of the
model run in the heat stress scenarios (Figs. 3d, e, f, 4d, e, )
compared to the ambient temperature scenario (Fig. 2d, e,
f). Internal nitrogen and phosphorus reserves were largely
non-limited in the unshaded scenario at both heat stress sce-
narios and remained close to~ 1 (dimensionless) after the
first doldrum event (Fig. 3d, 4d). During reduced light levels
in the intermediate recovery period and the recovery post-
doldrum two, in the shaded scenarios, internal nitrogen and
phosphorus reserves gradually declined with time (Figs. 3e,
f, 4e, f), while symbiont biomass increased (Figs. 3b, c, 4b,
¢). In both heat stress scenarios, internal carbon reserves
rapidly recovered in both the intermediate recovery period
and the recovery post-doldrum two when light levels were
reduced (Figs. 3d, e, f, 4d, e, ).

@ Springer

centration of chlorophyll ¢ (mg m~2) and photosynthetic and pho-
toprotective xanthophyll pigments (mg m~2) (g, h, i), and the frac-
tion of reaction centres in the state oxidised, reduced, and inhibited
(dimensionless) (j, k, 1). Tick marks occur at 0:00 h

Pigment concentration was reduced with increased tem-
perature and reduced shade (Figs. 3g, h, i, 4g, h, 1). For
instance, the end concentration of chlorophyll a, photosyn-
thetic, and photoprotective pigments in the 30% shade sce-
nario at moderate heat stress was~32 mg m~2, 10 mg m~2,
and 5 mg m~2, compared to 5 mg m~2, 2 mg m~2, and 0.01
mg m~2 in the unshaded scenario at moderate heat stress.
Rapid switching between photosynthetic and photoprotective
pigment concentration was simulated during the doldrum
events in all scenarios at heat stress (Figs. 3g, h, i, 4g, h, 1).
Xanthophyll pigments were photosynthetic at reduced light
levels during the intermediate recovery period and in the
recovery post-doldrum two. Xanthophyll pigment concentra-
tion increased under an increased shade level.

The proportion of oxidised, reduced, and inhibited reac-
tion centres remained similar between the two heat stress
scenarios (Figs. 3j, k, 1, 4j, k, 1) but varied between the
ambient and heat stress scenarios. Greater inhibited reac-
tion centres were simulated under heat stress. The proportion
of inhibited reaction centres was only slightly reduced with
increased shade. At moderate heat stress, inhibited reaction
centres were 49%, 49%, and 48% (unshaded, 15% shade, and
30% shade, respectively) of the total reaction centre concen-
tration. At high heat stress, inhibited reaction centres were
48%, 48%, and 47% (unshaded, 15% shade, and 30% shade,
respectively) of the total reaction centre concentration.
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During the doldrum events, fewer reaction centres were oxi-
dised, and more reaction centres were reduced and inhibited
in the heat stress scenarios.

Comparing simulated bleaching to the observed
physiological response

The antioxidant activity and simulated bleaching were
greatest under heat stress (Fig. 5). Symbiont cell expulsion
was simulated only in the heat stress scenarios (moderate
and high). On day 54, the antioxidant activity of CAT and
SOD was greatest in the moderate heat stress treatment
(39.75+18.03, and 175.63 +53.11 U mg~! protein, respec-
tively; P<0.05 and P <0.01, respectively; Online resource
1: Table S1) (Fig. Se, f). On day 54, in the unshaded treat-
ment, SOD was greatest in the moderate heat stress treat-
ment (222.84 +55.67 U mg'1 protein; P <0.05) (Fig. 5h).
On days 40 and 68, SOD was greatest in the high heat stress
treatment (126.69 +37.52, and 106.03 +39.86 U mg~! pro-
tein, respectively; P <0.01) (Fig. 5i). On day 19, SOD was
lowest in the ambient temperature treatment (92.60 +32.78
U mg~! protein; P <0.01) (Fig. 5g). At day 54, SOD under
30% shade treatment was greater in the high heat stress treat-
ment (147.89+40.21 U mg~! protein) (Fig. 5i) than in the
ambient temperature treatment (67.35+17.84 U mg™! pro-
tein; P <0.05) (Fig. 5g).

The antioxidant activity and simulated bleaching were
reduced with increased shade (Fig. 5). On day 19, CAT was
the most reduced in the 30% shade treatment, compared to
CAT in the other shade treatments, for all temperature treat-
ments (28.32+10.77 U mg™! protein; P <0.01) (Fig. 5d,
e, f). On day 19, SOD was greatest in the unshaded treat-
ment, compared to SOD in the other shade treatments, for
all temperature treatments (153.67 +49.08 U mg~! protein,
P <0.01) (Fig. 5g, h, i). On day 40, SOD was greatest in the
unshaded treatment, compared to SOD in the other shade
treatments, for all temperature treatments (127.53+41.07 U
mg~! protein, P <0.01) (Fig. 5g, h, ). On day 54, SOD was
the most reduced in the 30% shade treatment, compared to
SOD in the other shade treatments, for all temperature treat-
ments (116.66+48.29 U mg™! protein, P <0.01) (Fig. 5g, h,
i). On day 68, CAT was greatest in the unshaded treatment,
compared to CAT in the other shade treatments, for all tem-
perature treatments (31.92 +14.31 U mg™! protein; P<0.01;
Online resource 1: Table S1) (Fig. 5d, e, f).

The antioxidant activity increased from the first to the
second sampling time in all treatments (Fig. 5). In both
heat stress treatments, this increased activity occurred over
the first doldrum event. The first doldrum event coincided
with a peak in ROS concentration above the threshold,
triggering symbiont cell expulsion (Fig. 5b, ¢). The anti-
oxidant activity also increased between the first and second
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Fig. 5 Simulated ROS concentration (x107'* mg O cell™!), ROS
threshold (1.42x107* mg O cell™"), normalised symbiont expul-
sion rate (d”") (a, b, ¢) in comparison with observed catalase activity
(CAT; U mg‘l protein) (d, e, f), superoxide dismutase activity (SOD;
U mg~! protein) (g, h, i), and the mean intensity of grey (MIG) (j,
k, 1) for the ambient temperature, moderate heat stress, and high heat

stress treatments, in the unshaded, 15%, and 30% shade treatments,
averaged + standard error, recorded for Acropora kenti. The grey
regions represent the two doldrum events emulated in the marine
heatwave experiment, consisting of a temperature ramp-up period, a
doldrum period, and a temperature ramp-down period

@ Springer



1748

Coral Reefs (2025) 44:1737-1757

sampling points in the ambient temperature treatment; simu-
lated ROS concentration increased over the first doldrum
event but did not exceed the ROS threshold (Fig. 5a). In the
ambient temperature treatment, the irradiance levels were
increased during the doldrum periods without an increase in
temperature. Both antioxidant activity and ROS concentra-
tion responded to the increased light levels of the doldrum
periods. A decline in antioxidant activity was observed at
the third sampling event, which was towards the end of the
intermediate recovery period; ROS concentration declined
to a minimum level during this period of reduced light and
heat stress or just reduced light stress (ambient tempera-
ture scenario). Over the second doldrum event, increased
antioxidant activity was observed mostly for SOD in the
unshaded and 15% shade treatment at ambient temperature
(Fig. 5g) and moderate heat stress (Fig. 5h), and for CAT
in the unshaded treatment at moderate heat stress (Fig. Se).

Across the treatments, 64% of the variation in CAT activ-
ity was captured by SOD activity (F, 43,=74.82, P<0.001,
? =0.64) (Fig. 6a). The regression between antioxidant
activity and simulated ROS concentration was also statisti-
cally significant (CAT: F(]’ 43) =42.78, P<0.001, ¥ =0.50:
SOD: F; 43,=33.39, P<0.001, r?=0.44) (Fig. 6b, c).
Antioxidant activity measurements taken outside the dol-
drum periods were generally lower in value, matched by
lower simulated ROS concentration (Fig. 6b, c). For the

antioxidant values below the regression line, the simulated
ROS concentration was lower than predicted by the regres-
sion model. Antioxidant activity measurements taken inside
the doldrum periods (marked by ‘x” in Fig. 6) were generally
higher in value and were matched by higher simulated ROS
concentration. For the antioxidant values above the regres-
sion line, the simulated ROS concentration was higher than
predicted by the regression model.

Comparing simulated bleaching to the observed visual
response

Overall, the trends in MIG (Fig. 5j, k, 1) agreed well with
the pattern of stress—recovery—stress simulated by the model
(Fig. 5a, b, ¢). The shade effects were consistent across tem-
perature scenarios in the model but not across treatments in
the experiment. MIG appeared reduced under a higher shade
level at ambient temperatures (Fig. 5j); however, under high
heat stress, MIG appeared greater under a higher shade level
(Fig. 51). Shade and temperature as fixed factors alone did
not affect the multivariate response of MIG (P < 0.05; Online
resource 2: Table S2). The dominant sources of variation in
the MIG data were tank (nested in temp x shade), time, the
interaction between temperature and time (temp X time), and
the three-way interaction between shade, temperature, and
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Fig. 6 Regression scatterplot of superoxide dismutase activity (SOD;
U mg~! protein) against catalase activity (CAT; U mg~! protein)
(a), catalase activity (CAT; U mg~! protein) against simulated ROS
concentration (x 1074 mg O cell™) (b) and superoxide dismutase
activity (SOD; U mg™! protein) against simulated ROS concentra-
tion (x 1071 mg O cell™)) (c¢) for all treatments, recorded for Acro-
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CAT activity (U mg’] protein)

SOD activity (U mg’1 protein)

pora kenti. For the antioxidant data, each point represents an average
of SOD or CAT activity. The circled anomalous values on (a) and
(b) were removed from the regression analysis of (a) and (b) only.
Crosses (X) indicate samples taken inside the doldrum events (this
includes samples from the ambient temperature treatment that experi-
enced increased light levels)
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time (shade X temp X time) (P <0.001; Online resource 2:
Table S2).

MIG varied over time (P <0.001), and this temporal vari-
ation was strongly influenced by both shade and temperature
treatments (shade X temp X time; P <0.001). Under high heat
stress and no shade, MIG showed the most pronounced and
rapid changes, with significant differences emerging early
(days 5-21: t=5.51, P=0.0001) and persisting across time
points (days 5-67: t=6.34, P=0.0001). In contrast, under
high heat stress with 30% shade, changes in MIG were less
significant (days 5-21: t=3.62, P=0.0009; days 5-67:
t=4.87, P=0.0001). These results highlight that the trajec-
tory of MIG over time is highly context-dependent, shaped
by the combined effects of heat and light environments.

The overall trend of MIG largely followed the simulated
ROS concentration (Fig. 5). MIG increased over time under
most shade and temperature treatments, and both MIG and
ROS concentrations increased around the first and second
doldrum events and declined during the intermediate recov-
ery period. Under ambient temperatures, MIG was greater
over the second doldrum period (Fig. 5j), consistent with
the simulated ROS concentration for the ambient scenario
(Fig. 5a). However, under heat stress, ROS concentration
and symbiont cell expulsion were greater over the first dol-
drum event (Fig. 5b, c).

Most increases in MIG began on day 21, during the ramp-
down period of the first doldrum event, and MIG continued
to increase into the intermediate recovery period (Fig. 5). On
day 21, ROS reached a peak concentration in all temperature
scenarios, and the symbiont cell expulsion rate peaked in
both heat stress scenarios. However, fewer increases in MIG
were observed from day 5 to day 36; the MIG appeared to
recover (a decreased MIG) with subsequent samples taken
in the intermediate recovery period. The simulated ROS
concentration declined from the ramp-down period of the
first doldrum event to the start of the second doldrum event.

The interaction between temperature and time was sig-
nificant (temp X time; P <0.001), indicating that the effect
of time on MIG varied by the temperature treatment. In
the ambient temperature treatment, significant differences
emerged primarily between early (days 5 and 7) and later
time points (days 46—67), with p values often <0.001. In
the high heat stress temperature treatment, the temporal dif-
ferences in MIG were even more pronounced, with many
differences in MIG between early and later time points (for
instance, day 5 vs. days 21-67) demonstrating high signifi-
cance (P=0.0001). A similar pattern was observed in the
moderate heat stress temperature treatment, though the mag-
nitude of change in MIG appeared less extreme than under
high heat stress. These results demonstrated that the tempo-
ral dynamics in MIG were inconsistent across temperature
treatments, with greater divergence over time under high
heat stress temperatures.

The significant tank(temp x shade) result (P <0.001),
as revealed by the PERMDISP analysis (P =0.0001), indi-
cated that the multivariate dispersion was not uniform
across tanks, and that the interaction between temperature
and shade treatments influenced this variability. Tank 25
(high heat stress temperature treatment, 15% shade) had
the highest average distance to centroid (1.06), indicating
greater variability in that tank. Tank 11 (ambient tempera-
ture treatment, 15% shade), by contrast, had the lowest dis-
persion (0.54), indicating the MIG results from this tank
had a more homogeneous response under those conditions.

Comparing simulated and observed photochemistry

The overall trends in observed F,/F,, agreed well with
the pattern of stress-recovery—stress of simulated F,
/ F,, (Fig. 7). Overall, the simulated F /F,, displayed a
minimal decline; F/F,, decreased by only ~0.01 to 0.05
in all scenarios. Simulated F,/F,, remained most similar
between shade levels in the ambient temperature sce-
nario (0.70+0.02 in all shade scenarios) (Fig. 7a, b, c).
However, the simulated F,/F,, at heat stress (Fig. 7d-i)
displayed substantial drops in value during the doldrum
period of both doldrum events. The simulated F,/F,, recov-
ered in value with a decrease in both light and temperature
during the ramp-down period of each doldrum event.

Minimal simulated differences in F,/F,, were shown
between the shade scenarios (Fig. 7), and shade had no
significant effect on the observed F /F,, (P> 0.05; Online
resource 2: Table S2). Time was the only fixed factor
with a strong and significant effect on observed F,/F,,
(P <0.001), suggesting that F,/F,, changed over time in the
experiment. Many time points differed, for instance, days
7 and 11 differed from almost all later time points (days
21-67), with very low p values (often P=0.0001). This
suggests a strong temporal shift in F/F,, values through-
out the experiment. The magnitude of t-values increased
as the time gap widened (for instance, day 7 versus day
52 had a t-value of 15.12; this indicated a gradual and
consistent change in F/F,,, rather than abrupt fluctuations.
Comparisons among later sampling times (for instance,
day 52 vs. day 57, and day 62 vs. day 67) were mostly non-
significant (P> 0.05), suggesting a plateau or stabilisation
in F /F,, values.

The significant tank(temp X shade) result (P <0.001),
as revealed by the PERMDISP analysis (P=0.0001),
indicated that the multivariate dispersion was not uniform
across tanks, and that the interaction between temperature
and shade treatments influenced this variability. Tank 4
had a higher dispersion (1.26), suggesting that this tank
had much more variability than the others.
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Fig.7 Observed F\/F,, against simulated F,/F,, for the ambient tem-
perature, moderate heat stress, and high heat stress treatments, in the
unshaded, 15%, and 30% shade treatments, averaged + standard error,
recorded for Acropora kenti. The grey regions represent the two dol-

Comparing simulated bleaching to fragment removals

The model simulated bleaching stress and bleaching to
be consistently reduced with an increased shade level or
greater with an increased temperature scenario. Simi-
larly, the total number of fragment removals per tank (day
70) was reduced under moderate heat stress (92 removals),
in comparison with the ambient temperature (155) or high
heat stress (174) scenarios (P <0.01, Online resource 1:
Table S1). No differences in the total number of fragment
removals (day 70) per tank were observed between the
shade scenarios (P> 0.05, Online resource 1: Table S1).
However, the overall trend of fragment removals (Fig. 8,
dotted lines) agreed well with reduced bleaching (symbi-
ont cell expulsion rate) simulated in scenarios of increased
shade (Fig. 8, dashed lines).

Shade had mixed effects on the onset of fragment
removal. In the ambient temperature (Fig. 8a) and high
heat stress treatments (Fig. 8c), removals began on day 34
across all shade levels. In the moderate heat stress treat-
ment (Fig. 8b), the onset of removal varied by shade level:
day 37 in the unshaded treatment, day 34 in the 15% shade
treatment, and day 50 in the 30% shade treatment. Remov-
als started during the intermediate recovery phase for all
treatments except the moderate heat stress with 30% shade.
In that specific treatment, removals began later during the
second doldrum period.
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drum events emulated in the marine heatwave experiment, consisting
of a temperature ramp-up period, a doldrum period, and a tempera-
ture ramp-down period

Discussion

Models are assessed by their degree of ‘model fit’, and how
well the model results fit observation-based data determines
model accuracy (Baumberger et al. 2017). Here, we build
on the previous validation of the coral bleaching model
(Ellis et al. 2025b). We evaluated whether model outputs
adequately represented the target species (Acropora kenti)
under an emulated multi-doldrum marine heatwave event.
The overall trends in the observed state of A. kenti agreed
well with the pattern of stress—recovery—stress simulated
by the model, and the simulated bleaching stress captured
up to fifty per cent of the variation in observed antioxidant
enzyme activity. Overall, the model adequately represented
bleaching outcomes concerning the interactions between
temperature and light.

The model configuration may not be adequately light sen-
sitive to represent the bleaching of A. kenti under ambient
temperatures. The observed bleaching was likely due to ele-
vated ambient light levels in the experiment exceeding what
the fragments were acclimatised to. The model simulated
bleaching stress for the ambient scenario but no symbiont
cell expulsion, thus contrasting with the relatively higher
number of fragment removals for the ambient temperature
treatment. To achieve greater light sensitivity in simula-
tions, the model could be configured with fewer photons
that lead to the generation of ROS (parameter =mp,5). We
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narios, for the unshaded, 15%, and 30% shade scenarios, in compari-

recommend quantifying the amount of light absorbed by an
inhibited reaction centre that generates ROS and considering
how this varies between coral species. We refer to another
mechanistic model of coral bleaching that uses two values
of excess light leading to ROS production, one for a ‘toler-
ant’ and a ‘sensitive’ symbiont species (Brown et al. 2022).
Determining bleaching susceptibility, for example, the abil-
ity to repair photodamage caused by light stress (Ragni et al.
2010), could be achieved by measuring photoinhibition, gen-
erally defined as the light-induced loss of oxygen evolution
and electron-transport activity of PSII (Tyystjarvi 2013).
Incorporating the light sensitivity of different coral spe-
cies into the modelling approach could improve simulated
bleaching under varying environmental conditions.

Predicting the onset and accumulation of coral
bleaching stress

The mechanisms controlling antioxidant enzyme activity
and MIG represent different pathologies in the coral bleach-
ing process. Increased antioxidant activity is likely due to
accumulated ROS levels (Lesser 2010); MIG is a second-
ary bleaching effect resulting from longer-term exposure to
heat stress and elevated light (Hoegh-Guldberg and Smith
1989; Jones 1997). The degree of chlorophyll pigmentation
in the symbiont is influenced by processes independent of
ROS concentration, which may explain the delayed peak in

Time (days)

son with the cumulative number of fragment removals by treatment.
The grey regions represent the two doldrum events simulated in the
marine heatwave experiment, consisting of a temperature ramp-up
period, the doldrum period, and the temperature ramp-down period

observed MIG. In both experimental doldrum events, the
light increased before temperature increases and persisted
at higher values after the temperature had returned to ambi-
ent, exposing A. kenti to sustained elevated light. The pre-
doldrum light levels were also higher than the light levels
in the intermediate recovery period and the recovery period
post-doldrum two. This prolonged light exposure likely con-
tributed to the lag in observed MIG. Consequently, com-
paring an observed physical bleaching response to simu-
lated physiological bleaching may not be a good measure
of model fit, as was evident in this study. Thus, MIG may not
be a recommended proxy for validating photophysiological
models of coral bleaching.

Overall, the health of A. kenti declined under experi-
mental conditions of increased light and temperature,
aligning with the simulated bleaching. Interestingly, while
statistical analysis revealed no significant differences in
MIG across shade levels when shade was treated as a
fixed factor, some patterns suggested a potential benefit of
shade under ambient temperature conditions. Specifically,
MIG appeared lower under higher shade levels at ambient
temperatures. However, under high heat stress, this trend
was not observed; in fact, MIG was highest in the 30%
shade treatment, suggesting that the protective effect of
shade may diminish or even reverse under accumulated
heat stress. These observations, though not statistically
significant, highlight the complexity of shade interactions

@ Springer



1752

Coral Reefs (2025) 44:1737-1757

under varying thermal regimes. It is possible that the MIG
method was influenced by subtle lighting variations that
were not fully corrected by the colour calibration card.
Additional factors such as tank position, coral fragment
placement, and camera model may have introduced vari-
ability. Future studies could consider imaging corals in
a controlled, independent tank environment to enhance
the reliability of the MIG method. However, care must be
taken to account for potential confounding effects such as
sampling time and handling stress.

The benefits of shading corals have been shown to decline
with accumulated heat stress. Shading delayed bleaching
up to 3 °C-weeks in Duncanopsammia axifuga, but this
species was unresponsive to shading when 3 °C-weeks
was surpassed (Butcherine et al. 2023). In another experi-
ment, shade was effective under intense light conditions up
to 4 °C-weeks, with reduced protection up to 8 °C-weeks
(Coelho et al. 2017). Persistent low light levels can signifi-
cantly impact growth (Comeau et al. 2014). For instance,
low survival and recruitment were demonstrated for corals
underneath the shade of large Acropora hyacinthus colonies
(Baird and Hughes 2000). Similarly, both an unshaded treat-
ment and the treatment of the greatest shade (87% shade)
were found to have the largest reduction in symbiont den-
sity (Piggot et al. 2009). Reduced irradiance under shade
application does not necessarily benefit all corals equally;
Acropora kenti has demonstrated a prior negative response
to shade under heat stress conditions (Ellis et al. 2024),
which corresponds with the observed trends of this study.
In Ellis et al. (2024), shading did not reduce the effects of
bleaching in A. kenti; the MIG was greatest in the shaded
treatment. These findings suggest that shade effects during
heat stress conditions are not uniform, potentially due to
complex photosynthetic pathways and differences in toler-
ances between coral species and their symbionts. Further
research is required to disentangle the role of shade in reduc-
ing bleaching at increased heat stress.

Symbiont species have shown a strong effect on bleaching
susceptibility (Cunning et al. 2015; Silverstein et al. 2017),
with ‘tolerant’ symbionts able to repair photodamage caused
by light stress (Ragni et al. 2010) or have a stable photosyn-
thetic apparatus (Tchernov et al. 2004). However, theoreti-
cal models incorporating within-host dynamics of multiple
symbionts rely on assumptions. Quantitative models, includ-
ing physiological rates that control within-coral host-sym-
biont interactions, have become available through Dynamic
Energy Budget models (Cunning et al. 2017; Eynaud et al.
2011; Muller et al. 2009). A recent analysis of a mechanistic
model found that including a tolerant symbiont can increase
host survival and recovery (Brown et al. 2022). Represent-
ing a coral in symbiosis with multiple symbiont species,
thus including varying light tolerances, may enable better
predictions of coral bleaching.
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The increased light and temperature treatments did not
significantly affect the photochemical health of A. kenti,
despite a physiological and visual decline being observed.
High temperatures and elevated light intensities are known
to increase ROS production in host tissues and symbionts,
as shown by increased antioxidant activity (Higuchi et al.
2015). Elevated temperatures also lower the threshold for
photoinhibition, and a decreased F/F,, ratio indicates dam-
age to photosystem II of the symbiont (Bhagooli and Hidaka
2004a). However, our observed F'/F,, remained unaffected,
suggesting that A. kenti’s photosystem was undamaged.
Certain environmental stressors can impact the coral host
and symbiont through multiple cascades, similarly, many
mechanisms can produce ROS, and bleaching has occurred
independently of oxidative stress (Helgoe et al. 2024). We
suggest that the observed bleaching and resulting number of
removals for A. kenti occurred due to oxidative stress rather
than a decline in photosynthetic efficiency, highlighting the
complexity of the coral bleaching response.

Discrepancies between F,/F,, and visual bleaching
responses are not uncommon (Castro-Sanguino et al. 2024;
Jeans et al. 2014). Bleached coral tissues can retain symbi-
onts with quantum yields comparable to unbleached corals
(Fitt et al. 2001; Jones et al. 2000). Our experiment meas-
ured proxies of coral bleaching from different origins: pho-
tochemical health of the symbiont (F,/F,,), visual health of
the coral holobiont (MIG), and physiological health of the
coral holobiont (antioxidant enzyme activity of SOD and
CAT). Our results show that coral host health declined over
time under heat and light stress, as evidenced by increased
MIG, antioxidant activity, and the number of removals,
while the symbiont’s photochemistry remained unchanged.
This is consistent with findings by Bhagooli and Hidaka
(2004b), who reported no significant differences in pho-
tosystem II functioning or overall photosynthesis between
retained and expelled symbionts following high-temperature
stress. Therefore, photochemical changes may not be con-
sistent with other proxies of bleaching, and temperature and
light may induce different pathologies during coral bleach-
ing. However, previous validation of the CBM for a differ-
ent coral species, Acropora divaricata, demonstrated good
agreement between the onset of simulated bleaching and a
significant decline in photochemistry (Ellis et al. 2025b).
This underscores the importance of selecting a bleaching
proxy specific to the research question.

Predicting an intermediate recovery in light and heat
stress

The model simulations and observed physiological, visual,
and photochemical proxies demonstrated an intermediate
recovery in bleaching stress between the doldrum events.
However, the model may face difficulty resolving the
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accumulation of heat and light stress experienced by corals
ex situ. Notably, more bleaching stress was simulated dur-
ing the first doldrum event, whereas the observed bleaching
response was generally greater during the second doldrum
event. We propose that more bleaching stress was simulated
over the first event due to the increased light levels that pre-
ceded it. When the experimental light was dropped to its
lowest level, in the intermediate recovery period, the bleach-
ing was simulated at its lowest. This temporary recovery
resulted in less bleaching stress simulated during the second
doldrum event. A. kenti’s simulated recovery may have been
overpredicted. The simulated bleaching stress continued to
decline up to the start of the second doldrum event. How-
ever, under the experiment’s heat stress conditions, antioxi-
dant activity and MIG did not recover to initial levels, indi-
cating that a full recovery in coral health was not achieved.
If the model simulated less recovery in bleaching stress, it
may have better aligned with the observed pattern of greater
bleaching stress during the second doldrum event. Corals
in situ may accumulate bleaching stress over extended peri-
ods, preventing such recovery. Thus, further work may be
required to ensure the pattern of stress and recovery simu-
lated by the model over a marine heatwave event is repre-
sentative of conditions in the natural reef environment. We
suggest the discrepancy between the simulated and observed
bleaching could be linked to the model’s representation of
ROS detoxification. Reducing the rate of ROS detoxification
may slow the recovery rate, thus increasing the bleaching
stress simulated over the second doldrum event.

Considerations

The analysis of CAT and SOD activity indirectly informs
of ROS presence in the coral holobiont. Antioxidant activ-
ity was specific to neither the host nor the symbiont. Thus,
increased total antioxidant activity could relate to increased
ROS levels from within the symbiont or coral host or a
combination of both entities. The CBM’s simulated bleach-
ing stress is based on intracellular ROS. Consequently, the
observed and simulated antioxidant activity could relate to
ROS sourced from different sites. In the current configura-
tion, we removed the coefficient that accounts for the loss of
intracellular ROS to extracellular pools (Ellis et al. 2025b).
A fitted parameter should be included in the model for the
ROS loss coefficient based on experimental evidence. We
recommend quantifying the amount of ROS that moves from
intracellular to extracellular pools under ambient and heat
and light stress conditions.

Under ambient temperature conditions, coral bleaching
was observed, and fragments were subsequently removed;
the model simulated only bleaching stress for this scenario
and no bleaching (symbiont cell expulsion). Light stress was
observed in the ambient scenario, and a greater shade level

reduced simulated bleaching. However, for the model to
represent the observed response in the ambient temperature
treatment, we would expect bleaching to be simulated for
this scenario. The discrepancy between the observed and
simulated response at ambient temperature may be explained
by factors that the model cannot represent, for example, han-
dling stress or the contamination of external light leaked
from other treatments, with handling effects highlighted in
previous studies and avoided where possible (Lesser 1997,
Middlebrook et al. 2008).

Including tank as a random nested factor was essential
to account for variability among replicate tanks that could
influence coral responses independently of the fixed treat-
ment effects. This statistical design incorporates the effect of
microenvironmental differences within the controlled exper-
imental setup, namely subtle variations in water flow, light
diffusion, or microbial communities. Significant tank effects
were demonstrated in the statistical analyses, along with sig-
nificant dispersion detected by PERMDISP in some cases,
indicating that differences in central tendency and variability
among tanks contributed to the observed responses. These
findings underscore the complexity of ex situ coral experi-
ments. To reduce tank effects in future studies, researchers
might consider rotating coral fragments and taking steps to
minimise light leakage between adjacent tanks with different
light treatments.

Conclusions

Using a previously validated configuration of the CBM, we
studied the response of A. kenti over a theorised marine heat-
wave and doldrum-driven bleaching episode. The antioxi-
dant enzyme activity observed in the experiment captured up
to fifty per cent of the variation in ROS-induced bleaching
stress simulated by the model. The predictive skill demon-
strated by the CBM confirmed that the model’s significant
emergent features were present specifically that the model
can simulate realistic amounts of cell expulsion under vari-
ous light and temperature scenarios.

The degree of model fit between the observed and simu-
lated bleaching response varied by the experimental bleach-
ing proxy measured. A. kenti’s response to shade in the high
heat stress treatment corresponded with previous bleaching
results for this species. The impact of light was underrepre-
sented by the model in the ambient temperature treatment
when evaluated against MIG, while the observed photo-
chemical response of A. kenti was unimpacted by light or
temperature treatment.

We make recommendations for future model refinement,
contingent upon quantitative data provided from experimen-
tal trials. These include adjusting the number of photons
required to generate ROS, including a fitted parameter for
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the ROS coefficient grounded in experimental measure-
ments, and revisiting the ROS detoxification rate to more
accurately reflect stress and recovery dynamics observed in
the natural environment.

We recognise there is still a need for further research to
explore the nuanced role of shade in reducing bleaching
under elevated heat stress. Numerical modelling can rep-
resent shading management strategies and optimise future
initiatives for deployment. Using the CBM to represent
previous coral bleaching episodes could help determine the
relative role of environmental stressors in future bleaching
events.
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