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Light is critical to coral growth through endosymbiont photosynthesis but can
also act with elevated temperatures to cause coral bleaching. When more light is
absorbed than can be used for photosynthesis, elevated irradiance can damage
symbiont photosynthetic machinery. Hence, solar-radiation management
through shading has been suggested to alleviate coral bleaching during marine
heatwaves. Acropora divaricata and Acropora kenti were tested at two
temperatures with 30% shading and an unshaded control to determine the
relative impacts of light and temperature on coral bleaching severity. The coral
bleaching response was assessed by photochemical (pulse amplitude modulated
fluorometry), physiological (symbiont density, chlorophyll a concentration,
catalase activity, and lipid peroxidation), and physical (mean intensity of grey or
‘percentage whiteness’) markers. Shading significantly reduced the bleaching
response in A. divaricata, whilst for some parameters A. kenti responded
negatively to shade. In A. divaricata, shading prevented photochemical collapse
up to the experiment’'s maximum 4.4 degree-heating weeks (DHW). Biomarkers
of coral bleaching stress responded to shade and water temperature at 4.4 DHW;
catalase activity was greatest in the shaded and ambient temperature treatment.
Shading did not reduce the effects of bleaching in A. kenti; the mean intensity of
grey and light saturation coefficient was greatest in the shaded treatment.
Shading did, however, reduce lipid peroxidation at 3 DHW. Our results suggest
shading during thermal stress may only protect some coral species, highlighting
the need to consider species-specific responses when evaluating the potential
efficacy of coral bleaching interventions.
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1 Introduction

The bleaching of corals is a physiological stress response caused
by various environmental stressors (Brown, 1997). Coral bleaching
is characterised by a loss of pigmentation from the endosymbiotic
algae (family: Symbiodiniaceae), a release of Symbiodiniaceae via
exocytosis from the coral host, or the shedding of in hospite
Symbiodiniaceae-containing host cells to the water column (Gates
etal, 1992). On the Great Barrier Reef (GBR), acute warming events
known as marine heatwaves (periods of atypical seawater
temperature driven by anthropogenic climate change) trigger
episodic events of mass coral bleaching, impacting the entire reef
system. In 2024, the GBR experienced its fifth mass bleaching event,
since 2016, and the seventh mass bleaching event since 1998
(Cantin et al., 2023). Global sea surface temperature is predicted
to continue to rise under all assessed emissions scenarios
throughout the 21st century, and marine heatwaves are projected
to become more frequent and last longer (Méndez et al., 2013).
With the upper thermal threshold of marine organisms being
exceeded more regularly, an increase in the frequency and
magnitude of coral bleaching and mortality is projected over
future decades (Portner et al, 2022). There is an escalating
demand for studies examining possible mitigation solutions that
could alleviate the effect of environmental stressors that cause
coral bleaching.

The role of high sea surface temperatures in the bleaching
process is unequivocal and widely documented (Donner et al., 2005;
Ainsworth et al., 2008; Lough et al., 2018). Many previous coral
studies have focused on temperature effects only (Hoegh-Guldberg,
1999; Berkelmans, 2002; Ainsworth et al., 2008; Zhao et al., 2021).
Second to thermal stress, solar radiation, including ultraviolet
radiation (UVB 280 - 320 nm and UVA 320 - 400 nm;
Blanckaert et al., 2021) and photosynthetically active radiation
(PAR 400 - 700 nm; Lesser and Farrell, 2004) have the greatest
influence on bleaching likelihood (Hoegh-Guldberg et al., 2007; Ban
et al,, 2014; Roth, 2014; Gonzalez-Espinosa and Donner, 2021).
Light alone (in the form of UV or PAR) can induce a bleaching
response (solar bleaching) (Jones and Hoegh-Guldberg, 2001;
Brown et al., 2002), and elevated temperatures are known to elicit
a bleaching response (Hoegh-Guldberg and Smith, 1989; Lesser
et al., 1990; Lesser and Farrell, 2004; Hill et al., 2005; Brown and
Dunne, 2008; Ban et al., 2014). Light is critical to coral growth
through endosymbiont photosynthesis (Muscatine et al., 1984;
DiPerna et al., 2018). Increases in PAR can lead to photosystem
inhibition in Symbiodiniaceae (Brown et al., 1999). Combined
elevated light and temperature have caused bleaching beyond that
of elevated temperatures alone (Coles and Jokiel, 1978; Downs et al.,
2000; Anthony et al., 2007).

Shading reduces light availability on coral reefs (Coles and
Jokiel, 1978; Skirving et al., 2017) and reduces coral bleaching under
high temperatures (Baker et al, 2008). Circumstances in which
reduced light environments have a positive effect, namely through
the refugia provided by turbid environments (Wagner et al., 2010),
cloud presence (Leahy et al., 2013), and mangrove-shading (Stewart
et al, 2021), suggest that natural shading may have localised
benefits for protecting corals subjected to ocean warming. For
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instance, shaded microhabitats provide a refuge from high
irradiance; corals growing in crevices and overhang environments
have shown less severe and later bleaching during a marine heat
wave than corals in open, elevated, and sand microhabitats
(Hoogenboom et al., 2017). Solar-radiation management
techniques are proposed for reducing incoming solar radiation by
increasing cloud albedo (Harrison et al., 2019; Anthony et al., 2020;
Harrison, 2024), and if operated continuously over a large enough
area, may also decrease sea surface temperature and consequently
reduce degree-heating week accumulation. The primary shading
interventions proposed to protect corals from thermal stress include
shade cloths (Coelho et al., 2017; Berg et al., 2020), fogging using
seawater (Bay et al., 2019; Harrison, 2024), reflective surface films
(Baird et al., 2019; Bay et al., 2019) and marine cloud brightening
(Latham et al., 2013; Harrison, 2018). Marine cloud brightening and
fogging techniques are in the early stages of development. Further
research into perceived risks of cloud enhancement could include
the effects of solar irradiance peaks. Solar irradiance has been shown
to peak in partially cloudy conditions (Yordanov et al, 2013).
Further investigation into the effects of shade on bleaching stress
in various coral species is imperative for determining the efficacy of
deploying regional-scale interventions.

Environmental stress can lead to a breakdown in the coral-
symbiont relationship through many physiological mechanisms
(Lesser and Farrell, 2004). The temperature-mediated (Lesser,
1996; Lesser and Farrell, 2004; Tchernov et al., 2004), and light-
driven (Levy et al., 2006; Roberty et al., 2015) build-up of reactive
oxygen species (ROS) in Symbiodiniaceae is the physiological
process considered predominantly responsible for bleaching
during thermal stress events (Suggett et al., 2008; Lesser, 2019).
The enzymatic antioxidant system removes accumulations of
potentially toxic ROS before substantial oxidative damage (Baird
et al, 2009). Increased antioxidant enzyme activity indirectly
indicates ROS production in response to environmental stress
(Lesser et al., 1990). Increased enzyme activities of superoxide
dismutase and catalase are reported with temperature increases,
photosynthetically active radiation, and ultraviolet radiation (Lesser
et al,, 1990). Biomarkers of unattenuated oxidative stress, for
instance, lipid peroxidation (Sandeman, 2008), have been used to
quantify the damage from unattenuated oxidative stress. Bleaching
stress has also been evaluated non-destructively via photographic
analysis (Johnson and Goulet, 2007; Winters et al., 2009) and
fluorometry (Lesser and Farrell, 2004; Suggett et al., 2012).

Numerous studies have examined the effects of light and
temperature on coral physiology (Tagliafico et al., 2022). Still,
there is limited information on the shading level and duration
required to mitigate coral bleaching, particularly the effects of lower
levels of shade. The application of a lower level of shade has been
shown to delay bleaching effects (Butcherine et al., 2023), and is
indicated to be more feasible for solar radiation management
techniques such as marine fogging technology (Tagliafico et al,
2022). To determine the relative impacts of light and temperature
on coral bleaching severity, we tested the hypothesis that 30% shade
would reduce bleaching impacts in thermally stressed corals. This
study investigated shading as an intervention for alleviating
bleaching stress during marine heatwaves. Photochemical,
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physiological, and physical markers were used to assess the response
of two common coral species, Acropora kenti, and Acropora
divaricata, to temperature and light.

2 Materials and methods

2.1 Coral collection, fragmentation
and acclimatisation

Colonies of the branching corals, Acropora tenuis [under
taxonomic revision and hereafter referred to as Acropora kenti
(Bridge et al., 2023)] and Acropora divaricata (Supplementary
Figure 1A) were collected from Jenny Louise Shoal Reef, Great
Barrier Reef (16° 44.76S, 146° 20.1E), from a depth of < 5 m, in
November 2021. Acropora species were selected for investigation as
they are abundant in reef ecosystems and are typically thermally
sensitive (van Woesik et al., 2011; Singh et al., 2019). Branching
corals that are fast-growing and mature early (ie., Acropora)
contribute to the structural complexity of coral reef ecosystems,
yet are more likely than slower-growing coral taxa to bleach and
suffer whole-colony mortality in mass bleaching events (Baird and
Marshall, 2002). The collected colonies of A. kenti and A. divaricata
were transported to the National Marine Science Centre, Coffs
Harbour, Australia (30° 16.062S, 153° 8.244E). Over five months,
the colonies were acclimatised to ambient light conditions at a water
depth of 0.5 m (average daily light integral (DLI) in the month
preceding experiment: 8.2 + 4.88 mol photon m™ d™"). The colonies
were slowly accustomed to ambient light by reducing the level of
shade cloth over the tank, to compensate for the varying depths at
which they may have been collected (< 5 m). The colonies were kept
at the collection site temperature of 26.4°C and fed one-day-old
Artemia salina once a week before the experiment. The healthiest
six colonies for each species were then fragmented into ~ 5 cm tall
samples and mounted onto etched glass pedestals. Each colony
yielded eight fragments. For colonies 1 - 3, the fragments from each
colony were equally and randomly distributed between the shade
treatments of the ambient temperature treatment. For colonies 4 -
6, the same procedure was conducted for the shade treatments of
the increased temperature treatment. This was conducted for both
species (n = 48, plus four baselines). Fragments were weighed on
their pedestals (13.52 + 0.73 g; mean + standard deviation) with an
Ohaus® PA213 precision balance fitted with a weighing hook
following the buoyant weighting technique (Jokiel et al., 1978;
Spencer Davies, 1989). The water volume and temperature of
aquaria were maintained at 10 L and 25.3°C, respectively. Post-
fragmentation, colonies were acclimatised for seven days before
being randomly assigned to their experimental tanks.

2.2 Experimental system and treatments

A 23-day manipulative experiment tested the responses of A.
kenti and A. divaricata to an orthogonal combination of shade (two
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levels: an unshaded control and 30% shade, maintained
continuously) and temperature (two levels: ambient, 26.4°C and
heat stress, 32.6°C). The experiment was conducted outdoors under
natural lighting. Sand-filtered seawater (10 um) was supplied from
Charlesworth Bay, Australia (30° 16.028S, 153° 8.356E). Four
replicates per treatment equated to 48 x 600 mL experimental
tanks per species. The tank volume was chosen to maintain a
consistent temperature. The experimental tanks were placed in two
1200 L water baths, one for each species (Supplementary Figure 1B).
We randomised the position of experimental tanks within the water
baths after 6, 13, and 18 days to limit location effects. The
experimental tanks were independently supplied with seawater at
a rate of 100 mL min™". A heat-hold temperature profile (Grottoli
et al., 2021) was used, with a ramp-up period (~0.5°C per day),
followed by nine days of 32.6°C for the heat stress treatment, while
the control temperature was set at 26.4°C. Water temperatures were
selected according to ambient temperature at Jenny Louise Shoal
Reef (26.4°C; November 2021) and the maximum monthly mean
(MMM,; 28.6°C), plus a temperature anomaly of 4°C.

Photosynthetically active radiation (PAR; umol photon m™s™")
was measured with Odyssey Submersible PAR loggers (5 min
interval; cross-calibrated against a LI-COR® LI-250A light meter
with an attached LI-192 underwater quantum sensor). One PAR
logger for each light treatment (unshaded and 30% shade) was
placed in a water bath at coral depth. Temperature (°C) was
measured with HOBO pendant loggers (HOBO MX-22021,
Onset, USA; 15 min interval), respectively. Temperature loggers
were placed in a separate experimental tank.

Dissolved inorganic nitrate and dissolved inorganic phosphate
were determined with 20 mL samples of sand-filtered water taken
every two days. Samples were filtered with polyethersulfone
hydrophilic, non-sterile 0.45 um filters (Minisart®, Part 16537—Q)
into 30 mL polypropylene vials. Samples were frozen (- 18°C) and
stored for analysis. Dissolved inorganic nitrate (3.35 + 1.14 pmol/L)
and phosphate (0.58 + 0.20 pmol/L) were determined by use of
standard methods 4500-No_; G., 4500-NH; H., and 4500-P (Eaton,
2005), with a flow injection LaChat 8500 autoanalyzer (Jeffries et al.,
2015). Salinity (35 + 0.42 ppt), dissolved oxygen (7.36 + 0.3 mg/L),
and pH (8.11 + 0.03) were measured daily (Hach HQ40d).

2.3 Mean intensity of grey
and photochemistry

Percentage mean intensity of grey (%MIG) is a colour analysis
technique using digital photographs of coral fragments to quantify
‘percentage whiteness’” (McLachlan and Grottoli, 2021). %MIG was
used as a physical indication of coral health. Repeated measures of %
MIG were conducted at the beginning (day zero) and every three
days after that. Measurements were conducted on all coral fragments
that remained after each destructive sampling. Algal growth was
removed before %MIG measurements. Fragment tips were avoided
as these are generally the palest part of a healthy coral colony (Page
et al,, 2023). Images of the coral side profile were conducted at
midday with consistent settings (Canon EOS R6 mirrorless, Canon
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RF 24-105 f/4 - 7.1 IS STM lens, SS: 1/100, focal length: 70 mm,
manual white balance: 6000K, ISO-100, F = 8) in a consistent light
environment from a ring light (Neewer® RF550D). Images were
converted to greyscale and analysed in Image] (ver. 1.53t) following
McLachlan and Grottoli (2021). Twenty randomly placed points per
fragment were selected and normalised against four white standard
points. The analysis avoided areas of the image distorted by surface
stress, glare, shadow, or suspended particles. From %MIG images,
coral fragments with tissue loss were quantified.

Symbiont photochemistry was measured by pulse amplitude
modulated (PAM) fluorometry. Repeated measures were collected
at the beginning (day zero) and then every two days thereafter.
Measurements were conducted on all coral fragments that remained
after each destructive sampling. The fiber-optic probe of the PAM
fluorometer (°Heinz Walz diving PAM 1) was positioned ~3 mm
away from the coral tissue. The dark-adapted photochemical
efficiency of open reaction centres (F, / F,; dimensionless) was
conducted predawn to allow for maximum recovery of the
photosystem and relaxation of photoprotective mechanisms. Rapid
light curves (RLCs) evaluated photosynthetic performance and
provided saturation characteristics of electron transport. RLCs were
conducted on dark-adapted (1 h after sunset) corals; actinic light
pulses of ~0 — 3121 pmol photon m™ s™* were delivered every 20 s.
PAM settings were actinic light factor = 1, actinic light intensity = 5,
saturation width = 0.8, saturation intensity = 12, signal damping = 2,
and gain = 2. The maximum non-photochemical quenching
coefficient (dimensionless; NPQ; Stern-Volmer quenching) was
obtained from RLCs by selecting the NPQ values determined at the
last actinic light step (3121 pmol photon m™ s™'). The absorption
factor was not defined for A. kenti or A. divaricata. Instead, the RLC
photosynthetic capacity (relative electron transport rate, ¥fETR) was
calculated as PSIT quantum yield x PAR. The rETR values were fitted
to the Platt et al. (1980) model using the ‘phytotools’ 1.0 package in R
(Silsbe and Malkin, 2015). The rise of the light-limited region (alpha
(dimensionless); o), the maximum photosynthetic capacity (umol
electron m?s7}; rETRMAX), and the light saturation coefficient (umol
photon m™ s71; E;) were determined for each fragment.

2.4 Laboratory analyses

2.4.1 Coral tissue extraction

For laboratory analysis, four fragments of each species per
treatment were destructively sampled at baseline [0 degree-
heating week (DHW)] and for each treatment at ~1, 3, and 4.4
DHW. Compressed air delivered at 40 L min™" at 7 bar, from an
electric air compressor (Black Ridge, Australia) was used to extract
coral tissue. Tissue removal was facilitated using 1.6 mL of ice-cold
0.01 M phosphate-buffered saline (PBS; Sigma-Aldrich P3813). The
removed tissue was collected into two pre-weighed tubes (Rangel
et al,, 2019), snap-frozen in liquid nitrogen, and stored at — 80°C
until analysis.
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2.4.2 Symbiodiniaceae density and chlorophyll
a concentration

To determine symbiont density and chlorophyll a
concentration, one of the two collected tissue samples from each
coral fragment was centrifuged at 3500 x g for 5 min at 4°C. The
supernatant was discarded, and the resultant tissue was weighed to
determine tissue wet weight. The pellet was resuspended in 0.75 mL
of PBS and homogenised with a TissueLyser LT (Qiagen) at 40 Hz
for 2 min. The lysate was centrifuged with the abovementioned
settings, the supernatant removed, and the tissue resuspended in
0.75 mL of PBS. Samples were kept on ice throughout. Following
further centrifugation, the supernatant was discarded, and the
sample was resuspended in 1.6 mL of PBS and divided equally
between two microcentrifuge tubes for analysis. From one tube,
symbiont density was determined by cell counting with a Neubauer
haemocytometer (Marienfield, Germany) and compound
microscope (Leica Zoom S6D). The second sample tube was used
to determine chlorophyll a concentration. It was centrifuged at 3500
x g for 5 min at 4°C and the supernatant was discarded. Chlorophyll
a was extracted with 1.5 mL of 100% undenatured ethanol and
incubated at 4°C in the dark overnight. After incubation, samples
were centrifuged at 7000 x g for 10 min at 4°C. Chlorophyll a
concentration was determined by measuring absorbance at 629 and
665 nm following Warren (2008) and quantified using coefficients
from Ritchie (2006). Symbiont density and chlorophyll a
concentration were normalised against surface area, obtained
using the wax dipping method (Stimson and Kinzie, 1991).

2.4.3 Biochemical assays

The second tissue sample for each fragment was used to assess
catalase-specific activity and lipid peroxidation.

A 50 pL aliquot of tissue homogenate was used to estimate
catalase (CAT) activity at 240 nm following Beers and Sizer (1952),
with modifications for microplate (Li and Schellhorn, 2007). The
change in absorbance of 0.01 M hydrogen peroxide was used to
estimate catalase activity using a molar extinction coefficient of 43.6
M™ cm™. The CAT-specific activity was expressed as units mg
protein (Cuéllar Cruz et al., 2009), in which 1 unit of CAT is
required to decompose 1.0 pM of H,O, per minute at 25°C
(Weydert and Cullen, 2010).

Lipid peroxidation was determined using a lipid peroxidation
assay kit (Sigma-Aldrich; MAKO085-1KT). The reaction of
malondialdehyde (MDA) and thiobarbituric acid formed a
colourimetric product that was measured at 532 nm. The
concentration of MDA was estimated from a standard curve and
expressed as nmole MDA mg™' protein.

Protein in cell lysates was determined at 595 nm following
Bradford (1976), with bovine serum albumen as the standard. Both
coral species were tested for high protein: for A. kenti samples, 20 UL
of lysate, and for A. divaricata, 15 UL of lysate was used. The
concentration of protein was estimated from a standard curve and
expressed as mg mL™.
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All spectrophotometric analyses used a FLUOstar® Omega
microplate reader (BMG Labtech, Australia) and were corrected
for path length. Results were normalised to tissue weight or
protein concentration.

2.5 Statistical analyses

Independent replicates were used to test for significant differences
in the CAT, LPO, symbiont density, and chlorophyll a concentration
data at the destructive sampling times of 1, 3, and 4.4 DHW.
Permutational Multivariate Analysis of Variances (PERMANOVA;
Factor 1: temperature, two levels and fixed, Factor 2: shade, two
levels and fixed; Anderson, 2017) was conducted in Primer v6 &
PERMANOVA+ (Clarke and Gorley, 2006). PERMANOVA analyses
used a normalised Euclidean distance dissimilarity matrix and a Type I
(CAT and LPO) or Type III (symbiont density and chlorophyll a
concentration) sum of squares, with 9999 raw data permutations. Pair-
wise comparisons were used when significant main effects were
detected (o < 0.05). For the comprehensive set of statistical results,
see Supplementary Table 1.

Repeated measures analysis of variance (ANOVA) models were
fitted to the data to analyse the variation in %MIG and the PAM
parameters of F, / F,,, NPQ, Ey, rETRMX and alpha with SPSS
(version 29.0, SPSS Inc., IBM, USA). For each parameter, a full
factorial model was initially fitted with time as a within-subject
factor and shade and temperature as between-subject factors. There
was a maximum of seven sampling events for %MIG and a
maximum of eight sampling events for F, / F,, NPQ, Ei,

10.3389/fmars.2024.1333806

rETRMAX, and alpha. Assumptions of sphericity were tested with
Mauchly’s test. When this assumption was violated, the degrees of
freedom were adjusted with the Greenhouse-Geisser correction
factor. Non-significant higher-order interactions were removed
first. When significant differences were detected (o0 < 0.05),
pairwise comparisons were adjusted by Bonferroni correction.

Multiple regression analysis tested for a statistically significant
relationship (o < 0.05) between chlorophyll a (pg cm™; Y;) and
symbiont density (cells cm’% (x1);) and %MIG [(x2);]. Independent
replicates and destructive and non-destructive data collected within a
one-day timeframe were used for analysis. Regression analyses were
conducted in MATLAB version 7 (MATLAB, 2022).

3 Results
3.1 Environmental variables

The mean ambient temperature remained at or below the
MMM (Figure 1A). When the ambient temperature treatments
exceeded the MMM for brief periods, the resulting DHW
accumulation was small (0.27 DHW). The heat stress treatments
accumulated a total of 4.4 DHW. Most of the temperature stress was
accumulated after day 11 (Figure 1B). The daily PAR irradiance
peaked at 818 * 406 umol photon m™? s (mean # standard
deviation; 10:15 am - 12:35 pm; Figure 1C). This measured
irradiance was slightly higher than PAR irradiance for a summer
season (1% Dec 2016 — 28" Feb 2017) at Jenny Louise Shoal Reef,
GBR; midday average of 680 + 236 umol photon m™> s™" at a depth

K1 s e T T \ T T T 1 0.3
3| (A) - Ambient — Mean - —95% CI — DHW]
MMM + 1°C 102
.
8 —=___ — 0.1
% 24 | l 0 8
536 5 2
E* (B) - Heat stressed 4 E
S 32 mMmm +1eC _ 3
28 == - R 2
u- T TTTTT 1
— | | L | 0 .
Te 1500 —T— 11— 11— NS S S S S S — 15 '_""o
a ——Unshaded = =DLI unshaded .
é § 1000 - ——30% shade = —DLI 30% shade| | |, _ 'S
S 3 - £
=S Pl D= =
E S 500+ AN 9 P =
= e NS 2,
S - =
S
E o 0 £
~ 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 ~
Time (days)
FIGURE 1

(A) Recorded water temperature (mean temperature per day with 95% confidence interval (Cl)) and degree heating week (DHW) accumulation for
ambient (nominal 26.4°C) and (B) heat-stressed (nominal 32.6°C) temperature treatments, and maximum monthly mean (MMM; 28.6°C) + 1°C. (C)
Logged PAR irradiance (umol photon m s7!) and daily light integral (DLI; mol photon m™2 d™!) at depth of coral fragments, in the unshaded and 30%

shade treatment.
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of ~4 m (data obtained from eReefs via the Relocatable Coastal
Model (https://research.csiro.au/ereefs/models/models-about/
recom/), with a 5000 x 5000 m domain (250 m resolution), GBR1
for initialisation and boundary data, and BGC2p0). At midday,
cloud cover > 50% dominated the experiment (16 out of 23 days).
From days 10 - 12, the peak light (unshaded treatment) was 811 -
1217 umol photon m™ s™ (DLI for days 10 - 12 of 6.24 - 10.66 mol
photon m™ d™"), which decreased on days 13 - 14 to 180 - 252 pmol
photon m™ s (DLI for days 13 - 14 of 2.64 — 3.41 mol photon m™
d’™"). The application of shade (~30%) was most effective at reducing
photosynthetically active radiation during times of peak light (10:15
am - 12:35 pm). The experimental DLI in the unshaded and 30%
shade treatment was 7.21 + 2.99 mol photon m™ d™' and 4.48 + 1.80
mol photon m™ d”, respectively.

3.2 Mean intensity of grey

For A. kenti, the %MIG was greater in the 30% shade (33.61 +
15.89) than in the unshaded treatment (31.67 + 15.89) (P < 0.05;
Table 1). For both A. kenti and A. divaricata, %MIG varied through
time (Figures 2A, B). %MIG was greater in the heat stress treatment
at later sampling times of 14 - 20 days (P < 0.01). No significant
difference in %MIG was observed amongst treatments for A.
divaricata and A. kenti (P > 0.05) at the start of the experiment.
The number of coral fragments with tissue loss was greatest in the

10.3389/fmars.2024.1333806

heat stress treatment and the unshaded and heat stress treatments
for A. kenti and A. divaricata, respectively (Supplementary Table 2).

3.3 Photochemistry

For A. kenti, the F, / F,, between the temperature treatments
varied over time (Table 1; Figure 2C). F, / F,, in the ambient
temperature treatment decreased from 5 to 11, and 16 - 21 days
(Bonferroni, P < 0.01). F, / F,, in the heat stress treatment decreased
from 5 to 11 - 21 days (Bonferroni, P < 0.01). F, / F,, was
significantly greater in the ambient temperature treatment at 14 -
19 days (P < 0.01). For A. divaricata, shading prevented
photochemical collapse up to the maximum of 4.4 DHW
(Figure 2D). F, / F,, was greater in the 30% shade [0.73 + 0.26
(dimensionless)] than in the unshaded treatment [0.67 + 0.32
(dimensionless)] (P < 0.05; Table 2) and varied in the temperature
treatments over time (P < 0.01). F, / F,, was greater in the ambient
temperature treatment at 9 — 19 days (P < 0.01). F, / F,, in the heat
stress treatment decreased from 5 to 9 - 21 days (Bonferroni, P <
0.01). F, / F,, in the ambient temperature treatment decreased from
5to 11 - 21 days (Bonferroni, P < 0.01). Absolute F, / F,, values are
presented in Figure 2; considering these high values at the start of the
experiment, only the relative differences in these values were used to
make inferences about the data.

TABLE 1 Repeated measures ANOVA results for F,/ F,,, %MIG, NPQ, E,, rETRM*X, and alpha for Acropora kenti.

Parameter Shade Temperature

Acropora kenti

Time X temp.

Time X shade Temp. X shade = Time X temp. X shade

%MIG F 6.65 75.63 50.75 1.17 3.06 2
df 1, 20 1,20 2.81, 20 2.81, 20 1, 20 6,20
P 0.02 <0.01 <0.01 0.33 0.11 0.08
F,/F, F 2.72 18.79 15.47 3.88 3.30 2.13
df 1,27 1,27 2.67,27 2.67, 27 1,27 2.88, 27
P 0.12 <0.01 <0.01 0.02 0.09 0.12
NPQ F 1.35 5.45 2.74 0.66 1592 1.32
df 1,27 1,27 2.26, 27 226,27 1,27 2.13,27
P 0.28 0.04 0.08 0.55 <0.01 0.30
Ey F 5.50 0.66 14.38 1.87 1.22 0.50
df 1,27 1,27 3.78, 27 3.78, 27 1,27 3.74, 27
P 0.02 0.42 <0.01 0.12 0.28 0.72
rETRMAX F 1.64 0.69 4.95 1.30 0.00 0.49
df 1,27 1,27 4.01, 27 4.01, 27 1,27 3.96, 27
P 0.21 0.41 <0.01 0.27 0.99 0.74
alpha F 0.29 3.81 3.28 0.21 0.66 0.40
df 1,27 1,27 2.26, 27 226,27 1,27 223,27
P 0.60 0.06 0.04 0.84 0.42 0.69

Values in bold represent a significant difference (P < 0.05) between treatment and control.
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FIGURE 2

Average percentage mean intensity of grey [%MIG; (A, B)] at O, 5, 8, 11, 14, 17 and 20 days, maximum quantum yield [dimensionless; F, / F,,; (C, D)] at
5,7,9, 11, 14, 16, 19 and 21 days, non-photochemical quenching [dimensionless; NPQ; (E, F)1, light saturation coefficient [umol photon m2 s%; Ey;

(G, H)], maximum photosynthetic capacity [umol electron m=2 st rETRMAX;

days, for Acropora kenti and Acropora divaricata for the treatments of amb
standard error.

For A. kenti, the NPQ varied between temperature treatments in
the shaded treatment and between the shade treatments in the heat
stress treatment (P < 0.05; Table 1). NPQ was greatest in the 30%
shade, and heat stress treatment (Figure 2E). At 21 days, A. kenti
was visibly paler, and NPQ was undetectable, whereas for A.
divaricata, NPQ was undetectable for the last three sampling
times (16 - 21 days; Figure 2F).

For A. kenti, the Ej was greater in the unshaded treatment (233.69
+ 203.90 umol photon m™ s') than in the 30% shade treatment
(19437 + 168.2 umol photon m™ s') and varied between the
temperature treatments through time (P < 0.05; Table 1). Ey in the
heat stress treatment increased from 0 to 9 — 12 days and decreased
from 0 to 14 - 21 days (Bonferroni, P < 0.01; Figure 2G). For A.
divaricata, Ey was greater in the 30% shade (283.52 + 223.89 pmol
photon m? s!) than in the unshaded treatment (231.15 + 218.62
pumol photon m? s (P < 0.05 Table 2; Figure 2H) and varied
between the temperature treatments through time (P < 0.01). E; in the
heat stress treatment decreased from 0 to 14 — 21 days (Bonferroni, P
<0.01). Ey increased in the ambient temperature treatment between 0
and 19 - 21 days (Bonferroni, P < 0.01). E, was greater in the heat
stress treatment at 7 — 12 days (P < 0.01). E; was greater in the
ambient temperature treatment at 14 — 21 days (P < 0.01).

For A. kenti, the rETRMAX varied between the temperature
treatments through time (P < 0.01; Table 1). ETRMAX in the
ambient temperature treatment decreased from 0 to 7, 16 - 21 days
(Bonferroni, P < 0.01; Figure 2I). rETRMAX in the heat stress treatment
decreased from 0 to 14 - 21 days (Bonferroni, P < 0.01). At day 7,
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(I, 3)] and alpha [dimensionless; (K, L)l at O, 7, 9, 12, 14, 16, 19 and 21
ient temperature and heat stressed, unshaded and 30% shade, +

rETRMAX was greater in the heat stress treatment; at 14 - 16 days,
rETRMA* was greater in the ambient temperature treatment (P < 0.01).
For A. divaricata, FETRM** was greater in the 30% shade (149.67 +
130.02 umol electron m~?s) than in the unshaded treatment (112.39 +
104.88 pmol electron m™ s') and varied between the temperature
treatments through time (P < 0.01; Table 2). rETRMAX in the heat stress
treatment decreased from 0 to 12 - 21 days (Bonferroni, P < 0.01;
Figure 2J). FETRM** in the ambient temperature treatment decreased
from 0 to 16 - 21 days (Bonferroni, P < 0.01). rETRM*X was reduced in
the heat stress treatment at 12 — 21 days (P < 0.01).

For A. kenti, the alpha varied between the temperature
treatments through time (P < 0.05; Table 1). Alpha in the
ambient temperature treatment decreased from 0 to 16 - 21 days
(Bonferroni, P < 0.05; Figure 2K). Alpha in the heat stress treatment
decreased from 0 to 7 — 21 days (Bonferroni, P < 0.05). Alpha was
greater in the ambient temperature treatment at 9, 14, and 16 days
(P < 0.05). For A. divaricata, alpha was greater in the 30% shade
[0.37 + 0.28 (dimensionless)] than in the unshaded treatment [0.30
+ 0.26 (dimensionless)] (P < 0.05; Table 2) and varied between the
temperature treatments through time (P < 0.01). Alpha in the heat
stress treatment decreased from 0 to 14 - 21 days (Bonferroni, P <
0.01; Figure 2L). Alpha in the ambient temperature treatment
decreased from 0 to 16 - 21 days (Bonferroni, P < 0.01). Alpha
was reduced in the heat stress treatment at 9 - 21 days (P < 0.01).

No differences were observed amongst treatments for A.
divaricata and A. kenti at the start of the experiment for each of
the abovementioned photochemical parameters (P > 0.05).
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TABLE 2 Repeated measures ANOVA results for F, / F,, (dimensionless), %MIG, NPQ (dimensionless), E (umol photon m™ s%), rETR™ (umol electron m?s™),
and alpha (dimensionless) for Acropora divaricata.

Parameter Temperature Time X temp. Time X shade Temp. X shade Time X temp. X shade
%MIG F 22 21.19 16.81 2.56 3.93 1.89

df 1,20 1,20 1.97, 20 1.97, 20 1,20 2.06, 20

P 0.16 <0.01 <0.01 0.1 0.07 0.17
F,/F, F 5.11 49.19 26.96 0.65 431 335

df 1,27 1,27 1.73, 27 1.73, 27 1,27 1.93,27

P 0.04 <0.01 <0.01 0.51 0.06 0.05
NPQ F 115 033 1.84 0.98 26 1.52

df 1,27 1,27 337,27 337,27 1,27 3.46,27

P 0.30 0.58 0.15 0.42 0.13 0.22
Eyx F 6.80 8.71 478 0.64 1.93 1.47

df 1,27 1,27 4.16, 27 4.16, 27 1,27 4.13,27

P 0.01 <0.01 <0.01 0.64 0.17 0.21
rETRMAX F 1223 26.90 8.67 1.58 0.62 0.48

df 1,27 1,27 4.06, 27 4.06, 27 1,27 4.02, 27

P <0.01 <0.01 <0.01 0.18 0.44 0.75
alpha F 5.82 29.01 6.91 1.05 1.22 0.58

df 1,27 1,27 3.63,27 3.63,27 1,27 3.58, 27

p 0.02 <0.01 <0.01 0.38 0.28 0.66

Values in bold represent a significant difference (P < 0.05) between treatment and control.

3.4 Laboratory analyses

For A. kenti, no significant differences in catalase-specific
activity were observed between the shade or temperature
treatments (Figures 3A, B). For A. divaricata, the treatments of
30% shade and ambient temperature significantly increased
catalase-specific activity at 4.4 DHW (F(;, ;5) = 5.68, P < 0.05, and
F, 15) = 8.13, P < 0.05, respectively). The catalase-specific activity
was greater in the shaded than the unshaded treatment (3.91 + 1.74
units mg™ protein and 1.80 + 1.64 units mg' protein, respectively
(mean + standard deviation); Figure 3C) and in the ambient
temperature than heat stress treatment (3.73 + 1.66 units mg
protein and 1.97 + 1.92 units mg™' protein, respectively; Figure 3D).

For A. kenti, the lipid peroxidation was significantly greater in
the unshaded (170.07 + 81.78 nmole MDA mg’1 protein) than in
the 30% shade treatment (72.23 + 56.61 nmole MDA mg’1 protein)
at 3 DHW (F(, 12 = 5.94, P < 0.05; Figure 3E). No significant
differences in lipid peroxidation were observed between the
temperature treatments (Figure 3F). For A. divaricata, no
significant differences in lipid peroxidation were observed
between the shade or temperature treatments (Figures 3G, H).

For A. divaricata, the 30% shade treatment significantly increased
symbiont density at 1 and 3 DHW (F(;, ;5) = 12.22, P < 0.01, and Fy,
15) = 5.35, P < 0.01, respectively; Figure 4A). Symbiont density was
greater in the shaded than in the unshaded treatment at 1 DHW (3.20
x 10° + 2.70 x 10 cells cm™ and 1.07 x 10° + 532 x 10" cells cm?,
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respectively) and 3 DHW (3.28 x 10° + 3.65 x 10° cells cm™ and 1.04
x 10° + 1.81 x 10° cells cm™, respectively). At ambient temperature,
symbiont density was greater in the shaded than in the unshaded
treatment (5.26 x 10° + 2.39 x 10° cells cm™ and 1.48 x 10° + 8.65 x
10> cells cm™, respectively), at 1 DHW (F(;, 15 = 7.28, P < 0.01). For
both A. divaricata and A. kenti at all destructive sampling time points,
symbiont density was greater in the ambient temperature than in the
heat stress treatment (Figures 4B, D; see Supplementary Table 1). For
A. kenti, no significant difference in symbiont density was observed
between the shade treatments (Figure 4C).

For A. divaricata, the 30% shade treatment significantly increased
chlorophyll a concentration at 1 and 3 DHW (Fy, 15 = 26.35, P <
0.01, and F;, ;5)=7.32, P < 0.01, respectively; Figure 4E). Chlorophyll
a concentration was greater in the shaded than in the unshaded
treatment at 1 DHW (3.38 + 1.38 pug cm™ and 1.60 + 0.94 pug cm™?,
respectively) and 3 DHW (2.62 + 2.49 pg cm™ and 1.31 + 1.74 pg
cm?, respectively). For A. divaricata, chlorophyll @ concentration was
greater in the ambient temperature than in the heat stress treatment
at 1, 3 and 4.4 DHW (Figure 4F; see Supplementary Table 1). For A.
divaricata, no significant differences in chlorophyll a concentration
were observed between the shade treatments (Figure 4G). For A.
kenti, chlorophyll a concentration was greater in the ambient
temperature than in the heat stress treatment at 3 DHW (F(;, ;5 =
25.78, P < 0.01; 532 + 240 ug cm™ and 0.57 + 0.94 pg cm>,
respectively) and 4.4 DHW (F;, 15) = 19.97, P < 0.01; 4.31 + 2.40 pg
em™ and 0.21 < 0.20 pg cm™, respectively) (Figure 4H).
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The effects of shade (unshaded or 30% shade) and temperature (ambient or heat stressed) on symbiont density (cells cm™) and chlorophyll a
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independent replicates) in the shade or temperature treatments are signified by an asterisk (*) symbol.
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The overall regression between chlorophyll a and symbiont
density and %MIG was statistically significant for each species (A.
kenti: By, 45 = 35.74, P < 0.05, ° = 0.61; A. divaricata: F5, 45, =
194.86, P < 0.05, r* = 0.89). The individual predictors were
examined further and indicated that variations in chlorophyll a
were best described by symbiont density and %MIG for both
species; A. kenti (t = - 5.03, P < 0.05 and ¢ = - 0.69, P < 0.05;
Supplementary Figures 2A, B) and A. divaricata (t = 13.59, P < 0.05
and t = - 3.98, P < 0.05, respectively; Supplementary Figures 2D, E).
With the combined variables of %MIG and symbiont density, the
relationship varied from reasonably to highly linear for A. kenti
(0.78) and A. divaricata (0.95), respectively. Over half of the
variation in chlorophyll a could be explained for A. kenti (i =
0.60), whilst the variation in chlorophyll a was largely explained for
A. divaricata (r* = 0.90; Supplementary Figures 2C, F).

4 Discussion

4.1 The environmental stressors of light
and temperature

Elevated temperature was the primary stressor in this
experiment and negatively impacted the health of both coral
species. Under ambient light (unshaded treatment) conditions,
heat stress temperatures exacerbated coral bleaching stress. For
each species at 1 DHW (in the heat stress treatment), F, / F,,, Ey,
rETRMAX, and alpha were reduced, and %MIG was greater,
compared to the ambient temperature treatment. This decline in
coral health occurred with a peak in maximum irradiance on day 11
and after an accumulation of temperature stress. With an
accumulation of DHW, F, / F,,, E, rETRMAX and alpha for A.
divaricata were reduced in the heat stress treatment at later
sampling times. Similarly, parameters measured for A. kenti
displayed a decline in coral health in the heat stress treatment at
later sampling times; %MIG was greater, and F, / F,,,, ETRMAX and
alpha were reduced. The catalase activity for A. kenti was reduced at
the last destructive sampling time in the heat stress treatment. For
both species, chlorophyll a concentration and symbiont density
were reduced under heat stress temperatures. Increased
temperature was a consistent stressor in this experiment and
negatively impacted the health of both coral species.

Shade did not consistently reduce bleaching impacts under heat
stress conditions for both coral species. Shading prevented a
significant photochemical decline under heat stress but for A.
divaricata only. The photochemical parameters of F, / F,, Ei,
rETRMAX and alpha were greater in the shaded than in the
unshaded treatment, and thus displayed a reduced photochemical
decline. For A. divaricata, symbiont density and chlorophyll a
concentration were reduced in the shaded treatment, whilst no
shade effects were shown for A. kenti. For A. kenti, a negative
response to shade was shown; %MIG was greatest in the shaded
treatment, and Ej was greatest in the unshaded treatment. Species-
specific responses were also shown in Butcherine et al. (2023), with
Turbinaria reniformis more responsive to shading than
Duncanopsammia axifuga. Thirty percent shade for 4 h per day
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delayed bleaching in T. reniformis whereas D. axifuga was
unresponsive to 24 hours of shade beyond 3 DHW. Shading as an
intervention may not reduce bleaching in all coral species equally, as
evidenced by the species-specific responses to shading in this
experiment. The species-specific effects suggest that shade
intensity could be increased beyond 30% to observe positive
shade benefits for a range of coral species. Conversely, shading
may negatively impact coral health, as demonstrated by the
responses of A. kenti in this experiment.

Frequent fluctuations in experimental light highlighted the
importance of recurrent measurements for tracking short-term
changes in coral photochemical health. Light fluctuated daily in
the experiment and even hourly with cloud presence. With constant
fluctuations in light, acclimatisation is not instantaneous, thus
photochemical parameters, such as Ey, may go through changes
(Sakshaug et al., 1997; Ralph and Gademann, 2005). Recurrent
measurements are important for tracking short-term changes in
coral health. A reduced light saturation coefficient (E,) indicates
reduced photochemical quenching and elevated non-
photochemical quenching, thus decreasing the light required to
saturate photosynthesis. A reduced Ej from increased light
exposure was shown in Acropora valenciennesi, Porites cylindrica
(Jurriaans and Hoogenboom, 2020), and Siderastrea stellata
(Tunala et al.,, 2019). Changes to E, were observed over a short
timeframe; in comparison to Ey at day zero, E was greater before
DHW accumulation and then was reduced beyond 1 DHW.
Changes in Eyx were observed for Turbinaria mesenterina in as
few as 5 - 10 days (Anthony and Hoegh-Guldberg, 2003). Roth et al.
(2010) also demonstrated photochemical changes over short
periods for Acropora yongei. Photochemical declines in coral
health, specifically a decreased rETRMAX, Ey, and alpha, have been
shown with pathogenic coral disease syndromes (Ralph et al., 2015).
Photochemical decline around lesion borders arose from reduced
light attenuation from disintegrating tissues and increased light
reflectance from an exposed coral skeleton (Enriquez et al., 2005;
Ralph et al., 2015). The use of ambient light in this experiment,
which varied with prevailing conditions, is most representative of
the environmental variations experienced by corals in their
natural environment.

4.2 The effect of shade on
Acropora divaricata

Shade delayed bleaching effects in A. divaricata. A. divaricata in
the ambient temperature and shaded treatment displayed less
photochemical and physical bleaching effects. Under heat stress,
unshaded A. divaricata fragments had elevated percentage
whiteness and undetectable F, / F,, values from early tissue loss
and extreme bleaching from ~ 1 DHW (13 - 14 days). NPQ values
exceeded moderate photoinhibition.

Catalase activity was elevated in the ambient temperature
treatment, and in the 30% shade treatment. In this experiment,
an increased catalase activity in these treatments of reduced heat
and light stress perhaps indicates a functioning antioxidant system.
In contrast, fragments in the heat stress and unshaded treatment
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that suffered from tissue loss had significantly reduced catalase
activity and a reduced capacity to respond to stress. Elevated
antioxidant enzyme activity is indicative of increased levels of
reactive oxygen species (Lesser et al., 1990), and catalase activity
can be elevated by increased temperature (Higuchi et al., 2008;
Butcherine et al., 2023). Consistent with evidence of ROS
accumulation triggering coral bleaching, Levin et al. (2016)
detected an increased ROS leakage from Symbiodinium cells in a
heat stress treatment. In instances where significant tissue necrosis
isn’t documented, shading is shown to suppress catalase activity
(Butcherine et al., 2023). In our shaded treatment, catalase activity
was greater, and an improved coral health was indicated by
increased F, / F,,, Ei, rETRM** and alpha. We expect that severe
bleaching in the unshaded and heat-stressed temperature treatment,
demonstrated by tissue necrosis, impacted the activity of catalase.
Thus, 30% shade alleviated the physiological bleaching response
for A. divaricata.

A. divaricata displayed moderate photoinhibition in the
unshaded, heat stress treatment. NPQ as a photoprotective
mechanism did not efficiently alleviate light stress in the
unshaded treatment. NPQ dissipates excess absorbed excitation
energy as heat by the photosystems’ antennae (Ruban, 2016).
Before 1 DHW, F, / F,, steadily declined, and NPQ values
suggested a moderate degree of photoinhibition (NPQ 1.5 - 2;
Ralph and Gademann, 2005). NPQ may have been functioning at
low DHW accumulation to combat the increase in light irradiance
experienced by corals transitioning from holding tank to
experiment. The peak experimental light was highest before day
13.In Banc-Prandi et al. (2022), higher values of NPQ at lower PAR
were shown for corals sampled from colder ambient conditions and
thus sensitive to higher irradiance at lower temperatures. In the
unshaded, heat stress treatment, NPQ values exceeded moderate
photoinhibition but decreased with further DHW accumulation,
eventually reaching zero at 4.4 DHW. According to the optical
feedback-loop hypothesis of coral bleaching; as Symbiodiniaceae are
expelled, reduced Symbiodiniaceae abundance and pigmentation
further expose the skeleton (Enriquez et al., 2005). An exposed
skeleton disproportionately increases the light available to
remaining Symbiodiniaceae, further exacerbating their light stress
and accelerating subsequent Symbiodiniaceae expulsion (Enriquez
et al., 2005; Marcelino et al.,, 2013). An increased irradiance under
heat stress conditions may have overwhelmed NPQ as a
photoprotective mechanism for the thermal dissipation of excess
light energy (Enriquez et al., 2005).

Although shading alleviated bleaching for A. divaricata, substantial
declines in coral health were still observed in the 30% shade, heat-
stressed treatment. The photochemical parameters of F, / F,,, E,,
rETRM** and alpha measured for A. divaricata decreased significantly
with DHW accumulation. All fragments in the heat stress treatment
were recorded with tissue loss at day 20. Similarly, all fragments were
recorded with tissue loss in the unshaded, ambient temperature
treatment. Regardless of the temperature treatment, unshaded light
induced a bleaching response. Acclimatisation to a lower baseline
temperature and a lower consistent light level post-summer season
could explain the rapid decline in coral health observed in the
experiment. Photoacclimation in Symbiodiniaceae occurs
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continuously and is an adaptation accounted for in the Light Stress
Damage algorithm (Skirving et al,, 2017). While studies have proposed
the rearrangement of coral symbiont community compositions to
favour thermally tolerant species when in warmer temperatures
(Berkelmans and van Oppen, 2006; Cunning et al., 2018; Claar et al.,
2020) following temperature-induced coral bleaching, the reverse may
also be applicable. Shuffling the symbiont community composition to a
species favourable to the pre-experimental conditions could make
fragments vulnerable to increased water temperature and unshaded
light conditions. Therefore, both light and temperature are considered
stressors in the bleaching response of A. divaricata. The combination of
heat-stress temperature and unshaded light conditions may have
exacerbated the vulnerability of A. divaricata.

An increased shade intensity under thermal stress may be
beneficial for A. divaricata to further reduce bleaching impacts
and prevent the photochemical efficiency from decreasing
significantly. The optimal level of shade that prevents significant
photochemical decline should be determined for a range of coral
species, morphologies, and varying environmental conditions. Most
studies investigating the effects of reduced light have used shade
levels higher than 50% (Tagliafico et al., 2022). However, different
coral species are expected to respond differently to variable levels of
light (Tilstra et al., 2017; Wangpraseurt et al., 2019; Dobson et al.,
2021). The primary shading interventions proposed to protect
corals under thermal stress (shade cloths, fogging using seawater,
reflective surface films, and marine cloud brightening) revolve
around reducing the light environment at the coral surface.
Further research is necessary to clarify the appropriate shade level
for protecting various corals against environmental stress
conditions to ensure the deployment of shade-based interventions
is beneficial.

4.3 The effect of shade on Acropora kenti

Photochemical and physical indicators of coral health measured
for A. kenti responded negatively to shade. Bleaching responses
were more pronounced in the shaded, heat-stressed treatment.
Under 30% shade, A. kenti had a reduced F, / F,,, an increased %
MIG, but a reduced lipid peroxidation compared to the unshaded
treatment. Lipid peroxidation was greatest at 3 DHW in the
unshaded A. kenti. These indicators of coral health were
contradictory for A. kenti. In tissues of Agaricia agaricites,
Sandeman (2008) also reports increased lipid peroxidation after
exposure to light and temperature stress. The conflicting results for
A. kenti may be attributed to biomarker sensitivity; different
markers capture different aspects of coral health as physical,
physiological, or photochemical parameters.

4.4 Considerations

Symbiont density and mean intensity of grey were suitable
predictors of chlorophyll a. %MIG and symbiont density were
negatively and positively correlated with chlorophyll a,
respectively. An increase in percentage whiteness proportional to a
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loss in chlorophyll a and symbiont density was similarly reported for
Goniopora lobata (Chow et al., 2016). A combination of stressors
including elevated water temperature resulted in a colour loss,
proportional to a decrease in chlorophyll a and Symbiodiniaceae
for Acropora formosa in Amid et al. (2018). Our results confer that
coral colour is related to pigment concentration, regulated by
symbiont density. Chlorophyll a does not, however, directly reflect
symbiont abundance as its content varies widely by symbiont cell
(Chang et al., 1983). Variability in pigment content may be
informative of symbiont photosynthetic capacity; in Scheufen et al.
(2017), the amount of pigmentation and/or symbionts required to
achieve maximum light absorption varied among species. The
unaccounted variation in chlorophyll a may be explained by the
time lag between non-destructive sampling of %MIG and destructive
sampling of chlorophyll a and symbiont, as the time between
sampling was up to ~ 1 DHW. It is important to note that
chlorophyll a fluorescence signal may be influenced by tissue
thickness. For instance, tissues of Porites spp. have been reported
to be shaded from solar irradiance as they are shielded deeper within
the skeleton, compared with tissues of Acropora spp (Hoegh-
Guldberg, 1999). Within coral tissue, different cell layers have
different light environments and light histories (Ralph and
Gademann, 2005), so chlorophyll a fluorescence results may
depend upon the cell layer sampled. The presence of endolithic
algae within thin tissue layers may confound chlorophyll
fluorescence. Fine et al. (2004) found dark-adapted F, / F,, to be
significantly higher on a bleached section of the coral colony than
from the colony’s isolated symbionts, thus suggesting the
fluorescence signal to be dominated by the endolithic algae from
Ostreobium sp. Consequently, a deviation in tissue thickness may
influence species-specific photochemical responses to environmental
stress. We recognise that the initial F, / F,, values for A. divaricata
and A. kenti presented in Figure 2 are higher than those reported in
the literature for the symbiont photochemistry of unstressed corals
[values of 0.6 to 0.7; Franklin et al. (2004); Bhagooli (2009)]. Thus,
conclusions made in this paper regarding F, / F,, measurements are
based on the relative differences between absolute values.

The benefit of reduced light levels during heat-stress conditions
may not be universal in a coral reef environment. Low light
conditions have been associated with a negative effect on corals.
For instance, low light levels can impact coral growth (Comeau
et al,, 2014), survival, and recruitment (Baird and Hughes, 2000).
Akin to the results of this experiment, solar radiation management
may alleviate or exacerbate coral bleaching stress depending on the
species. Coral reefs are ecologically diverse environments that host
multiple coral species. The structural complexity of coral reefs
supports this species richness. Given the species-specific
responses in this experiment, further investigation is required to
assess the effects of shade on coral bleaching in a range of coral
morphologies. We also recommend using multiple shading levels to
determine the optimal level of shade for reducing bleaching effects
caused by environmental stress. These results will inform the
feasibility of shade-based interventions for alleviating coral
bleaching at reef-scale. Manipulative experiments are used to
isolate the effects of specific variables on coral bleaching. They
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remain a critical tool for understanding the mechanisms underlying
the coral bleaching response (McLachlan et al., 2020). Semi-
controlled experiments cannot account for all potential drivers of
coral bleaching, namely flow dynamics, heterotrophic nutrition,
microbial communities, and physical disturbance. We acknowledge
that the coral responses observed in the experiment may not be fully

representative of those occurring in the natural environment.

5 Conclusions

This study confirmed that moderate levels of shade could
alleviate bleaching stress in one of the two coral species selected.
While the effects of temperature were consistent across the shade
treatments for each species, the impact of shade on bleaching
differed between species and the response variable measured.
Shade applied continuously reduced the photochemical effects of
bleaching under elevated temperature in A. divaricata only. An
increased level of shade for this species may be advisable for further
protection against coral bleaching impacts. Shade did not provide
the same benefits for A. kenti, which, by some indicators, declined
more rapidly in the shaded treatment. These results suggest that
reduced light intensity during thermal stress accumulation may not
benefit all coral species equally, and in some species, a reduced light
intensity may negatively impact coral health. This study highlights
the importance of investigating species-specific bleaching responses
to assess the duration and level of shade most efficient for
ameliorating bleaching impacts. Species-specific responses to a
solar radiation management technique may implicate reef-scale
management strategies, notably in reef locations that host a
variety of coral morphologies.
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SUPPLEMENTARY FIGURE 1

Species selection and experimental design. (A) Experimental fragments of
Acropora divaricata (1, 2) and Acropora kenti (3, 4). Major tick marks in (A2)
and (A4) denote centimeters. (B) Experimental treatments of shade (unshaded
and 30% shade) and temperature (ambient, 26.4°C and heat stressed, 32.6°C)
with four replicates per treatment, placed in water baths.

SUPPLEMENTARY FIGURE 2

Measured versus predicted chlorophyll a (ug cm™) for symbiont density [cells
cm™2; Acropora kenti (A), Acropora divaricata (D)] and percentage mean
intensity of grey [%MIG; Acropora kenti (B), Acropora divaricata (E)].
Predictive performance of the model for the combined predictor variables
of %MIG and symbiont density [cells cm™; Acropora kenti (C), Acropora
divaricata (F)]; regression scatterplots show predicted versus measured
chlorophyll a (ug cm™). Each point on the scatterplot represents
an observation.

2)

SUPPLEMENTARY TABLE 1

Summary of PERMANOVA analyses, displaying all results for catalase, lipid
peroxidation, symbiont density, and chlorophyll a concentration, for
Acropora kenti (AK) and Acropora divaricata (AD). Values in bold represent a
significant difference (o < 0.05) between treatment and control.

SUPPLEMENTARY TABLE 2

Number of coral fragments per treatment with tissue loss, at %ZMIG sampling
days. Fragments of repeated measures were used (four fragments
per treatment).
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