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Intermittent shading can
moderate coral bleaching
on shallow reefs

Peter Butcherine1*, Alejandro Tagliafico1, Sophia L. Ellis1,
Brendan P. Kelaher1, Conor Hendrickson1

and Daniel Harrison1,2

1National Marine Science Centre, Southern Cross University, Coffs Harbour, NSW, Australia, 2School
of Geosciences, University of Sydney, Sydney, NSW, Australia
The health of coral reefs is declining from the effects of human activity and

climate change. Mass coral bleaching is often triggered by elevated water

temperature and excessive solar irradiance. Shading can reduce coral

bleaching risk. Shading-based management interventions, such as whole-of-

reef marine fogging, have been proposed as a conservation tool for periods

when coral undergoes excessive thermal stress. This study examined the

effect of intermittent shade (30% for 0, 4, or 24 h) on two coral species,

Duncanopsammia axifuga and Turbinaria reniformis, held at either 26.4°C or

32.4°C for 18 days. Coral fragments were assessed for bleaching (relative mean

intensity of grey, chlorophyll a, and symbiont density), photochemistry (PAM

fluorometry), and antioxidant biomarkers (SOD and CAT). Shading responses

were species-specific, with T. reniformis more responsive to shading than D.

axifuga. Thirty per cent shading delayed bleaching up to three-degree heat

weeks (DHW), and 24 h shade was more protective than 4 h shade. Shading

suppressed catalase activity in T. reniformis. Overall, our results suggest that

intermittently shading corals for 4 h canmoderate light stress and slow bleaching

in some corals and could improve the efficiency of active solar radiation

management in marine ecosystems.

KEYWORDS

irradiance, bleaching, photochemistry, climate change, oxidative stress, solar-radiation
management, shading
1 Introduction

The unprecedented decline of coral reefs globally has been robustly documented over

the last two decades (De'ath et al., 2012; Hughes et al., 2018a). Coral cover in some iconic

ecosystems, such as the Great Barrier Reef, has been reduced by up to 70% (Bell et al.,

2014), while at other places, 100% mortality has been reported (Guzman, 1991). Crown-of-

thorns predation (De'ath et al., 2012), the severe effects of climate change and ocean

acidification, and the increasing frequency and intensity of tropical storms and bleaching
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events are considered the main drivers of the current coral crisis

(Hughes et al., 2003; Grottoli et al., 2014; Hughes et al., 2018b).

Recently, extreme weather events triggered some of the worst mass

bleaching events on the Great Barrier Reef during 2016–2017

(Hughes et al., 2017). The aftermath of this third global-scale

coral bleaching event showed that the accumulated heat exposure

exceeding a critical threshold of 3–4 degree heating weeks (DHW)

contributed to bleaching on 91% of reefs, coral cover loss up to 75–

100% in some reefs, and an 80% decline in specific species (e.g.

staghorn Acropora, Seriatopora hystrix, Styllophora pistillata)

(Hughes et al., 2018a; Hughes et al., 2018b).

The most recent Intergovernmental Panel on Climate Change

report indicated that global sea surface temperatures would

continue to rise even under the lowest emission scenario

presented (Cooley et al., 2022). Thus, the frequency and severity

of coral bleaching events are expected to increase in the coming

decades (Donner, 2009; Jackson et al., 2022). This presents an

urgent challenge to develop and implement management

interventions that reduce the impacts of environmental stressors

on corals and facilitate their recovery following bleaching events

(Bay et al., 2019).

It is well known that high irradiance levels coupled with high

temperatures can trigger bleaching events (Brown, 1997;

Berkelmans, 2002; Courtial et al., 2017; Cropp et al., 2018;

Jackson et al., 2018). The possible benefits of coral shading have

been demonstrated over several decades of coral research (Wethey

and Porter, 1976; Shick et al., 1996; Baker et al., 2008). Previous

attempts to shade reefs have been limited and do not operate at a

reef scale, i.e., 10’s to 100’s km2. In their review of coral shading,

Tagliafico et al. (2022) showed several artificial coverings have been

used to reduce light intensity and assist coral rehabilitation such as

screens (Coles and Jokiel, 1978), aeration and sprinklers (Kramer

et al., 2016), awnings (Simpson et al., 2008), shade cloths (Coelho

et al., 2017), fabric (Thinesh et al., 2017), and plastic sheeting

(Muller and van Woesik, 2009; Muller and van Woesik, 2011).

Consequently, shading reefs is a potential solution to reduce

irradiance levels reaching corals and may mitigate bleaching,

although implementing reef scale solutions remain elusive. Recent

projections suggest that by 2040, coral cover on shaded reefs could

double that found on unshaded reefs (Condie et al., 2021). Current

research attempts to scale shading to the scale of individual reefs or

even the entire Great Barrier Reef (e.g. fogging and cloud and sky

brightening) (Tollefson, 2021). However, this research is in an early

phase, and up-scaling equipment may present a technical and

financial challenge (Baker et al., 2021), and the required light

attenuation levels and implementation times to reduce the risk of

coral bleaching are still unclear (Coelho et al., 2017). Nonetheless,

shading the entire Great Barrier Reef is predicted to reduce degree

heating weeks (DHW) and could limit coral mortality during severe

bleaching events (Harrison et al., 2019).

Some of the shading technologies being trialled on the Great

Barrier Reef (i.e., fogging and cloud brightening) require energy

(e.g. diesel generator, vessel generator), and improvements in

energy consumption and cost-effectiveness are desirable. Satellite

imaging and weather models can help to predict when shading

technologies may be necessary (Coelho et al., 2017), but variable
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weather conditions can impact deployment. To assess the

effectiveness of intermittent sub-daily shading targeted around

peak sunlight, we tested the hypothesis that different levels of

shading (4 h and 24 h per day) at two different temperatures

[collection site temperature: 26.4°C and four degrees above the

maximum monthly mean (28.6°C), reaching 32.6°C] would

significantly affect the bleaching response of corals during a high-

temperature episode of up to 5 DHW. Coral bleaching is a general

stress response of symbiotic corals to a wide variety of

environmental stressors that results in the loss of unicellular

symbiotic algae in corals (Fitt et al., 2001; Lesser and Farrell,

2004; Ainsworth et al., 2016). Elevated sea temperature and its

interaction with excess solar radiation are the key environmental

triggers of coral bleaching (Brown, 1997; Fitt et al., 2001; Ainsworth

et al., 2016). The interaction between excessive light and water

temperature can result in oxidative stress, where excessive

generation of reactive oxygen species is the primary cause of coral

bleaching (Smith et al., 2005; Suggett et al., 2008; Baird et al., 2009).

Superoxide dismutase and catalase are important coral antioxidant

defences addressing the products of oxidative stress (Weydert and

Cullen, 2010).

We used chlorophyll a concentration, symbiont density, and

relative mean intensity of grey as bleaching proxies. Pulse amplitude

modulation (PAM) fluorometry was used to evaluate symbiont

photochemistry. In addition, we used the activity of superoxide

dismutase and catalase to assess the antioxidant response to

oxidative stress.
2 Materials and methods

2.1 Coral species selection, collection,
and preparation

The branching coral, Duncanopsammia axifuga was selected

due to a demonstrated quick recovery and high survival rate after

the fragmentation process, as well as the large coral tissue yield that

can be obtained per small fragments of around 3 cm (mean ± SD =

1.01 ± 0.52 g), which allows laboratory analyses of different

variables response (Tagliafico et al., 2017; Tagliafico et al., 2018).

The plate coral, Turbinaria reniformis, was selected as it has been

previously used in experiments looking at the effects of different

levels of irradiance and other stressors (Courtial et al., 2017; Jones

et al., 2020; Dobson et al., 2021).

Colonies of Duncanopsammia axifuga and Turbinaria

reniformis were collected at 10 m depth from Arlington Reef

(-16.724°, 146.063°) and Vlasoff Reef (-16.655°, 145.992°),

respectively. The water temperature at each collection site was

26.4°C (November 2021), and the maximum monthly mean

(MMM) at each collection site was estimated at 28.6°C using

eReefs data from the 1 km resolution hydrodynamic model

(Steven et al., 2019).

The collected corals were transported to the National Marine

Science Centre, Coffs Harbour, New South Wales, Australia

(-30.268°, 153.138°), and acclimatised in a 1200 L flow-through

filtered seawater tank for one week at 26 ± 0.5°C. Corals were fed
frontiersin.org
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twice with Artemia salina (1d old). Afterwards, colonies were

fragmented into similar sizes using a Dremel rotary tool with a

diamond wheel. No significant differences were found for buoyant

weight among fragments of the same species (p > 0.05).

A total of 152 fragments (76 per species, 12 replicates per

treatment) were acclimatised for an additional week in conditions

similar to those described above. Post-acclimation, no supplemental

feeding was provided. Each fragment was randomly allocated to one

of six treatments (see below). In-situ and destructive sampling of

coral occurred on four occasions: (i) before starting the experiment

[baseline], (ii) after 3.1 DHW [day 13], at 5 DHW [day 19], and (iv)

after seven days of recovery [day 26].
2.2 Experimental setup

In the experimental system, 144 x 600 mL experimental tanks

were supplied with 100 mL min-1 of flow-through, sand-filtered

seawater from Charlesworth Bay (-30.267°, 153.141°). The

experimental tanks were arranged in orthogonal combinations of

temperature (two levels): 1) collection site temperature: 26.4°C,

hereafter referred to as lower temperature (LT) and 2) MMM + 4°C:

32.6°C, henceforth higher temperature (HT); and two levels of 30%

shade (4h around solar noon and 24 h). Shade cloth that reduced

PAR by 30.1 ± 0.85% (mean ± SE, n = 3340) was used for the shaded

treatments. For the 4 h shade treatment, the shade cloth was placed

over each tank for two hours on either side of solar noon

(approximately 10 am to 2 pm), and for the 24 h shade

treatment, the shade cloth cover remained in place throughout

the experiment. Controls with no shade were established at 26.4°C

and 32.6°C. Temperature was maintained at 26 ± 0.5°C and 32.6 ±

0.5°C using heat pumps (2100 Lh-1, EVO-F5, Australia). The higher

temperature treatment was increased over a week by 1.1°C per day

to reach the experimental temperature of 32.6°C. To minimise

possible tank position effects, the experimental tanks were

randomly relocated every four days.
2.3 Environmental parameters

Visible light was measured thrice daily (11:00; 13:00 and 15:00)

with a LI-250A meter with an attached LI-192 underwater quantum

sensor (LI-COR, Nebraska) and over 24 h, with photosynthetic

irradiance loggers (Odyssey) placed under direct sunlight and

underwater with and without shade, respectively (Supplementary

Figure 1). The PAR loggers were calibrated under solar radiation

against a recently calibrated LI-250A. A multiplier of –143.68 and –

189.66 was applied to calibrate the PAR loggers deployed in air and

water, respectively.

Nitrite (0.012 ± 0.008 mg L-1 NO2), phosphate (0.23 ± 0.33 mg

L-1 PO4) and alkalinity (163 ± 36 mg L-1 CaCO3) were measured

from incoming water twice a week with a photometer system

(Palintest® model 7100, UK). Dissolved oxygen (HT: 7.78 ± 0.29

mg L-1, LT: 8.03 ± 0.25 mg L-1) and conductivity (HT: 57.61 ± 5.26

mS cm-1, LT: 52.55 ± 5.95 mS cm-1) were recorded thrice daily
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(11:00, 13:00 and 15:00) with a handheld probe meter

(Hach HQ40d).
2.4 In situ sampling

Maximum quantum yield (Fv/Fm) was measured using a diving

pulse amplitude modulation (DIVING-PAM©) fluorometer (Heinz

Walz GmbH, Germany) from dark-adapted corals after 1 h dark

acclimation. Each coral fragment was measured once per sample

period. PAM settings were set to avoid low signal or overflow

readings (measuring light intensity 8, damping 2, gain 12, actinic

light intensity 5, saturation pulse intensity 8, and saturation pulse

width 0.8). PAM readings were made with the probe 1 cm from the

coral. At the start of the experiment, no significant differences were

found in maximum quantum yield among coral fragments within

D. axifuga (df = 2, 66; pseudo-F = 0.28; p = 0.76) and T. reniformis

(df = 2, 66; pseudo-F = 1.75; p = 0.17).

Each coral was photographed while underwater in their

experimental tank from above using a Canon EOS 5D Mark II

DSLR camera fitted with a Canon Macro EF 100mm f/2.8L IS USM

lens. Camera settings were slightly modified from those suggested

by Winters et al. (2009), ISO-100, F = 3.5, 1/60 and white balance

manually set to 6000 K. Each image contained a white tile as a true

colour reference. The camera was mounted on a video tripod with a

centred mid-level spreader (Cayer BV30L, China). A Neewer T120

18W filming light (WB 5600 K, brightness 100%) was mounted on a

different tripod (Evo-2 mini tripod, Manfrotto, Italy) 15 cm from

the coral angled 30° off-nadir. The camera was manually focused

using the two-step expanded focus (10X) function, accounting for

differences in fragment shape. The tripod position (camera and

light) and distance between the camera lens and coral were

consistent for all pictures.

Each photograph was analysed using ImageJ (ver. 1.53k)

following Amid et al. (2018) and Mclachlan and Grottoli (2021).

Images were converted to 8-bit greyscale and the mean grey value

for twenty 60-pixel diameter (~1 mm) areas in each image was

collected. These values were normalised to a white reference and

then averaged to obtain the mean intensity of grey (MIG). The

relative MIG was calculated using the initial and final MIG values

(Amid et al., 2018). At the start of the experiment, there was no

significant difference in MIG among fragments of D. axifuga (df = 2,

66; pseudo-F = 0.45; p = 0.64) and T. reniformis (df = 2, 66; pseudo-

F = 0.1; p = 0.90).
2.5 Tissue collection

Tissue from four coral fragments from each of the six

treatments (n = 24 per species) was extracted using an air pistol

connected to an electric 1 HP air compressor delivering air at 40 L

min-1 at 7 bar (Black Ridge, Australia) by adding 0.6 mL or 1.2 mL

of 0.1 M phosphate-buffered saline (PBS, Sigma Aldrich: P3813) for

D. axifuga and T. reniformis, respectively. Individual plastic bags

were used to maximise tissue recovery which was subsampled into
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vials for chlorophyll a and symbiont density and for enzymatic

analysis and snap frozen (Rangel et al., 2019).
2.6 Laboratory analyses

Tissues for chlorophyll a and symbiont density were lysed in 0.8

mL of ice-cold 0.1 M PBS using a TissueLyser LT (Qiagen) at 40 Hz

for 120 s. The resulting lysate was centrifuged at 3500 ×g (4°C) for

5 min (Beckman Coulter, USA), and the supernatant was discarded.

The pellet was resuspended in 0.8 mL PBS and centrifuged with the

same settings, and the supernatant was discarded. The pellet was

then resuspended in 1.6 mL of PBS, and 0.8 mL was aliquoted for

chlorophyll a analysis. The remainder of the sample was used to

determine symbiont density using a Leica DM750 compound

microscope and a Neubauer haemocytometer.

The aliquot for chlorophyll analysis was centrifuged with the

same settings as above and the supernatant discarded. Chlorophyll

a was extracted using 0.8 mL of 100% undenatured ethanol and

incubated without light at 4°C overnight (Ritchie, 2006).

Chlorophyll a concentration was determined by absorbance at

629 and 665 nm following Warren (2008) and quantified using

Ritchie (2006). Chlorophyll and symbiont density data were

normalised against surface area, obtained using the wax dipping

method (Veal et al., 2010) for D. axifuga and the aluminium foil

technique (Marsh, 1970) for T. reniformis.

Tissues for enzyme analysis were homogenised in cold 0.1 M

Trizma-HCl (pH 7.4) with 0.5% Triton X-100, 5 nM b-
mercaptoethanol and protease inhibitor cocktail (Sigma Aldrich:

P2714) for 180s at 50 Hz. The homogenate was centrifuged at

14000 ×g at 4°C for 10 min and the supernatant collected for

analysis of SOD and CAT activity. Superoxide dismutase (SOD)

activity was estimated using the SOD Activity kit (Sigma Aldrich:

CS0009). SOD activity was estimated by comparison to an

inhibition curve, normalised to protein content, and reported as

U mg-1 protein, where 1 unit of SOD inhibits the rate of reduction

of cytochrome c by 50% in a coupled xanthine and xanthine

oxidase system.

Catalase (CAT) activity was estimated following Aebi (1984)

and Li and Schellhorn (2007) using 0.01 M H2O2 as a substrate in a

UV transparent microplate (Merck: CLS3635) at 240 nm. CAT

activity was calculated using an extinction coefficient of 43.6 M-1

cm-1 and expressed as nmol min-1 mg-1 protein. Soluble protein

content was determined at 595 nm following Bradford (1976) and

used to normalise enzyme activity. All assays were completed on a

BMG FLUOstar® Omega microplate reader (BMG Labtech,

Australia) and corrected for path length.
2.7 Statistical analysis

Permutational multivariate analysis of variance (PERMANOVA,

Anderson, 2017) was used to test for significant differences in SOD

and CAT activity, growth, chlorophyll a, and symbiont concentration

for each species using PRIMER + PERMANOVA v7 (PRIMER-e). A

two-factor PERMANOVA model tested for significant differences
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within each sample event according to temperature (fixed, 2-levels:

26.4°C and 32.6°C) and shading (fixed, 3-levels: control (no shade),

4 h, and 24 h shade) and their interactions. Univariate

PERMANOVA using the same model tested for significant

differences in relative mean intensity of grey and maximum

quantum yield within each sample event. Pairwise comparisons

were run when the main factor or their interaction terms were

significant. All analyses were based on a Euclidean distance

dissimilarity matrix.

The potential effect of coral genotype was included in tests at

each sample event, and no significant difference was found among

genotypes within each treatment for any of the tests. Therefore, the

coral genotype was not a significant factor in the bleaching

responses detected.
3 Results

There was a significant temperature and shade effect, but no

interaction for relative MIG in D. axifuga and T. reniformis on day

13 (Table 1). After 13 days, shading for either 4 or 24 h significantly

reduced bleaching compared to the unshaded corals in each species

(Figures 1A, D), and less bleaching occurred in the 24 h than the 4 h

shaded corals. The colouration of D. axifuga shaded for 24 h

improved compared to the initial measurement (Figure 1A). A

significant temperature effect was found at 19 and 26 days for D.

axifuga (Table 1). The higher temperature increased bleaching in D.

axifuga compared to the lower temperature (Figures 1A–C). A

significant shade × temperature interaction was detected for relative

MIG for T. reniformis after 19 and 26 days (Table 1). A similar

bleaching trend was found for each day. After 19 and 26 days, less

bleaching occurred in T. reniformis at the lower compared to the

higher temperature (Figures 1E, F). At the lower temperature, less

bleaching occurred as shade duration increased in T. reniformis. At

the higher temperature, T. reniformis bleaching was unaffected by

shading. Bleaching of unshaded T. reniformis was similar at either

temperature after 19 days (Figures 1E, F).

Higher temperature significantly reduced the maximum

quantum yield (Fv/Fm) of D. axifuga and T. reniformis at day 13

and day 19 compared to the lower temperature (Table 1; Figure 2).

Fv/Fm of T. reniformis remained lower in the higher temperature at

day 26 (Figure 2E). A significant shading effect was found for Fv/Fm
in T. reniformis at days 13, 19, and 26 (Table 1). On day 13, Fv/Fm in

T. reniformis was significantly higher with 24 h shade than with 4 h

or no shade (Figure 2C). By day 19, the Fv/Fm of the 4 h shaded T.

reniformis had recovered slightly to be similar to the 24 h shade

treatment, while Fv/Fm of the unshaded coral was significantly lower

than the 24 h shaded coral (Figure 2D). By day 26, Fv/Fm in the 24 h

shaded T. reniformis was significantly higher than the 4 h shaded

and unshaded coral (Figure 2E). The maximum quantum yield ofD.

axifuga was unaffected by shading.

Chlorophyll a was significantly reduced by higher temperature

in D. axifuga and T. reniformis on days 13 and 19, and in D. axifuga

on day 26 (Table 1). A significant shade × temperature interaction

was detected for chlorophyll a in T. reniformis on day 19

(Figure 3A). Higher temperature significantly reduced chlorophyll
frontiersin.org
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a in unshaded T. reniformis, and shading reduced chlorophyll a in

the 24 h shade treatment compared to the 4 h shaded and unshaded

coral (Figure 3A). Higher temperature significantly reduced

symbiont density for D. axifuga on days 13, 19, and 26, and for

T. reniformis on days 19 and 26 (Table 1). A significant shading

effect was found for symbiont density in T. reniformis on days 13,

19, and 26 (Table 1). Symbiont density was significantly higher in

the 24 h shaded T. reniformis than the 4 h or unshaded coral

(Figure 3B). On day 19, symbiont density was significantly greater

in the shaded compared to the unshaded T. reniformis. By day 26,
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symbiont density increased significantly as the shade duration

increased (Figure 3B). Shading or temperature did not affect

symbiont density in D. axifuga (Table 1).

Catalase activity was significantly greater in the unshaded than

the shaded T. reniformis at days 13 and 19 (Table 1; Figure 4).

Higher temperature increased catalase activity in T. reniformis on

day 19 (Table 1). Neither shade nor temperature affected catalase in

D. axifuga on days 13, 19, or 26. Superoxide dismutase activity was

not significantly affected by temperature or shading in D. axifuga or

T. reniformis (Table 1).
TABLE 1 PERMANOVA summaries using a 2-factor model (shading: 3 levels and temperature: 2 levels) for Duncanopsammia axifuga and Turbinaria
reniformis exposed to either a higher (32.6°C) or lower (26.4°C) water temperature and unshaded or shaded for 4 or 24 h per day after 13 and 19 days
and after a 7d recovery (Day 26).

Duncanopsammia axifuga Turbinaria reniformis

Shade Temp Shade × Temp Shade Temp Shade × Temp

Day 13 F p F p F p F p F p F p

MIG 7.66 < 0.01 5.91 0.03 2.33 0.11 14.89 < 0.01 10.87 < 0.01 2.24 0.10

Fv/Fm 0.74 0.48 6.46 0.02 0.11 0.90 4.32 0.02 12.70 < 0.01 0.04 0.96

SOD 1.45 0.26 0.88 0.36 2.71 0.10 0.58 0.59 0.73 0.41 0.45 0.68

Catalase 1.30 0.29 0.31 0.61 1.27 0.34 3.54 0.05 0.01 0.99 0.01 0.99

Chl a 0.37 0.68 6.99 0.02 2.32 0.13 1.10 0.35 7.76 0.02 3.24 0.06

Symbiont 2.43 0.11 19.72 < 0.01 2.44 0.113 6.64 < 0.01 2.48 0.14 0.16 0.88

All biomarkers (multivariate)

1.19 0.32 6.99 < 0.01 1.38 0.22 3.22 <0.01 2.07 0.09 1.02 0.42

Day 19

MIG 0.17 0.84 8.72 0.01 0.10 0.90 13.45 < 0.01 14.12 < 0.01 7.59 < 0.01

Fv/Fm 1.01 0.38 10.91 < 0.01 0.17 0.82 3.86 < 0.01 10.58 < 0.01 2.63 0.07

SOD 1.579 0.23 0.232 0.66 0.40 0.73 0.91 0.47 0.55 0.51 0.64 0.55

Catalase 1.22 0.31 0.42 0.50 0.83 0.43 6.97 < 0.01 5.64 0.03 3.03 0.08

Chl a 1.30 0.31 38.37 < 0.01 1.62 0.23 3.12 0.06 5.10 0.05 7.429 < 0.01

Symbiont 1.57 0.22 7.94 0.01 0.535 0.61 23.03 < 0.01 74.75 < 0.01 2.78 0.09

All biomarkers (multivariate)

1.92 0.07 8.47 < 0.01 0.89 0.53 5.19 <0.01 4.61 <0.01 2.16 0.04

Day 26

MIG 1.41 0.27 18.49 < 0.01 0.18 0.81 4.87 0.01 10.48 < 0.01 8.38 < 0.01

Fv/Fm 1.18 0.35 3.44 0.08 0.05 0.94 4.99 0.03 6.35 0.03 2.578 0.09

SOD 0.12 0.89 2.72 0.11 1.06 0.39 0.16 0.93 1.90 0.18 0.36 0.81

Catalase 0.88 0.43 0.01 0.94 1.79 0.18 2.94 0.07 2.01 0.17 0.76 0.47

Chl a 1.32 0.30 5.61 0.02 0.78 0.48 0.37 0.57 0.95 0.37 0.93 0.44

Symbiont 2.38 0.11 18.67 < 0.01 2.97 0.07 22.28 < 0.01 26.45 < 0.01 2.015 0.14

All biomarkers (multivariate)

1.57 0.15 9.61 < 0.01 1.61 0.14 2.74 < 0.01 3.50 < 0.01 0.78 0.66
front
Bold values indicate a significant result (p < 0.05).
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FIGURE 1

Relative mean intensity of grey (MIG, mean ± SE) in Duncanopsammia axifuga (A-C) and Turbinaria reniformis (D–F) shaded for 0, 4, or 24 h daily at
a higher temperature (HT, 32.6°C) or a lower temperature (LT, 26.4°C) after day 13 (A, D), day 19 (B, E), and day 26 (C, F). Only the significant results
are shown where letters indicate a significant difference between temperatures, and numbers indicate significant differences among shade
treatments within each day.
B C

D E

A

FIGURE 2

Maximum quantum yield (Fv/Fm, mean ± SE) for Duncanopsammia axifuga (A, B) and Turbinaria reniformis (C–E) held at 26.4°C (LT) and 32.6°C (HT)
at day 13, 19, and 26. The dashed horizontal line indicates a lower threshold for Fv/Fm for healthy coral of 0.6. Letters indicate a significant difference
between temperatures, and numbers denote a significant difference among shade treatments.
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4 Discussion

Intermittently shading corals by 30% for 4 h per day can delay

bleaching in a thermally stressed shallow coral species, T.

reniformis. Conversely, D. axifuga responded to 24 h shading

until 3 DHW, but was unresponsive to shading as the degree heat

weeks increased. Thermal stress had the most significant effect on

bleaching in these two species, and as the thermal stress increased,

the beneficial effect of intermittent shading declined. The novel

shading regime, of 30% shading for 4 h around solar noon, slowed

bleaching, and the decline of chlorophyll a and symbiont density

and reduced antioxidant activity. Intermittent shading has the

potential to moderate the projected impacts of warming oceans

on at-risk corals during bleaching events.

Thermal stress had the greatest effect on bleaching of D. axifuga

and T. reniformis. Elevated water temperature is the primary

stressor of many bleaching events (Coles et al., 1976; Berkelmans,

2002; Ainsworth et al., 2016; Sully et al., 2019), where heat stress

leads to a breakdown of biochemical and physiological pathways

(Fitt et al., 2001). Bleaching reduces coral colouration either by

ejection of symbionts, shuffling or loss of chlorophyll or symbionts

or both (Brown and Dunne, 2015). Turbinaria reniformis and D.

axifuga showed a decrease in chlorophyll a and symbiont density at
B

A

FIGURE 3

The effect of shade duration (0, 4, or 24 h) and higher (HT) and lower temperature (LT) on (A) chlorophyll a concentration (µg cm-2) from Turbinaria
reniformis on day 19 and (B) symbiont density (106 cells cm-2) on day 13, 19, and 26. Box plots show the percentiles (25, 50, and 75%) and range.
Letters show a significant temperature difference within shade treatment, and numbers indicate a significant difference among shade treatments
each day.
FIGURE 4

Catalase activity (nmol min-1 mg-1 protein) in Turbinaria reniformis
tissue at day 13 and 19 when shaded for 0, 4, and 24 h. The letters
indicate significant differences within each day.
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higher temperatures, resulting in an elevated relative MIG and

decreased maximum quantum yield. Coral responses to thermal

stress are well known; subsequently, the response to the novel

shading regime will be the focus of the remainder of this discussion.

Shading reduced relative MIG and catalase activity, moderating

the bleaching of T. reniformis, with relative MIG lower when

shading corals continuously. Reduced antioxidant activity

suggests reactive oxygen species production decreased, limiting a

key mechanism of the bleaching response in thermal and/or light-

stressed corals (Downs et al., 2002; Higuchi et al., 2008; Krueger

et al., 2015; Wietheger et al., 2018). Continual shading of thermally

stressed Acropora muricata, Pocillopora damicormis, and Porites

cylindrica by either 50 or 75% was very effective at reducing

bleaching until 4 DHW and offered some protection up to 8

DHW, and the heavier shading was more effective (Coelho et al.,

2017). Here, 30% shade for 4 h reduced bleaching of T. reniformis

up to 3 DHW, after which the protection decreased up to 5 DHW.

Although the protection offered by the 30% shading was less than

that shown by Coelho et al. (2017) using higher levels of shade. This

is a particularly relevant result as there is a 40% probability of severe

mass bleaching on the Great Barrier Reef bleaching at 3 DHW

(Hughes et al., 2017), and 30% shade may be more achievable over

reef scale areas. However, further work is needed to establish the

shading level required for other coral species and the physiological

and biological responses to intermittent shading.

Shading delayed the decline of maximum quantum yield

indicating reduced physiological stress. The decline in PSII

efficiency during bleaching has been well described (Jones et al.,

1998; Hill et al., 2012; Roth, 2014) and is likely caused by damage to

the D1 protein (Warner et al., 1999). Declining PSII efficiency can

lead to the accumulation of reactive oxygen species, damaging

cellular membranes and triggering bleaching (Downs et al., 2002).

Furthermore, loss of PSII efficiency can significantly impact coral

nutritional status where symbiote-derived products can account for

up to 30% of total nitrogen (Bythell, 1988) and 95% of carbon for

growth, reproduction, and maintenance (Muscatine and Porter,

1977; West and Salm, 2003). Slowing the decline in maximum

quantum yield by shading corals, can reduce reactive oxygen species

production and maintain coral energy reserves for recovery when

stressors decrease. Energy reserves are particularly important in

oligotrophic waters where coral reefs abound.

Interspecific differences existed in the bleaching response

between D. axifuga and T. reniformis. T. reniformis responded to

shading, whereas D. axifuga was less responsive to shading. The

interaction of light with temperature is subtle and is more

pronounced at the thermal limits of a coral (Coles and Jokiel,

1978). Pratchett et al. (2020) showed that a significant bleaching

response in D. axifuga in warming waters was exacerbated by high

light intensity. The limited response of D. axifuga to shading in the

present study suggests that the coral may not be at its thermal limit,

although it is unclear if it is above or below the thermal limit.

Furthermore, bleaching susceptibility can vary due to nutritional

status (Hoogenboom et al., 2012; Beraud et al., 2013),

morphological (Brown and Dunne, 2015), physiological (Dias

et al., 2019), or symbiont variation (Hoadley et al., 2016), and

acclimation to differing thermal or light conditions (Fitt et al.,
Frontiers in Marine Science 08
2001). Regardless of the cause, a range of responses to shading can

be expected and understanding the interactions between

environmental conditions and the long-term health of corals is

critical for managing potential shading interventions (Bay et al.,

2019). Further studies are needed to assess coral responses to short-

term localised shading and should include a multifactorial approach

with a range of environmental variables, such as ocean acidification

and nutrient loading.

Intermittent shading could reduce the costs associated with active

marine ecosystem management. Shading corals is an unconventional

local strategy to minimise the impacts of temperature and carbon

dioxide as global stressors of marine ecosystems (Rau et al., 2012;

Tagliafico et al., 2022). The success of many of these shading

interventions depends on water and atmospheric conditions (Bay

et al., 2019). For example, in-water interventions such as shade cloth

deployment (Coelho et al., 2017) depend on wave conditions and

currents, while atmospheric conditions affect interventions such as

smoke generation (Russell et al., 2013) or marine cloud brightening

or fogging (Harrison et al., 2019). Interventions could be targeted in

response to bleaching forecasts or, more broadly, over the high-risk

summer months (Berkelmans, 2002; Coelho et al., 2017) as weather

conditions permit. Targeted intermittent deployment of energy-

intensive interventions, such as marine fogging or cloud

brightening, shorten operating time, reduce power consumption,

and could lower operational and maintenance expenses. The

intermittent deployment of in-water shading, such as shade cloths,

reduces the risks of invasive species, algal overgrowth, and the

potential to shelter more sensitive coral species or symbionts less

adapted to the prevailing conditions that may be impacted when

shading is removed (Donner, 2009, Hughes 2018a). However, further

research is necessary to investigate the indirect effects of these novel

shading techniques. The bleaching protection shown here indicates

that 30% shading for 4 h is sufficient to delay bleaching and improve

the viability of active interventions that depend on variable

climatic conditions.

Temperature is the predominant stressor during bleaching

events; however, solar radiation management can delay bleaching

responses up to 3 DHW, beyond which the protective benefits of

intermittent shading diminish. Intermittent shading delayed the

decline in relative bleaching and maximum quantum yield,

symbiont density, and chlorophyll a concentration. Shading of T.

reniformis reduced catalase activity, indicating decreased reactive

oxygen species production, a key driver of coral bleaching. Shading

responses were species-specific, with T. reniformismore responsive to

shading than D. axifuga, possibly due to thermal stress susceptibility.

Overall, practical management interventions at appropriate scales

(e.g. reef scale marine fogging) could be targeted to periods of

maximum coral vulnerability and suitable environmental

conditions for deployment, lowering costs and reducing the risk of

invasive species while protecting marine ecosystems.
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