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ABSTRACT 

Oxygen Modulation of Thermal Tolerance in the Branching Coral Stylophora 

pistillata 

Anieka Parry 

 

Coral reef ecosystems are under increasing threat from ocean warming and 

deoxygenation.  Mass coral bleaching events in recent years have been linked to marine 

heatwaves but reporting of hypoxia-induced bleaching has also been increasing.  

Oxygen availability in coral reefs is driven by community metabolism and they 

experience a dynamic range of oxygen concentrations throughout diel cycles, hyperoxia 

during the day and hypoxia during the night.  It has been suggested that the highest 

oxygen concentrations coincide with the hottest part of the day and this may protect 

marine taxa from high temperatures. 

We evaluated experimentally whether excess oxygen availability would increase the 

thermal threshold of the branching coral Stylophora pistillata, from the Southern Red 

Sea.  We did this by exposing coral fragments of this species to varying dissolved oxygen 

concentrations (hypoxia, normoxia and hyperoxia) and a short-term temperature 

ramping regime (1˚C h-1). 
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Hyperoxia did extend the thermal tolerance of S. pistillata fragments, with an LT50 of 

39.1˚C as opposed to 39.0˚C for the normoxic treatment and 38.7˚C for the hypoxic 

treatment.  Hyperoxia also increased respiration and gross photosynthesis and had a 

negative effect on photochemical efficiency at high temperatures.  Net photosynthesis, 

P:R ratio and symbiont density were not significantly affected by oxygen concentration. 

Corals in this experiment displayed exceedingly high thermal thresholds, which were at 

least 2˚C higher than previously reported for the same species in the Central Red Sea.  

The corals used in the experiment had previously survived mass bleaching events in 

2015 and hence we may have selected for individuals adapted to thermal stress. 

This is the first study to investigate the role of oxygen in the thermal tolerance of 

hermatypic corals and the first assessment of thermal thresholds from corals in the 

Southern Red Sea, where previously thermal thresholds have been based on a 1-2˚C 

increase in maximum mean monthly temperatures and visual bleaching observations.  

This highlights the need for increased experimental assessments of thermal thresholds 

in the Southern regions of the Red Sea and the important role of oxygen in moderating 

thermal stress. 
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INTRODUCTION 

Understanding how marine organisms respond to climate change and establishing critical 

thresholds is paramount for the conservation of coastal ecosystems and marine biodiversity.  

Ocean warming, due to anthropogenic influence, is considered a primary threat to marine biota 

in recent history (Bindoff et al., 2019).  Ocean warming is the primary cause of intensifying 

marine heatwaves (thermal anomalies that persist over several days to months), that are 

projected to increase in both frequency and duration (Frolicher et al., 2018; Oliver et al., 2018).  

Intensifying heatwaves will have devastating impacts on marine life, particularly in the tropics 

where marine ectotherms are already living close to their upper thermal limit (Nguyen et al., 

2011). 

Reef-building corals are particularly vulnerable to marine heatwaves (Hoegh-Guldberg et al., 

2017).  Thermal stress during such events can disrupt the symbiosis between corals and their 

photosynthetic endosymbionts and associated microbiota, known collectively as a “holobiont”.  

These symbiotic algae, dinoflagellates of the family Symbiodiniaceae (LaJeunesse et al., 2018), 

live within the coral tissue and can provide their hosts with a substantial portion of their daily 

energy requirements (up to 100%), (Muscatine, 1990).  

Ocean warming is a major driver of coral bleaching, the phenomena by which corals expel their 

symbionts as a stress response (Brown, 1997).  Mass coral bleaching events have been 

increasing in recent years (Hughes et al., 2017) which is concerning given the immense 

economic value of reefs and the large portion of biodiversity which they house, up to 25% of 

marine species (Fisher et al., 2015; Hoegh-Guldberg et al., 2017).   
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Corals can recover from bleaching if a period of stress is short-term, however, coral reefs can be 

rapidly colonized by microbes and many undergo phase-shifts to become algal dominated 

leading to widespread mortality (Anton et al., 2020; Leggat et al., 2019).  Whilst the link 

between warming and bleaching events has long been observed, the proximal mechanisms are 

not well understood. Recently, hypoxic events have also been linked to coral bleaching events 

and mass mortality of associated reef taxa (Altieri et al., 2017; Hughes et al., 2020).  These 

observations give rise to the question of how oxygen availability may influence the ability of 

corals to retain their symbionts under thermal stress. 

Compared to the large body of research that has been conducted on coral responses to warming 

over the past three decades (Cziesielski et al., 2019; McLachlan et al., 2020) there is very little 

literature pertaining to the role of oxygen in the thermal thresholds of corals and, until recently, 

how corals perform under hypoxic conditions (Nelson & Altieri, 2019). 

Oxygen availability in coastal ecosystems such as coral reefs, is driven by community 

metabolism (Nelson & Altieri, 2019) and so cannot be considered independent of temperature, 

as the temperature dependence of metabolic rates is widely known.  Metabolic theory predicts 

that ocean warming will increase organismal rates of respiration exponentially (Brown et al., 

2004) but also reduces the solubility of oxygen in the water column, thereby decreasing oxygen 

availability two-fold. (Garcia & Gordon, 1992; Giomi et al., 2019; Vacquer-Sunyer & Duarte, 

2011).  Dissolved oxygen is the biogeochemical parameter with the most accelerated decline in 

recent history (Diaz & Rosenberg, 1995) and coastal ecosystems such as coral reefs, are 

particularly prone to eutrophication often as a result of anthropogenic nutrient input (Howarth 

et al., 2011; Nixon, 1995). 
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Vacquer-Sunyer and Duarte (2011) demonstrated that rising temperatures increase the oxygen 

limits of marine benthic taxa by a median of 0.07 ± 0.01 mg O2 L-1, reducing their survival under 

hypoxic conditions by a median of 3.95 ± 1.67 h ˚C-1.   Oxygen limited thermal tolerance is not a 

new concept and there is evidence of this across a range of marine taxa including sipunculids, 

annelids, crustaceans, molluscs and fish (Portner, 2010; Portner & Knust, 2007; Portner, Mark & 

Bock, 2004). 

On the other hand, Giomi et al. (2019) found that the inverse complements these results, when 

exposed to hyperoxia the lethal thermal limits across a range of Red Sea marine benthic taxa 

were shifted upwards.  And that in fact, the highest daily dissolved oxygen levels in the coastal 

environments studied coincided with the hottest part of the day, protecting the species in these 

habitats from thermal stress (Giomi et al, 2019).  Portner, Peck & Hirse (2006) observed this 

same phenomena in an Antarctic bivalve Laternula elliptica which experienced an upper shift of 

2.5˚C in thermal limits when ambient oxygen levels were doubled. 

Establishing lethal thermal limits is particularly relevant for the Red Sea, one of the fastest 

warming bodies of water on the planet at a rate of 0.17 ± 0.07 ˚C decade-1 (Chaidez et al., 2017).  

Here corals flourish in hypersaline conditions and at maximum temperatures that corals 

elsewhere in the world could not survive.  The Red Sea observes a thermal gradient across 

latitudes, it is generally warmer towards the south and cooler in the north, an area where the 

majority of heat stress studies are concentrated due to it being known as a ‘thermal refugia’ for 

corals living in this extreme environment (Fine, Gildor & Genin, 2013).  Whilst heatwaves have 

occurred more frequently in the Northern Red Sea in the past three decades, the Southern Red 

Sea has a higher annual mean maximum temperature (Chaidez et al., 2017; Osman et al., 2018). 
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The high temperature and salinity reached in the Red Sea also leads to low oxygen 

concentrations, even when seawater is saturated. 

It has been suggested that the reason corals in the northern Red Sea are more thermally 

tolerant is because they are living at least 5˚C below their thermal limit, unlike corals in the 

Central and Southern Red Sea (Fine et al., 2019).  There have been no major bleaching events 

recorded in the Northern Red Sea, however the Central and Southern Red Sea have experienced 

mass bleaching events in 1998 (DeCarlo, 2020; Devantier & Pilcher, 2000), 2010 (Furby, 

Bouwmeester & Berumen, 2013) and 2015 (Monroe et al., 2018), as well as a recently observed 

event in 2020.  In the case of the 2015 event, bleaching increased in severity in a gradient 

towards the South, with up to 99% bleaching at some reefs (Anton et al. 2020; Osman et al., 

2018).  

Given the severity of recent bleaching and the increase in bleaching events over the past decade 

it is imperative that we develop strategies to mitigate recurrent bleaching.  Given the results of 

Giomi et al. (2019) demonstrating that hyperoxia shifts the thermal threshold of marine 

organisms upwards and provided the emerging evidence suggesting a link between thermal-

induced hypoxia and bleaching, we pose the question of whether the thermal resistance of Red 

Sea corals may dependent on oxygen levels.  

Here, we hypothesize that the oxygen budget of corals is affected by warming, triggering 

bleaching and eventually mortality beyond a threshold where the oxygen supplied by the 

symbiont no longer suffices to satisfy the requirements of the holobiont. We posit that a net 

oxygen deficit could be a trigger for the expulsion of their symbionts, in an effort to conserve 

oxygen at night, a time when hypoxia is routinely observed in coral reefs.   
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We provide a first test of this hypothesis by experimentally assessing whether oxygen 

availability can shift the thermal thresholds of a known thermally resistant coral Stylophora 

pistillata.  Specifically, we exposed fragments to three different oxygen regimes (hypoxia, 

normoxia and hyperoxia) under a temperature ramping design.  Our hypothesis predicts that 

corals exposed to hypoxia will have lower thermal limits than those in normoxic and hyperoxic 

conditions, and that coral fragments exposed to hyperoxia will have the highest thermal 

threshold, if indeed oxygen plays a role in regulating thermal stress in hermatypic corals. 

This is the first study to combine thermal stress and a full range of oxygen regimes as a means of 

assessing thermal thresholds and physiological performance of tropical reef-building corals. The 

role of oxygen in moderating the thermal tolerance of scleractinian corals has not been 

experimentally investigated as yet (but see Dodds et al 2007). And to the best of this author’s 

knowledge, this is the first study to experimentally assess thermal stress in corals from the 

Southern Red Sea. 
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METHODS 

2.1 Coral Collection 

Colonies of Stylophora pistillata were collected from the Farasan Islands (16˚54’57.1”N, 

42˚06’17.6”E) in the southern Red Sea off the coast of Saudi Arabia in January of 2018 from a 

depth of 1-4m.  The corals were transported to the Coastal and Marine Resources laboratory 

facilities at KAUST (King Abdullah University for Science and Technology) where they were 

maintained indoors at a water temperature of 27˚C on a 12:12 light/dark cycle (350 μmol 

photons m-2 s-1).   

Corals were provided with filtered seawater (20 µm pore size) from the Red Sea in a continuous 

flow-through tank.  Six different colonies were fragmented and allowed to recover for 2 days 

before raising the temperature to 29˚C over 4 days, under the same light conditions as that in 

the maintenance tanks. 

2.2 Gas Manipulation and Temperature Ramping Experiment 

The experimental set up consisted of 60 replicate 2L glass aquaria randomly distributed across 8 

300L tanks that were used as temperature controlled water baths.  We used a modified version 

of the LabView program (sensu Klein et al., 2017) to customize our gas treatments delivered via 

3 x 3 mass flow controllers (Omega) connected to pure O2, CO2 gas bottles (Airliquide, Jeddah) 
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and liquid N2 dewars.  Gas was delivered from the mass flow controllers via steel manifolds and 

split into treatments and individual tubing attached to air stones to distribute gas to the 

seawater.  This system allows for a tight measure of control of O2 and pH which was maintained 

by adjusting CO2 levels.  Total gas flow was adjusted manually for individual aquaria to ensure a 

consistent level of bubbling across all aquaria and clear plastic lids placed over the top to 

prevent evaporation (and subsequent changes in salinity) as well as to minimize gas exchange 

with the air. 

We used three different oxygen treatments: Hyperoxia (10 mg O2 L-1), Normoxia (7 mg O2 L-1) 

and Hypoxia (<2 mg O2 L-1) which were selected based on oxygen-logging data from Red Sea 

coral reefs (Giomi et al, 2019) as well as hypoxic levels reported in-situ by Altieri et al. (2017).  

We chose to use concentration of dissolved O2 rather than percentage saturation of O2 relative 

to air, given that using saturation would require a different concentration of O2 per 

temperature, whereas it is the dissolved O2 concentration, and not its partial pressure, that is 

more relevant to marine organisms.  Twenty aquaria were allocated per oxygen treatment, and 

the location of aquaria (and coral colony) was randomized to minimize tank effects and to avoid 

having an entire colony within one oxygen treatment. 

Coral fragments were placed into individual aquaria at midnight with filtered seawater (20 µm 

pore size) from the coastal Red Sea and we linearly transitioned our gas treatments from 

normoxic conditions to the treatment conditions over 5 hours so that the desired oxygen levels 

would be reached around 5 am, the beginning of the experiment.  Temperature ramping began 

at 6 am. Temperature was increased by 1˚C per hour using 300 watt titanium heaters (Schego 

Teichheizer, Germany) placed within tanks holding individual aquaria and dual heating and 

cooling controllers (D-D The Aquarium Solution Ltd).   Temperature ramping ceased after 40˚C at 
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which point the experiment was terminated, as all coral fragments were considered dead.  A 

temperature of 29˚C was chosen as the starting temperature based on minimum summer 

temperatures in the Red Sea (Giomi et al 2019). 

Water samples for estimates of the carbonate system (i.e. the partial pressure of CO2 – pCO2) 

were sampled from 12 randomly selected aquaria at the beginning and end of the experiment.  

Afterwards samples were immediately poisoned with mercuric chloride, stored at 4°C and 

analysed for TA within 14 days of the experiment. Dissolved oxygen and pH levels were 

measured continuously throughout the experiment at every temperature interval to ensure 

desired oxygen levels were maintained. 

2.3 Coral Mortality 

Mortality was recorded at each hour by observing the colour of polyps and condition of coral 

tissue.  Due to the sacrificial nature of the majority of our response variables the maximum 

number of replicates we had per oxygen treatment at the experimental endpoint was n = 5.  

We considered mortality had occurred when we noticed tissue degradation and all polyps were 

discoloured and withdrawn or when substantial bleaching occurred.  From these observations 

we calculated the median lethal dose (LT50) or the temperature at which 50% mortality occurred 

of each oxygen treatment using a 2 parameter log-logistic dose-response model (Anton et al, 

2020; Ritz et al, 2015): 

Mortality (%) = 100/(1 + a(log(T) – log(LT50)))  (Equation 1, from Anton et al 2020) 

Where T represents Temperature (˚C) and a the slope of the dose-response curve, and response 

parameters were set to 0 and 100%. 
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2.4 Physiological Response variables 

We measured oxygen flux using FireSting oxygen sensors (Pyroscience) which were calibrated by 

two points with 0% oxygen using nitrogen bubbling and 100% oxygen saturation using air.  Due 

to the oxygen sensitive nature of our experiment, we conducted dark incubations first for 35 

mins and then light incubations for 35 min.  Dissolved oxygen was recorded every 15 seconds by 

the FireSting, and we used small closed chambers with a volume of 314 ml and mounted corals 

using plastic racks.  Stirring rods were placed inside the chambers to allow flow and the 

chambers were placed in a water bath to maintain the desired temperature.  Incubations took 

place inside a growth chamber (Percival Scientific, Inc) with a constant light intensity of 350 

μmol photons m-2 sec-1.   

Incubations were undertaken at 29, 33, 35, 37 and 39 ˚C respectively, with n = 3 coral fragments 

per oxygen treatment.  We also conducted control incubations for background respiration at 

each temperature interval.  Respiration and net photosynthesis were calculated from the slope 

of the oxygen flux in dark or light incubations respectively and then standardized for the volume 

of the coral fragment and the protein content.  Gross photosynthesis was calculated by adding 

the absolute values for respiration to net photosynthesis rates (from Herrera et al 2020): 

Pgross   =  IRI + Pnet    Equation (2) 

P:R ratio was calculated by dividing Pgross by R: 

  P:R Ratio  = Pgross / IRI    Equation (3) 

Photochemical efficiency was measured throughout the duration of the experiment using a 

MINI-PAM (Waltz, Germany).  We randomly sampled as many fragments as possible before the 
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next temperature change (with even replication between oxygen treatments) and due to the 

potential for inconsistent readings, we conducted three technical replicate measurements from 

each fragment and then used the average values as biological replicates for our analysis. 

 

 

2.5 Protein Content and Symbiont Counts 

After being frozen at -20˚C following the experiment, individual coral fragments were incubated 

in 3 ml lysis buffer for at least 30 minutes before the tissue was removed by blasting with air (a 

1000μl pipette tip connected to tubing and benchtop air supply).  The resulting tissue slurry was 

then transferred to 15ml falcon tubes (Fisherbrand) before being homogenized using a tissue 

homogenizer (MicroDisTec homogenizer 125, Thermo Fisher Scientific).  500µL aliquots were 

then transferred to 1ml Eppendorf tubes and further homogenized by syringing before 

centrifuging for 15min at 16,000 rcf.   

The supernatant was then removed (500µL) and transferred to 1.5 ml tubes (Eppendorf).  

Samples were diluted 20 times and duplicates loaded into a 96-well flat-bottom plates using 

standards from Micro BCA Assay kit (Thermo Fisher) and according to the manufacturer 

protocols.  Plates were incubated at 32 degrees for 2hrs before measuring the absorbance at 

562 nm using a Spectramax Paradigm microplate reader (Molecular Devices).   

The remaining pellet was washed with 500 µL of 1 X PBS before centrifuging at 16,000 rcf for 5 

minutes and then repeating the process with Milli-q water.  After removing the supernatant, the 

pellet was resuspended in 500 µL of PBS + SDS and filtered into a 5ml polystyrene round-bottom 
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tube with strainer cap (Fisher Scientific).  200µL duplicate samples were loaded into a 96-well 

round-bottom plate and symbionts counts were acquired using fluorescence-activated cell 

sorting flow cytometry (BD Fortessa, Biosciences) and the FlowJo V 10.5.3 software (TreeStar).  

Symbiont counts were normalised by host protein to obtain symbiont density. 

 

 

2.6 Statistical Analysis 

To quantify the LT50 of corals between the three oxygen treatments a 2-parameter log-logistic 

dose-response model was used from the drc package in R (Ritz et al., 2015).  All mortality 

analysis was conducted in R Studio (version 3.6.2). 

To assess whether oxygen availability had a significant effect on physiological response variables 

(Fv/Fm, photosynthesis, respiration and symbiont density) we used repeated measures linear 

mixed effects models where oxygen treatment and temperature were fixed factors and 

temperature was the repeated measure.  Colony number was included as a random factor due 

to the different phenotypes of colonies and used to account for the potential of different 

genotypes however, it was found to be redundant in all models and so was removed from the 

design. 

To check for the assumptions of normality and heteroscedasticity, Q-Q plots of the residuals and 

standardized residual plots were used.  All plots of physiological response variables and linear 

mixed models were analysed using IBM SPSS (version 27). 
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RESULTS 

3.1 Mortality 

Coral polyps began to darken and withdraw at 35˚C, but the traits supporting a diagnosis of 

mortality were not observed until 38˚C.  At this point one of the fragments in the normoxic 

treatment displayed rapid necrosis until almost no tissue was left on the coral skeleton.  This 

was the only fragment that displayed this tissue necrosis phenotype. 

We observed blackened polyps in all fragments and tissue loss and paling, but also noticed that 

at the experimental endpoint the water in many of the aquaria was murky and thick with 
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proteins released by the polyps.  This was not limited to any one oxygen treatment.

 

 

Figure 3.1: Dose response curve of coral mortality (0=0% mortality, 1=100% mortality) with 

increasing temperature, n=5.  Shaded regions represent the 95% confidence interval of each 

model. 

Corals in the hypoxic treatment had the lowest LT50 at 38.7 ˚C (± 0.01), followed by 39.0˚C (± 

0.09) for normoxia and 39.1˚C (± 0.01) for hyperoxia (figure 3.1).  All corals were considered 

dead at 40˚C. These results are also supported by our physiological measurements, in particular 
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photosynthesis ceased at 39˚C (Figure 3.4a) and PAM measurements were significantly lower at 

38˚C and beyond (Figure 3.6c). 

3.2 Holobiont physiological performance 

Table 3.1: Results of linear-mixed effects model with repeated measures for physiological 

response variables (R = Respiration, Pnet = Net Photosynthesis, Pgross = Gross Photosynthesis, 

Fv/Fm = Photochemical Efficiency) 

Response Variable Interaction 
(Oxygen*Temperature) 

Oxygen Temperature 

R  
(mg O2 mg-1 protein h-1) 

0.035* 0.002 0.001 

Pnet  
(mg O2 mg-1 protein h-1) 

0.404 0.195 <0.001* 

Pgross  
(mg O2 mg-1 protein h-1) 

0.065 0.008* <0.001* 

P:R Ratio 
 

0.648 0.065 <0.001* 

Symbiont Density 
(105 cells mg-1 protein) 

0.631 0.333 0.271 

Photochemical Efficiency 
(Fv/Fm) 

0.292 <0.001* <0.001* 
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Figure 3.2: a) Respiration (mg O2 mg-1 protein h-1) per oxygen treatment per temperature 

interval, (p=0.035, n=2 or 3), respiration is displayed here as an absolute value b) Net 

photosynthesis (mg O2 mg-1 protein h-1) per oxygen treatment per temperature interval 

(p=0.404, n=2 or 3). Error bars represent ± 1 standard error of the mean. 

Respiration  

There was a significant interaction between temperature and oxygen treatment for respiration 

(p=0.035. Figure 3.2a), with coral fragments in the hypoxic treatments consistently displaying 

the lowest respiration, which indicates oxygen conforming behaviour (Figures 3.3a and 3.3b). 

The coral fragments in the hyperoxic treatment experienced the highest respiration at 35 ˚C 

(0.95 ± 0.1 mg O2 mg-1 protein h-1), while the normoxic and hypoxic treatments exhibited the 

highest respiration rates at 33˚C (0.75 ± 0.08 mg O2 mg-1 protein h-1) and 39˚C (0.57 ± 0.08 mg O2 

mg-1 protein h-1) respectively. 

Rates of respiration for the normoxic treatment were significantly higher than those in the 

hypoxic treatment at 29 ˚C (p=0.026) and 33 ˚C (p=0.037).  At 35 ˚C coral fragments in the 

hyperoxic treatment experienced significantly higher respiration rates than those in the 

normoxic (p=0.003) and hypoxic (p=<0.001) treatments.  At 37˚C there were no significant 

differences between respiration rates of oxygen treatments. Corals in the hyperoxic treatment 

displayed significantly higher respiration rates at 39˚C than the normoxic treatment (p=0.008) 

but not the hypoxic treatment (p=0.094).  Each treatment follows a general thermal 

performance curve shape, increasing at an optimum temperature before decreasing, until the 

39˚C end point. 
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Respiration increased markedly from 37˚C to 39˚C, which is potentially an indication that at 39˚C 

the corals had already died before the incubation, and were rapidly colonized by 

microorganisms but could also be explained by a lower protein content at 39°C (which is how 

respiration rates were standardized). 

 

Figure 3.3: a) Respiration (mg O2 mg-1 protein h-1) raw values and b) mean values per 

temperature interval.  Oxygen had a significant interaction with temperature (p=0.035) and 

respiration in the hyperoxic treatment consistently exceeded that of the normoxic treatment. 

Respiration was consistently lowest in the hypoxic treatment which is clearly visible by the 

majority of the hypoxic points being below the line.  c) Net photosynthesis (mg O2 mg-1 protein 

h-1) raw values and d) mean values per temperature interval.  Oxygen did not have a significant 

effect on net photosynthesis, (p=0.195) and it is clear that net photosynthesis tended to be 

higher in the hyperoxic and hypoxic treatments than the normoxic treatment. The x axis 
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represents the normoxic treatment and the coloured dots represent hyperoxia (blue) and 

hypoxia (pink). 

Net Photosynthesis  

Oxygen treatment did not have a significant effect on net photosynthesis (p=0.195, Table 3.1), 

however temperature did significantly affect net photosynthesis rates (p=<0.001, Figure 3.4a).    

There was no significant difference between net photosynthesis rates at 29, 33 and 35 ˚C 

however rates decreased significantly at 37˚C (p=0.012) and then again at 39˚C (p=<0.001) at 

which point mean net photosynthesis reached below 0 and the corals tended to be 

heterotrophic (-0.09 ± 0.11 mg O2 mg-1 protein h-1).  The highest net photosynthetic rates were 

observed at 33˚C (0.75 ± 0.09 mg O2 mg-1 protein h-1).  Both hyperoxic and hypoxic treatments 

consistently displayed higher net photosynthesis than corals in the normoxic treatment (Figure 

3.3c and 3.3d). 

Although oxygen did not have a significant effect on net photosynthesis, as previously stated, 

the hyperoxic treatment displayed the highest photosynthetic rates recorded at 33˚C (0.98 ± 

0.14 mg O2 mg-1 protein h-1).  The highest photosynthetic rates for the normoxic treatment were 

observed at 29˚C (0.61 ± 0.14 mg O2 mg-1 protein h-1) and for the hypoxic treatment was 

observed at 33˚C (0.72 ± 0.14 mg O2 mg-1 protein h-1).  The hypoxic treatment was the only 

treatment at which corals were still producing oxygen at 39˚C (0.04 ± 0.14 mg O2 mg-1 protein h-

1) whilst the hyperoxic and normoxic fragments reached net heterotrophy at this temperature. 
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Figure 3.4: a) Net photosynthesis (mg O2 mg-1 protein h-1) per temperature interval (p=<0.001, 

n=8 or 9) b) P:R (photosynthesis: respiration) ratio for each temperature (p=<0.001, n=8 or 9).  c) 

Gross photosynthesis (mg O2 mg-1 protein h-1) per temperature incubation (p=<0.001, n=8 or 9 

d) Gross photosynthesis (mg O2 mg-1 protein h-1) per oxygen treatment (p=0.008, n=14 or 15).  

Error bars represent ± 1 standard error of the mean.   

 

Gross Photosynthesis 

Temperature and dissolved oxygen individually significantly affected gross photosynthesis rate 

but there was no significant interaction between them (p=0.065, Table 3.1), indicating that the 

rates of gross photosynthesis responded consistently to dissolved oxygen regimes as 
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temperature increased.  Gross photosynthesis rates were highest at 33˚ (1.4 ± 0.1 mg O2 mg-1 

protein h-1) before decreasing significantly at 37˚C (p=<0.001, 0.74 ± 0.11 mg O2 mg-1 protein h-1) 

to the lowest rates at 39˚C (0.62 ± 0.1 mg O2 mg-1 protein h-1).  Rates at 37˚C and 39˚C were 

significantly lower than all other treatments, but not significantly different from each other 

(p=0.617). 

The thermal performance curve for gross photosynthesis (Figure 3.4c) followed the same curve 

as net photosynthesis with the same thermal optima (33˚C) and the lowest photosynthetic rates 

at 39˚C.  These curves indicate that coral physiological performance begins to substantially 

decline at 37˚C (Figures 3.4 a & c). 

Coral fragments in the hyperoxic treatment experienced the highest gross photosynthesis rates 

on average (1.22 ± 0.15 mg O2 mg-1 protein h-1) which was significantly higher than the normoxic 

and hypoxic treatments (p=0.06 and 0.05 respectively).  While not significantly different from 

the normoxic treatment (p=0.84), the lowest gross photosynthesis rates were observed in the 

hypoxic treatment (0.91 ± 0.08 mg O2 mg-1 protein h-1).  Figures 3.5a and 3.5b demonstrate the 

differences in gross photosynthesis rates across oxygen treatments although the pattern is not 

clearly evident. 
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Figure 3.5: a) Gross Photosynthesis (mg O2 mg-1 protein h-1) raw values, and b) mean values per 

temperature treatment. There was a significant effect of oxygen on gross photosynthesis 

(p=0.008).  Corals in the hyperoxic treatment had significantly higher gross photosynthesis rates 

than the normoxic and hypoxic treatment, however the pattern is not clear from these graphs. 

c) P:R Ratio raw values and d) mean values per temperature, there was no significant effect of 

oxygen on P:R Ratio (p=0.065) although it is clearly visible in this panel that the hypoxic 

treatment had the highest P:R ratios on average. The x axis represents the normoxic treatment 

and the coloured dots represent hyperoxia (blue) and hypoxia (pink). 

P:R Ratio  

Photosynthesis to respiration (P:R) ratio is an oft used indicator of holobiont health.  A lower P:R 

ratio indicates a shift towards heterotrophy.  Here we found that temperature significantly 

affected P:R ratio (p=<0.001, Figure 3.4b), however dissolved oxygen did not affect this response 
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(p=0.065, Table 3.1).  Although the effect of oxygen was not significant, the hypoxic treatment 

displayed the highest average P:R ratio (2.2 ± 0.2) which is clearly displayed in Figure 3.5d. 

P:R ratio steadily decreased with temperature increase, with the highest ratio recorded at 29˚C 

(2.58 ± 0.32) and the lowest, below 1, at 39˚C (0.92 ± 0.11). 

3.3 Symbiont Response Variables 

 

Figure 3.6: a) Symbiont density (105 cells/mg protein) per temperature treatment (p=0.271, n=9) 

b) Symbiont density per oxygen treatment (p=0.333, n=15) c) Photochemical efficiency per 

temperature interval (p=<0.001, n=5-13) d) Photochemical efficiency for each oxygen treatment 

(p=<0.001, n=118).  Error bars represent ± 1 standard error of the mean. 

Symbiont density did not change significantly over the course of the experiment (p=0.271, 

Figure 3.6a), indicating that in this experiment they were unaffected by oxygen availability or 
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acute temperature stress.  The highest mean symbiont density was observed at 35˚C (12.3 ± 1.5 

x 105 cells/mg protein) after which there was a decreasing trend, although not significant 

(p=0.271), with the lowest density observed at 39˚ (7.8 ± 1.5 x 105 cells/mg protein).  

There was also no significant difference in symbiont density between oxygen treatments 

(p=0.333, Figure 3.6b), the highest mean symbiont density was observed in the normoxic 

treatment (11.8 ± 1.1 x 105 cells/mg protein) and the lowest in the hypoxic treatment (9.4 ±  1.1 

x 105 cells/mg protein).  Figures 3.7a and 3.7b also display that there was no relationship 

between symbiont density and oxygen treatment. 

Temperature and oxygen had a significant effect on photochemical efficiency individually 

(p=<0.001 for both factors, Figure 3.6c and d), however there was no significant interaction 

between the two factors (p=0.292, Table 3.1).  The highest average photochemical efficiency 

was observed at 30˚C (0.602 ± 0.02) which was significantly higher than every other 

temperature except for 31˚C (p=0.23) and 34˚C (p=0.57). 

Photochemical efficiency at 38, 39 and 40˚C was significantly lower than all other temperatures 

(Figure 3.6d), with the lowest response at 40 ˚C (0.239 ± 0.02), which was just significantly lower 

than 39˚C (p=0.048), but not 38˚C (p=0.056).  Due to the sacrificial nature of our measurements, 

there was more variation in photochemical efficiency towards the end of the experiment as our 

n decreased over time, to only 15 individuals at 40˚C (the experimental endpoint).  Corals began 

to die at 38˚C so it is not surprising that the three highest temperatures represented the lowest 

photochemical efficiencies. 

Dissolved oxygen had a significant effect on photochemical efficiency (p=<0.001, Figure 3.6d).  

The highest photochemical efficiency was observed in the normoxic treatment (0.499 ± 0.01) 
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which was significantly higher than the hypoxic treatment (p=<0.001) and the hyperoxic 

treatment (p=<0.012), (Figure 3.7d).  The lowest photochemical efficiency was observed in the 

hypoxic treatment (0.449 ± 0.01), which was also significantly lower than the hyperoxic 

treatment (p=0.034). 

 

 

Figure 3.7: a) Symbiont Density (10
5
 mg

-1
 protein) raw values, and b) mean values per 

temperature.  There was no significant differences between treatments for symbiont density 

(p=0.333) c) Photochemical efficiency (F
v
/F

m
) raw values and d) mean values per temperature.  

There is no clear pattern from these graphs but hyperoxic and hypoxic values tended to be 

lower than that of the normoxic treatment from panel d). The x axis represents the normoxic 

treatment and the coloured dots represent hyperoxia (blue) and hypoxia (pink). 
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DISCUSSION 

S. pistillata is a model coral organism of choice for heat-stress experiments, representing 15% of 

total coral species studied in heat stress experiments according to a recent review by McLachlan 

et al. (2020).  It is also a thermally tolerant species in the Red Sea, displaying a higher LT50 in 

comparison to some other coral species in the Red Sea (Anton et al, 2020). 

Overall, the temperature thresholds and LT50 we recorded for S. pistillata were higher than 

those previously recorded by experimental assessments in the Red Sea regardless of oxygen 

treatment (Anton et al 2020).  Anton et al. (2020) reported an LT50 for S. pistillata of 36.1˚C and 

one hundred percent mortality by 38˚C in a classic-style, more long-term heating experiment 

that involved temperature ramping by 1˚C per day.  The lowest LT50 in our experiment was 

38.7˚C for the hypoxic treatment, followed by 39.0˚C for the normoxic treatment and 39.1˚C for 

the hyperoxic treatment (Figure 3.1).  One hundred percent mortality was observed at 40˚C 

across all oxygen regimes.  Although the differences in LT50 were small, the results demonstrate 

a clear pattern of extended thermal tolerance with increasing oxygen concentration. 

Voolstra et al. (2020) also exposed S. pistillata to acute thermal stress in a similar short-term 

regime to our experiments, however they did not report mortality even at 39˚C but their 

exposure time to high temperatures was also lower than in our experiment (3 hrs only).  They 

did show a more pronounced chlorophyll loss at 36˚C and 39˚C however it was not significantly 

different to the control and lower temperature treatments at 30˚C and 33˚C (Voolstra et 

al.,2020). 

Multiple studies from the Gulf of Aqaba in the Northern Red Sea have reported no signs of 

bleaching or pronounced loss of symbionts for S. pistillata after exposure to temperatures 5 to 



36 
 

6˚C above their maximum monthly mean (27 ˚C) for up to 6 weeks (Bellworthy & Fine, 2017; 

Fine, Gildor & Genin, 2013; Kreuger et al., 2017) and in one case their productivity even doubled 

(Kreuger et al., 2017).   

Based on historical bleaching events and experiments in the Gulf of Aqaba it has been suggested 

that although corals in the Northern Red Sea can survive heat waves reaching several degrees 

above their MMM (maximum monthly mean), corals from the Central and Southern Red Sea 

would bleach at 1-2˚C above this (Bellworthy & Fine, 2017; Fine, Gildor & Genin, 2013; Osman et 

al., 2018).  The maximum annual temperature for the Southern Red Sea is 33˚C (Chaidez et al., 

2017), however the corals in our experiment far exceeded this proposed threshold along the 

fast ramp-up experimental regimes we tested. 

We predict that this could be because our corals were collected from Farasan Island in 2018 and 

have, therefore, survived at least one mass bleaching event, that of summer 2015 (Anton et al., 

2020; Osman et al., 2018), and so have been sieved for thermal tolerance.  The higher 

temperature threshold could also be explained due to our experiment being an acute thermal 

stress not a prolonged exposure, unlike traditional heat stress experiments, which involve 

temperature ramping over several days or mimicking marine heatwaves over several “degree 

heating weeks” (Bellworthy & Fine, 2017). However, daily thermal regimes in nearshore reefs in 

the Red Sea, with limited flushing with open water, involve rapid heating during the daytime and 

progressive cooling during the night, such that thermal increases of 3 ˚C during the day are 

characteristic of summer regimes. 

Coral heat stress experiments also rarely include mortality endpoints, so it is important to 

determine these for multiple species, as this will allow us to identify the most vulnerable 

species.  The proposed bleaching threshold of 1 to 2˚C above MMM, often used as guidance in 
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the literature (Bellworthy & Fine, 2017), is inferred from field observations of bleaching and SST 

data (Osman et al., 2018), often derived from satellite, which cannot resolve either hourly 

values or fine scale thermal regimes. There is, however, very little empirical evidence of thermal 

thresholds in the Central Red Sea, and indeed this appears to be the first study to 

experimentally assess thermal thresholds of a coral species from the Southern Red Sea. 

4.1 Effect of oxygen regimes on the thermal threshold of S. pistillata 

Although the corals in our hypoxic treatment displayed a lower LT50 than other treatments, 

demonstrating a decreased thermal tolerance, we did not witness rapid bleaching during the 

experiment. 

Altieri et al. (2017) reported on hypoxic events off the Caribbean coast of Panama and found 

that corals bleached at levels of 0.5 mg L-1 but that there were differences in hypoxia tolerance 

between species.  Haas et al., (2014) tested the effect of reduced oxygen on a branching species 

Acropora yongei over several days and found that corals in their low oxygen treatment (2-4 mg 

L-1) experienced mortality and severe bleaching after 3 days of exposure at night-time.   

A recent study by Alderdice et al. (2021) also highlights species-specific responses to 

deoxygenation whereby Acropora tenuis exhibited a resistance to bleaching under low oxygen 

conditions at night but Acropora selago was sensitive and displayed a bleaching response.  

Hoogenboom et al. (2017) reported that A. tenuis displayed greater tolerance to bleaching in 

the heat-induced mass bleaching events on the Great Barrier Reef in 2016-2017 than A. selago, 

which suggests that perhaps thermal and oxygen tolerance are linked. 

We believe that we may have witnessed more substantial bleaching if we had conducted this 

experiment under dark conditions or conducted measurements in the dark part of the regime, 
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when hypoxia is naturally occurring in reef habitats and the symbionts not only do not produce 

oxygen but are in direct competition with the host for oxygen (Sashar, Cohen & Loya, 1993). 

However, we decided to conduct this experiment during the day as hyperoxia would never occur 

at night and our main focus was whether oxygen would shift the thermal thresholds of corals. 

Furthermore, bleaching is not the only phenotype in response to thermal stress that corals can 

exhibit and so it is important to consider mortality, not just bleaching, in assessing thermal 

thresholds (Leggat et al., 2019).  Indeed, whereas corals may recover from bleaching (Leggat et 

al., 2019), mortality is a terminal event. Throughout our experiment, the polyps visibly darkened 

and died as the temperature increased and corals have also been observed to expel their polyps 

in a phenomenon known as “polyp-bailout” in response to heat stress (Fordyce, Camp & 

Ainsworth, 2017). 

Unfortunately, due to equipment failure, we could not conduct boundary layer measurements 

for the corals during the experiment however for future experiments it is something to be 

considered. As we only have measurements for the oxygen availability in the water column, 

potentially the hypoxic treatment could be within a normal oxygen range at the coral surface, 

due to the evolution of oxygen from photosynthesis.  The reduced respiration and oxygen-

conforming behaviour in coral fragments in the hypoxic treatment however does suggest that 

this is unlikely and recent evidence also demonstrates that cilia on the coral surface can 

potentially create flow within the diffusion boundary layer (Pacherres et al., 2020). 

4.2 Metabolic rates 

Our results are consistent with our hypothesis that hyperoxia can shift the thermal optimum for 

specific physiological parameters in this case.  Corals under hyperoxia exhibited on average the 
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highest respiration at 35˚C degrees as opposed to 33˚C for both normoxia and hypoxia (if we 

exclude results at 39˚C due to unreliability).    We expected these results as respiration is oxygen 

limited but rates are also enhanced by increasing temperature (Brown et al., 2004). 

Hypoxic corals consistently had the lowest respiration per temperature increment which 

indicates that the corals were oxygen conforming.  Respiration rose from the lowest levels at 

37˚C to significantly higher levels at 39˚C for all oxygen treatments indicating that potentially the 

corals tested had died before the incubation, which is also supported by minimal oxygen 

evolution at 39˚C and the significant decrease in photochemical efficiency at 38˚C and beyond.  

This anomaly could also be explained by lower protein content in the corals at 39°C, which could 

be skewing our results as this is the metric used in this experiment for standardizing of 

metabolic rates. 

Bellworthy & Fine (2017) reported similar results for S. pistillata with respiration increasing with 

temperature, however they also did not report any bleaching or mortality even at +5˚C, 

consistent with the observation of no apparent decline in our experiment.  Anton et al. (2020) 

displayed respiration rates that mirrored our results for S. pistillata with an increase at 30˚C 

followed by a decrease and then increasing to the highest level at 36˚C, which was also the 

median lethal temperature observed in their experiment. 

Contrary to our results, Haas et al. (2014) found that Acropora yongei fragments consumed 

significantly more oxygen in hypoxic conditions (2-4 mg L-1) than corals in their ambient oxygen 

treatment (6-8 mg L-1).  However, Gardella and Edmunds (1999) found that hyperoxia (146-150% 

saturation) greatly enhanced respiration in symbionts isolated from Dichocoenia stokesii and 

that symbionts in the hypoxic treatment (50-54% saturation) respired significantly less than the 
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normoxic treatment (98-102%).  Osinga et al. (2017) also reported enhanced respiration in 

Galaxea fascicularis under hyperoxic conditions. 

Respiration was the only physiological response that showed an interaction between 

temperature and oxygen and our results demonstrate that respiration is enhanced by increased 

oxygen availability in the water column.   

Oxygen availability did not have a significant effect on net photosynthesis rates in our 

experiment.  Our results are supported by a microsensor study on the coral Galaxea fascicularis 

that found that net photosynthesis in this species was also not affected by oxygen (Osinga et al., 

2017).  This study tested a range of oxygen levels (20, 100 and 150% saturation) and found no 

significant difference in photosynthesis rates between treatments (Osinga et al.,2017). 

Alternatively, Mass et al. (2010) reported that photosynthesis declined in Favia veroni under 

hyperoxia with no flow.  They suggest that this is due to photorespiration, when oxygen binds to 

RuBisCO instead of CO2 and a build-up of oxygen efflux in the coral tissue and the diffusion 

boundary layer (Mass et al, 2010).   

Osinga et al. (2017) also noted that the susceptibility of zooxanthellae ex hospite to 

photorespiration (Smith et al., 2005) and the findings of Muscatine (1980) that photosynthesis 

rates of zooxanthellae in hospite were not affected by oxygen suggest that the carbon-

concentrating mechanisms may be host-related.  The efficiency of these carbon-concentrating 

methods could be species-specific which again highlights the importance of repeating this 

experiment across multiple species and may explain the contrasting results in the effect of 

oxygen on photosynthesis across studies.  It may also be that the predicted enhancement of 

photosynthesis by hyperoxia was simply negated in our experiment due to thermal stress 

impairs the photosynthetic capabilities of the symbionts as it has been suggested that hyperoxia 
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provides the potential for a positive feedback loop whereby organisms are respiring more and 

therefore creating more inorganic carbon as a substrate for photosynthesis (Gardella & 

Edmunds, 1999). 

Differences in results across studies may also be resolved via the method of increasing oxygen 

for hyperoxic treatments, which highlights the need for a sophisticated gas control system, such 

as ours.  In the natural environment, hypoxia is co-occurring with acidification and hyperoxia 

results in a higher pH as the oxygen displaces CO2 (Klein et al., 2017), so if experimentalists 

choose to use nitrogen or oxygen bubbling to control pH or oxygen without considering how the 

addition of such gases displaces CO2 to affect the seawater carbonate system, then they are 

limiting DIC availability in the water column.  We chose to keep CO2 constant in our experiment 

because we explicitly aimed to elucidate the role of oxygen in moderating thermal performance. 

A study in the Northern Red Sea demonstrated that a small temperature increase (1 to 2˚C) may 

enhance photosynthetic performance, up to 51% after 1.5 months of exposure (Kreuger et al., 

2017).  Our results display (on average) the highest net photosynthesis rates at 33˚C (figure 

3.4a) before steadily decreasing with increasing temperature reaching net heterotrophy by 

39˚C. This indicates symbiont death or a damaging of their photosynthetic capabilities, which is 

supported by our visual observations of blackened and withdrawn polyps and the decline in 

photochemical efficiency at high temperatures.  Bellworthy & Fine (2017) also witnessed a 

decline in photosynthesis rates for S. pistillata with increasing temperature in experimental 

assessments in the Gulf of Aqaba.  Anton et al. (2020) reported in their heat-stress experiments 

that S. pistillata became net heterotrophic at 33.78˚C which is decidedly lower than our 

experiment (39˚C) but these differences may be resolved due to exposure time, with our 
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experimental duration consisting of only hours and Anton et al. involving a ramping design over 

several days. 

Oxygen had a significant effect on gross photosynthesis, with hyperoxia significantly increasing 

gross photosynthesis rates likely due to the effect on respiration rates, which were enhanced by 

hyperoxia.  With regards to temperature, gross photosynthesis also followed the same trend as 

net photosynthesis, with the highest rates on average observed at 33˚C before decreasing with 

increasing temperature (Figure 3.4c). 

Coles and Jokiel (1977) first demonstrated that P:R ratio declines linearly with temperature 

increases in hermatypic corals, due to respiration increasing at a faster rate than 

photosynthesis.  Our results follow this trend (Figure 3.4b), with P:R ratio decreasing 

significantly at 39˚C to below 1 which indicates a shift towards net heterotrophy, enhancing the 

dependence on diffusive oxygen supply from the environment. Although there was no 

significant effect of oxygen on P:R Ratio, the hypoxic treatment displayed on average the highest 

P:R Ratio (2.22).  This is likely due to lower respiration rates than the normoxic and hyperoxic 

treatments, so there was less disparity between respiration and photosynthesis rates for the 

hypoxia treatment leading to a higher P:R ratio than other oxygen treatments. 

4.3 Symbiont Performance 

Neither temperature increases nor oxygen availability appeared to affect symbiont density 

across the duration of this experiment (Figure 3.6a & 3.6b).  Voolstra et al. (2020) reported 

similar results in their short-term heat assay where there were no pronounced differences in 

symbiont density across different temperatures.  In the mortality assessments paling of tissue 

and blackened polyps was observed, but most individuals did not significantly bleach, with the 
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exception of one individual in the normoxic treatment which was almost completely bleached at 

38˚C.   

In the Northern Red Sea, Bellworthy & Fine (2017) showed a 64% decline in symbiont density in 

S. pistillata in their +4 to 5˚C above MMM (27.3˚C) treatments after 15 days of exposure, 

however it was not significantly different from the lower temperature treatments and control.  

Kreuger et al. (2017), reported no significant changes in symbiont density in S. pistillata from the 

Gulf of Aqaba even after 47 days of exposure to 1.2-2.4˚C above the long-term MMM. 

We did not include symbiont density counts for the corals in the mortality assay as symbiont 

counts on dead corals can be unreliable due to rapid microbial colonization.  Our results suggest 

that symbiont density may not be a reliable predictor of thermal stress or bleaching in short-

term thermal stress experiments.  Due to time constraints, we did not assess chlorophyll a 

content in coral fragments however the results of Voolstra et al., (2020) suggest this variable 

also may not be a reliable predictor of heat stress in the short term. 

A decline in photochemical efficiency can be a good indicator of heat stress and is often a 

precursor to bleaching as it indicates damage to the symbionts’ photosynthetic machinery 

(Jones et al., 2002).  We observed a significant decline in photochemical efficiency at 38˚C, 

consistent with the decrease in photosynthetic oxygen evolution (Figure 3.6c).  Voolstra et al. 

(2020) measured maximum photochemical efficiency (dark-adapted) for their acute heat stress 

assays and similar to our results, reported a significant decline in their 39˚C treatment. 

Finelli et al 2006, showed a decline in photochemical efficiency at high oxygen saturation 

(800%), however this exceeds hyperoxia in the natural environment suggesting that only at 

excessively high oxygen levels would the photoinhibition of symbionts occur.  In our experiment, 
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the normoxic treatment had on average significantly higher photochemical efficiency than the 

hyperoxic and hypoxic treatments (Figure 3.6d).  Hypoxic corals had significantly lower 

photochemical efficiency than all other treatments. 

4.4 Limitations 

Unfortunately, because of the limitation of space in our gas system set-up and the sacrificial 

nature of the majority of the response variables, the power for our mortality assays was 

admittedly low.  Future experimental designs may split the assessments into two separate 

components, each run over 2 days, instead of 1: 1) Mortality assay, microsensor and 

fluorescence measurements (as these are not sacrificial) and 2) Respirometry measurements 

and sacrificial measurements such as symbiont density.  This way we could maximize the 

number of replicates for each response variable and ensure more power and hence less 

variability and the added microsensor measurements can give us information about the oxygen 

environment close to the coral surface and the thickness of the diffusion boundary layer. 

Due to unavoidable circumstances as a consequence of lockdown under the COVID-19 

pandemic, the corals used for the experiment had been in continuous culture for over 2 years 

and so the responses observed here may not be representative of wild corals.  However, they 

were held for two years at a constant temperature of 27˚C and yet, they were remarkably 

resistant to extreme thermal regimes, indicating that they had not acclimated to the low 

thermal regime held. In future experiments, corals should be harvested close to the time the 

experiments are initiated, which should approach the time of maximum temperature, and 

minimum oxygen, in the Red Sea.  We had also planned to conduct multiple experiments across 

species to observe if responses were species-specific or morphology-specific. 
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We did not investigate the symbiont community composition of S. pistillata fragments however, 

we did include the colony number as a random factor in our initial analysis and found it to be 

redundant.  This suggests that likely the symbiont community was similar if not uniform across 

the colonies we used for the experiment.  For future experiments with comparisons across 

species, ITS2 sequencing would be used to characterize the symbiont community as there is 

evidence that some Symbiodiniaceae species are more thermally tolerant (Baker, 2003; Howells 

et al., 2012). 
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CONCLUSION 

Although we had admittedly limited power for the mortality assays, we clearly demonstrate an 

upwards shift in thermal threshold for Stylophora pistillata exposed to hyperoxia indicating that 

oxygen does indeed moderate thermal performance supporting the earlier findings of Giomi et 

al. (2019) and Portner, Peck  & Hirse (2006). 

Coral physiological performance began to decline at 37˚C and we recorded mortality starting 

from 38˚C, which is the highest thermal thresholds reported in the Red Sea for corals and the 

only thresholds reported for corals from the Southern Red Sea at the time of writing.  We 

predict that this could be due to these corals surviving at least one mass bleaching event, and so 

we could have preferentially selected for thermally tolerant genotypes. 

Respiration and gross photosynthesis were enhanced by increased oxygen availability however 

other responses such as net photosynthesis and P:R ratio were dependent on temperature only 

and declined significantly at higher temperatures.  Symbiont density was not affected by oxygen 

or temperature at all and hence may not be a useful predictor of thermal stress for acute heat 

stress experiments. 

Due to the difficulty of maintaining oxygen levels across different temperatures, it is prudent to 

highlight the importance of using a sophisticated gas control system such as ours.  Using 

nitrogen bubbling to create hypoxia as some studies have done, displaces CO2 and limits DIC in 

the water column when hypoxia in the natural environment co-occurs with acidification (Klein et 

al 2017). 

Our results coupled with the lack of experimental assessments of thermal thresholds in the 

Southern Red Sea, an area particularly vulnerable to coral bleaching, highlighting the need for 
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testing across multiple species to determine the extent at which oxygen can shift thermal 

thresholds and highlight the importance of oxygen in conserving coral reefs in an ever-warming 

ocean. 
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APPENDICES 

Appendix 1: Experimental Water Chemistry  

Table 6.1: Water Chemistry for Hyperoxic Treatment 

Time 
Temperature 
(˚C) 

Standard 
Error (±) 

Dissolved 
Oxygen 
(mg L-1) 

Standard 
Error (±) pH 

Standard 
Error (±) 

5am 28.9 0.03 10.15 0.12 8.24 0.01 

6am 29.9 0.03 10.33 0.10 8.24 0.01 

7am 31.0 0.03 10.14 0.05 8.25 0.01 

8am 32.0 0.03 10.25 0.06 8.24 0.01 

9am 32.9 0.02 10.28 0.07 8.26 0.01 

10am 34.0 0.04 10.20 0.09 8.26 0.01 

11am 34.9 0.04 10.19 0.06 8.24 0.01 

12pm 36.0 0.03 10.20 0.05 8.25 0.01 

1pm 36.9 0.04 10.18 0.04 8.24 0.01 

2pm 38.0 0.03 10.17 0.09 8.24 0.01 

3pm 38.9 0.06 10.12 0.08 8.23 0.01 

4pm 39.7 0.02 10.07 0.06 8.21 <0.00 

 

Table 6.2: Water Chemistry in the Hypoxic Treatment 

Time 
Temperature 
(˚C) 

Standard 
Error (±) 

Dissolved 
Oxygen 
(mg L-1) 

Standard 
Error (±) pH 

Standard 
Error (±) 

5am 28.9 0.02 7.41 0.06 8.29 0.01 

6am 29.9 0.05 7.37 0.05 8.27 0.02 

7am 30.9 0.02 7.44 0.05 8.25 0.01 

8am 32.0 0.04 7.51 0.06 8.27 0.01 

9am 33.0 0.04 7.55 0.04 8.27 0.01 

10am 34.0 0.04 7.52 0.06 8.26 0.01 

11am 35.0 0.04 7.47 0.06 8.25 0.01 

12pm 35.9 0.04 7.46 0.04 8.25 0.01 

1pm 36.9 0.05 7.35 0.02 8.26 0.02 

2pm 38.0 0.03 7.29 0.02 8.27 0.01 

3pm 39.1 0.03 7.12 0.04 8.25 0.02 

4pm 39.7 0.04 7.12 0.04 8.26 0.01 
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Table 6.3: Water Chemistry in the Hypoxic Treatment 

Time 
Temperature 
(˚C) 

Standard 
Error (±) 

Dissolved 
Oxygen 
(mg L-1) 

Standard 
Error (±) pH 

Standard 
Error (±) 

5am 28.9 0.03 1.54 0.14 8.25 0.01 

6am 29.9 0.03 1.50 0.20 8.26 0.01 

7am 31.0 0.02 1.61 0.16 8.25 0.01 

8am 31.9 0.03 1.84 0.16 8.25 0.01 

9am 32.9 0.02 1.66 0.20 8.28 0.02 

10am 33.9 0.02 1.52 0.16 8.32 0.08 

11am 34.9 0.04 1.55 0.16 8.25 0.01 

12pm 35.9 0.03 1.40 0.15 8.25 0.01 

1pm 36.9 0.04 1.49 0.17 8.26 0.01 

2pm 38.0 0.04 1.59 0.12 8.26 0.01 

3pm 39.0 0.06 1.48 0.17 8.24 0.02 

4pm 39.8 0.03 1.40 0.17 8.24 0.01 

 

 

 

 

 


