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ABSTRACT 
Coral reefs around the world are under threat from multiple global and 

local stressors. Understanding the responses of different coral species to these stressors 

is essential to develop effective management and conservation strategies and mitigate 

the impacts of climate change on coral reefs. 

This study examines the responses of three coral species - Porites lutea 

(massive), Montipora tuberculosa (tabular), and Pocillopora verrucosa (branching) - 

to rising seawater temperature and low dissolved oxygen (DO) levels, which are 

expected to intensify as a result of climate change. Coral nubbins were collected from 

Patong Bay, Phuket, Thailand, and subjected to experimental investigations under 

ambient conditions (29 °C, DO > 6 mgL−1), heat stress (32 °C), hypoxia (DO < 2 mgL−1) 

and heat stress + hypoxia treatments. Photosynthetic performance indicators Fv/Fm and 

Fv/F0, and physiological parameters - Symbiodiniaceae density, pigment concentration, 

and growth rate were quantified. 

Results indicate that P. verrucosa is the most sensitive and severely 

affected by heat stress and hypoxia, more so than P. lutea and M. tuberculosa. The 

combination of heat stress and hypoxia had less impact on these species, except for a 

decline in growth rate of M. tuberculosa. Moreover, the coral species respond 

differently to high temperature and low oxygen, with their sensitivity depending on the 

species. These responses may differ according to the lighting, especially in hypoxic 

conditions. Additional research is required to better understand the combined impacts 

of heat stress and hypoxia, and to enhance the mechanistic comprehension of 

synergistic and antagonistic responses in the three scleractinian corals. 

The study fills a research gap and provides useful information to predict 

the vulnerability of these three coral species in shallow reef habitats under climate 

change scenarios, helping to devise effective mitigation strategies for the preservation 

of coral reefs globally.  
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INTRODUCTION 
 

 

The ocean absorbs over 90% of the total heat accumulation in the Earth’s 

climate system, which has increased rapidly over the past several decades due to 

greenhouse gas emissions, leading to ocean warming [1–5]. An estimated 1–3 °C 

increase in sea surface temperature (SST) by the year 2100 is now a likely scenario [6]. 

The occurrence and extent of marine heatwaves and temperature anomalies are also 

changing as a result of global warming [7–10]. This increase in ocean temperatures can 

affect the habitat, population, migration, and breeding patterns of marine plants, 

animals, and microbes as well as threaten the building blocks of ocean life such as 

corals [7,11]. Heat stress (as well as ocean warming and heat waves) has been correlated 

with the increase in frequency and scale of mass coral bleaching events since the late 

1990s, when the first evidence of mass bleaching was recorded after a series of El Niño 

events [12]. At the mechanism level, heat stress raises the metabolic energy requirement 

of the coral host, altering the nutrition cycle, and this has been shown to be the key 

cause for functional breakdown of symbiotic algae in corals [1], leading to a decline in 

calcification processes [13,14]. The response of corals to heat stress also depends on 

their morphology, as small encrusting colonies are more likely than big branching 

colonies to continue mass transfer and hence to endure temperature stress. The volume 

of space between colony branches also predicts their reaction to temperature stress, and 

as the frequency and intensity of heat stress rise, huge branching coral colonies may 

give way to tiny colonies and flat-massive colonies with low aspect ratios [15]. There 

is growing evidence to also suggest that a recent increase in coral disease outbreaks can 

be attributed primarily to heat stress, among other local factors [16]. 

Corals reefs are facing an unprecedented threat from heat stress, hypoxia, acidification, 

and other scenarios as a result of anthropogenic activities and climate change, leading 

to stress and decline of several reef-building corals [2,17–20]. Some simulations and 

downsized climate models applied on eutrophic and seasonally hypoxic estuaries or 

coastal areas predict a reduction of dissolved oxygen (DO) by 1–2 mgL−1 and a 10–

30% increase in hypoxic and anoxic volumes by the mid-21st century. These reductions 

are primarily attributed to the decreasing solubility as a result of ocean warming 

[21,22]. An overall decrease of 2–4% in oceanic oxygen reserves is also projected based 

on the range of different climate change scenarios [6,23]. In recent years, several coral 

bleaching-induced mass mortality events have been observed in large areas with low 

oxygen (hypoxia/anoxia) and indicate that oxygen level can also be a critical factor 

impacting the survival of coral reefs. Nevertheless, the exact effects of periodic or 

persistent hypoxia on coral reefs are currently unpredictable [24,25]. Tropical reefs in 

particular are estimated to be at higher risk from localized hypoxia [24], as reefs with 

inherently restricted water movement, such as atolls, tidal pools, semi-enclosed 

lagoons, and fringing reef flats, have regular occurrences of low DO concentration (2–

3 mgL−1), and this condition is compounded by the increase in metabolic rates and 

episodic nutrient flushing due to tidal and seasonal warming [26–30]. 

These stressors can promote micro- and macroalgal blooms [31,32], further 

deteriorating the situation as the capacity to buffer deoxygenation through 

photosynthetic oxygen production by coral’s Symbiodiniaceae, macroalgae, and 

phytoplankton is also limited due to reduced light levels caused by turbidity [33]. Corals 
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have been noted as being more susceptible to low oxygen than other marine organisms 

[6] as hypoxia can lead to reduced photosynthesis and calcification, inducing bleaching 

mortality in extreme cases [24,25]. It can also promote diseases such as black band 

disease (BBD), which creates a high concentration of sulfides that kill the underlying 

coral tissue [24,34–36]. 

Global warming and local eutrophication also lower the DO (by reducing the solubility 

and saturation) and increase the biological oxygen demand of most marine organisms, 

worsening the effect. This stress caused by low DO concentrations and relatively high 

temperatures is an energy challenge for most marine organisms’ metabolisms as they 

face frequent exposure to oxygen below their optimum functioning thresholds [32,37–

40]. In isolation, hypoxia may be more dangerous to corals than other stressors, and 

there are also some studies showing that the combined effects of hypoxia and other 

stressors can be more damaging than their individual effects [41,42]. However, most of 

the research and studies on corals affected by hypoxia have reported field observations 

as a response to bleaching or mass mortality events [43], and the exact effects of 

multiple stressors in relation to hypoxia on coral physiology are currently unknown. 

The coral reefs at our study site of Patong Bay, located on the west coast of Phuket, 

Thailand, have been subjected to excessive nutrient enrichment due to the rapid increase 

in tourism activities since the 1980s [44,45]. As a result, the reefs are not only 

vulnerable to heat stress, with a reported annual seawater temperature range of 29–

32 °C [14,46], but may also be at risk from co-occurring episodes of hypoxia as algal 

blooms have been reported periodically in this area [44]. The aim of this study was to 

contribute to understanding the individual and combined (additive, synergistic, or 

antagonistic) effects of heat stress and hypoxia on three reef-building corals, Porites 
lutea, Montipora tuberculosa, and Pocillopora verrucosa. The results obtained in this 

study provide insights into the impacts of ocean warming and deoxygenation, to support 

projections of reef biodiversity under a changing climate. 

 

 

 

OBJECTIVES 
 

This study aimed to demonstrate the combined effect of heat stress and 

hypoxia on the physiological response of three sclerectanian corals. 

 

Specific Objectives: 

1. Examine the physiological response of corals to heat stress 

2. Examine the physiological response of corals to hypoxia 

3. Investigate the combined effect of heat stress and hypoxia on corals 

 

 

 

 

 

 



 

 

3 

RESULTS 
 

Exposure to high temperature and low DO were found to induce physiological 

changes in corals as well as in the symbiotic algae. The temperature and DO affect the 

photosynthetic performance, Symbiodiniaceae density, chlorophyll concentration, and 

coral growth (see Tables 1–3). Each coral species revealed a different response, and 

the combined stresses had a significantly worse effect only on the growth rate of M. 
tuberculosa. 



 

 

4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

5 

 

1. Photosynthetic Efficiency 
 

The Fv/Fm and Fv/F0 of P. lutea measured before the light period under ambient 

conditions on day 0 were 0.639 ± 0.023 and 1.781 ± 0.177, respectively. The treatment 

with heat stress + hypoxia showed a significant decrease compared to ambient on day 

1 (p = 0.003 for Fv/Fm and p = 0.003 for Fv/F0), but the performance subsequently 

increased, and samples could maintain effective photosynthesis until day 9, with no 

significant differences between the treatments (Figure 1A,B). For the measurements 

taken after the light period, the Fv/Fm and Fv/F0 of P. lutea under heat stress significantly 

decreased starting on day 1 (p = 0.008 and 0.009, respectively). 

 

In contrast, significant increases were recorded under hypoxia (p = 0.049 for Fv/Fm, p 

= 0.038 for Fv/F0) and heat stress + hypoxia (p = 0.004 for Fv/Fm, p = 0.002 for Fv/F0) 

on day 3 (Figure 2A,B). There was no significant interaction between the factors for 
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measurements taken before the light period whereas the measurements taken after light 

period showed significance for all interactions (Table 1). 

 

Figure 1. Maximum quantum yield of PSII (Fv/Fm; left) and photochemical efficiency 

of PSII (Fv/F0; right) in P. lutea (A,B), M. tuberculosa (C,D), and P. verrucosa (E,F) 

measured before the light period. Data are shown as mean ± SE (n = 4). 
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Figure 2. Maximum quantum yield of PSII (Fv/Fm; left) and photochemical efficiency 

of PSII (Fv/F0; right) in P. lutea (A,B), M. tuberculosa (C,D), and P. verrucosa (E,F) 

measured after the light period. Data are shown as mean ± SE (n = 4). 

 

M. tuberculosa had similar results to P. lutea and seemed to express a tolerance to stress 

conditions. During the experiment period, Fv/Fm and Fv/F0 showed no significant 

differences between the stress treatments when compared to ambient conditions in 

measurements taken before the light period (Figure 2C,D). For measurements taken 

after light period, coral nubbins under heat stress + hypoxia showed significant decrease 

only on day 5 for both Fv/Fm and Fv/F0 (p = 0.019 and 0.023, respectively) compared to 

ambient condition treatment (Figure 2C,D). Subsequently, there was no significant 

difference between the treatments. We found no significant interaction between the 

factors (in Fv/Fm and Fv/F0) in measurements taken before or after the light period; 
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however, the temperature and DO factors individually affected the coral nubbins (Table 

2). 

 

P. verrucosa measurements taken before the light period presented a significant decline 

on day 2 for heat stress (p = 0.003 for Fv/Fm, p = 0.003 for Fv/F0) and for heat stress + 

hypoxia (p = 0.045 for Fv/Fm, p = 0.038 for Fv/F0) compared to ambient condition 

(Figure 1E,F). Progressive decreases by 33.3% for Fv/Fm and by 22.6% for Fv/F0 were 

detected under heat stress by day 6. Coral nubbins experienced bleaching and death 

afterwards. In measurements taken after the light period, the photosynthetic 

performance of coral nubbins (Figure 2E,F) significantly declined after day 1 under 

heat stress (p = 0.031 for Fv/Fm, p = 0.029 for Fv/F0) and continued to decline, especially 

on day 6, with decreases by 30.2% and 15% from day 0 in Fv/Fm and Fv/F0, respectively. 

In hypoxia condition, the corals showed a slight decrease on day 6 (p < 0.001 for Fv/Fm, 

p < 0.001 for Fv/F0) while heat stress + hypoxia significantly differed from day 2 when 

compared to ambient condition (p < 0.001 for Fv/Fm, p < 0.001 for Fv/F0). The 

measurements taken before the light period showed significant differences by time (p 

= 0.004 for Fv/Fm, p < 0.001 for Fv/F0), by temperature (p < 0.001 for Fv/Fm, p < 0.001 

for Fv/F0), and an interaction effect of time × DO (p < 0.001 for Fv/Fm, p < 0.001 for 

Fv/F0). Measurements taken after the light period were significant for the interaction 

time × DO (p < 0.001 for Fv/Fm, p < 0.002 for Fv/F0) and for the individual factors time 

(p = 0.012) and temperature (p < 0.001) in Fv/Fm and for temperature (p < 0.001) and 

DO (p = 0.006) in Fv/F0, as shown in Table 3. 

 

2. Symbiodiniaceae Density 
 

On day 9, Symbiodiniaceae densities in P. lutea in all actual treatments were 

significantly lower than in the baseline ambient condition (heat stress p < 0.001, 

hypoxia p = 0.019, heat stress + hypoxia p = 0.001) (Figure 3A). There were significant 

effects of time (p = 0.036), temperature (p < 0.001), DO (p = 0.015), and their 

interaction time x temperature × DO (p = 0.024) (Table 1). Interestingly, M. tuberculosa 
presented a significant increase in Symbiodiniaceae density (Figure 3B) during the 

experimental period (p = 0.012, < 0.001, < 0.001 for days 3, 6, and 9, respectively, 

compared to initial value). Otherwise, the factors had no significance except for time 

(p < 0.001) and interaction temperature × DO (p = 0.030), as shown in Table 2. P. 
verrucosa revealed significant difference in Symbiodiniaceae density by treatment 

(Figure 3C), especially on day 9. We identified a drastic decline under heat stress (p = 

0.003) and hypoxia (p = 0.028) compared to ambient condition. The temperature and 

DO factors were significant (p < 0.001 and p = 0.010, respectively), including 

influences in the interactions time × temperature (p = 0.049), temperature × DO (p < 

0.001), and time x temperature × DO (p = 0.042) (Table 3). 
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Figure 3. Symbiodiniaceae density (× 105 cells cm−2) of P. lutea (A), M. tuberculosa 
(B), and P. verrucosa (C) under ambient baseline conditions, heat stress, hypoxia, and 

heat stress + hypoxia on days 0, 3, 6, and 9. Data are shown as mean ± SE (n = 4). 

 

3. Chlorophyll Content 
 

In P. lutea, we found consistent chlorophyll a and c2 concentrations throughout the 

experiment period in all treatments (Figures 4A and 5A), and the interaction time × 

temperature × DO was the only significant factor for chlorophyll a (p = 0.047; Table 1) 

whereas chlorophyll c2 was significantly influenced by the individual factor 

temperature (p = 0.014; Table 1). On the other hand, M. tuberculosa revealed a 

significant increase on day 6 in chlorophyll a (p < 0.001) and on days 3, 6, and 9 in 

chlorophyll c2 (p < 0.001), although the coral nubbins were under stress (Figures 4B 

and 6B). Time was a significant factor for both chlorophyll a and c2 in M. tuberculosa 
(p < 0.001;Table 2). In P. verrucosa, we found an obvious significant difference 

between the treatments, as a reduction in chlorophyll a was recorded from day 3 for all 

stress exposures compared to ambient condition (p < 0.001), but a subsequent increase 

was found on day 9 under heat stress + hypoxia (Figure 4C). Chlorophyll c2 in P. 
verrucosa presented a similar trend (Figure 5C), with significant decreases under heat 

stress (p < 0.001) and hypoxia (p < 0.001) on day 3. The significant interactions of 

factors for both chlorophyll a and c2 were temperature × DO and time × temperature × 

DO (p < 0.001; Table 3). 

 

 
Figure 4. Chlorophyll a and c2 concentration (µg cm−2) of P. lutea (A), M. tuberculosa 
(B), and P. verrucosa (C) under ambient conditions, heat stress, hypoxia, and heat stress 

+ hypoxia on days 0, 3, 6, and 9. Data are shown as mean ± SE (n = 4). 
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Figure 5. Chlorophyll c2 concentration (µg cm−2) of P. lutea (A), M. tuberculosa (B), 

and P. verrucosa (C) under ambient conditions, heat stress, hypoxia, and heat stress + 

hypoxia on days 0, 3, 6, and 9. Data are shown as mean ± SE (n = 4). 

 

4. Growth Rate 
 

There was no significant difference in growth rate of P. lutea between the treatments 

(Figure 6A), while a significant decrease in the growth of M. tuberculosa was recorded 

under heat stress + hypoxia (46.9% reduction, p = 0.041) compared to ambient 

condition (Figure 6B). The growth rate of M. tuberculosa under hypoxia showed a 

slight increase but had no significant difference from ambient condition. On the other 

hand, some tissue loss was detected in P. verrucosa under heat stress and hypoxia. The 

growth rates were significantly lower compared to ambient (Figure 6C) for both heat 

stress (p = 0.044) and hypoxia (p = 0.042). However, no significant difference was 

observed in the heat stress + hypoxia treatment compared to ambient condition. 

 

 
Figure 6. Growth rates of P. lutea (A), M. tuberculosa (B), and P. verrucosa (C) under 

ambient, heat stress, hypoxia, and heat stress + hypoxia. Data are shown as mean (+), 

median, and range (n = 4) in a boxplot, where an asterisk indicates statistical 

significance of treatment when compared to ambient. 
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DISCUSSION 
 

 
The 32 °C temperature had significant adverse effects on all three species. Nevertheless, 

the severity of effects and responses vary by coral species. P. verrucosa was the most 

sensitive and experienced complete bleaching by the end of our experiment, unlike P. 
lutea and M. tuberculosa (refer to Figures 7–9). Under heat stress, a significant decline 

in P. verrucosa’s growth rate, Symbiodiniaceae density, and chlorophyll concentration 

on day 9 were detected. The photochemical efficiency showed a gradual decline starting 

on day 1, but it decreased sharply on day 6. This suggests that 5–6 days might be the 

limit for P. verrucosa to handle direct heat stress of 32 °C. Previous experiments have 

found that tropical Pocillopora is sensitive to moderate heat (32–33 °C) whereas 

Porites can maintain the symbiont population and their performance to keep up with 

the metabolic energy requirements of the coral host [14,47]. P. lutea and M. tuberculosa 
in this study did not reveal drastic effects from heat stress. A slight increase in 

Symbiodiniaceae was observed in P. lutea after facing the elevated temperature, with a 

subsequent decline on day 9. This case can occur when a coral lacks in carbon 

translocation, and the nutrition is balanced by Symbiodiniaceae growth for a short 

period [1]. Our results also support previous findings that the response of corals to heat 

stress is related to coral morphology, with branched coral species being the most 

susceptible, i.e., the first to bleach and die in mass bleaching events [48–53]. The 

difference in bleaching vulnerability of branching corals has been attributed to several 

physiological and morphological properties: tissue thickness [54], skeletal fragility and 

within tissue light scattering [55,56], genetic constitution of symbiotic algae [57], 

Symbiodiniaceae density per coral cell [58], and mass transfer rate [15,59]. 
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Figure 7. P. lutea samples from day 0 to day 9 under ambient, heat stress, hypoxia, and 

heat stress + hypoxia treatments. The white lines represent 1 cm scale bar. 
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Figure 8. M. tuberculosa samples from day 0 to day 9 under ambient, heat stress, 

hypoxia, and heat stress + hypoxia treatments. The white lines represent 1 cm scale bar. 
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Figure 9. P. verrucosa samples from day 0 to day 9 under ambient, heat stress, hypoxia, 

and heat stress + hypoxia treatments. The white lines represent 1 cm scale bar. 
 

Symbiotic cnidarians are subjected to broad, fast, and daily changes in oxygen content 

because of the presence of intracellular dinoflagellates. The oxygen levels in coral 

tissue can be hyperoxic during daylight and hypoxic during darkness as they become 

net consumers of oxygen in light-limiting conditions [6,60,61]. The fast shift between 

hyperoxia and hypoxia sometimes induces microenvironment acclimation in coral 

tissues [62]. Our results indicate that light availability plays a role in the response of 

some coral species when hypoxia is involved. The Fv/Fm and Fv/F0 trends were different 

after light/dark in measurements for P. lutea and P. verrucosa, while M. tuberculosa 
only presented slight fluctuations. During the initial days, P. lutea occasionally 

presented significantly higher photosynthetic performance under hypoxia during light 

availability compared to ambient condition. This might be a cellular mechanism of 

photosynthetic translocation for energy saving and photo acclimation contributing to 

this species’ tolerance of stress [63,64]. Photosynthesis (CO2 consumption and O2 

production) could partially reduce the stress of deoxygenation, but increased respiration 

by the same photosynthetic organisms during the night could have the opposite effect, 

particularly with rising temperatures [65]. Thermal stress and coral bleaching usually 

occur in conjunction with high summer temperatures and calm breezes when water-

flow rates are low. Anoxia can occur when there is little or no water flow, resulting in 

limited diffusion in many branching coral colonies [15,51,66]. 
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The respiration rate of corals is generally believed to be directly proportional to ambient 

DO concentration based on their anatomy. Some evidence has suggested that corals can 

moderately sustain respiration rates during declining oxygen concentration, for 

example, deep-sea corals (thriving in less than 1 mgL−1 DO concentration in the Red 

Sea [67]), and some corals appear to oxy-regulate using epidermal cilia movements 

during stagnant flow [68]. Furthermore, previous studies have revealed polyp 

expansion process of cold-water coral, Lophelia pertusa, and other cnidarians, such as 

sea anemones, to increase tissue surface area, thereby increasing the diffusive gas 

exchange [69–71], while some soft corals use tentacle pulsation to increase oxygen 

levels in their tissue [72]. The hypoxia (~2 mgL−1) in our case showed severe adverse 

effects on P. verrucosa in terms of physiological and visual expressions, bleaching, and 

tissue loss (refer to Figure 9). The growth rate of Symbiodiniaceae and the chlorophyll 

concentration had significantly declined by the end of experiment, while a reduction in 

photosynthetic parameters was detected earlier. Further supported by experimental 

studies, the branching corals have been shown to be highly susceptible to low oxygen, 

with some species expressing rapid tissue loss even when subjected to a 4 mgL−1 

oxygen concentration [32,73]. On the other hand, massive or submassive corals seem 

to be the survivors of severe hypoxic events [74,75], even when exposed to 0.5 mgL−1 

oxygen levels [24]. However, hypoxia stress can also lead to changes in microbial 

populations, altering the nutrient cycle, for example, from nitrification towards nitrogen 

fixation and thereby increasing the host’s susceptibility to pathogens. It can also lead 

to the production of toxic compounds, such as H2S, NO, and H2O2, that further 

compromise the host’s immunity [6,76,77]. 

 

The growth rates of M. tuberculosa in the combined heat and hypoxia treatment were 

lower than in control and hypoxia treatments, suggesting that heat aggravated the 

hypoxic stress effects in this coral species. Energy deficit could be an explanation for 

such an effect on growth, as hypoxia limits ATP production [39] while heat stress 

increases metabolic energy demand [1]. Nevertheless, the photosynthetic performance 

and chlorophyll content of M. tuberculosa and P. lutea in the combined stress treatment 

were generally higher than in the only heat treatment, suggesting that hypoxia may 

alleviate heat stress at the physiological level. Heat stress is known to lead to an 

overproduction of reactive oxygen species (ROS) [78,79]. In contrast, reduced activity 

of mitochondrial electron transport chain as a result of hypoxia could decrease the 

formation of other ROS and relieve the oxidative stress. Lower ROS has been reported 

in Acropora species facing hypoxia [80]. Although more replicates and experiments are 

needed to confirm this speculation, our results suggest that responses at the 

physiological level may be decoupled from the more integrative response in growth 

rate, depending on the mechanisms of the stressors. 

 

The ocean is warming at an alarming rate, with an estimated 1–3 °C increase in sea 

surface temperature (SST) being a likely scenario by the end of this century [81–83]. 

The frequency and scale of mass coral bleaching events associated with thermal stress 

have been increasing. An anomaly with high sea water temperature between 30 and 

34 °C was reported in the Andaman Sea from April–June 2010 that led to a decline in 

Acropora and Pocillopora cover [84,85] and reduction in P. lutea growth [86]. 

Unfortunately, thermal stress does not occur in isolation, but is compounded by coastal 
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runoff, nutrient enrichment-induced eutrophication, etc., contributing to progressive 

decrease in oceanic oxygen reserves over the last 50 years [17,26,87]. Almost 15% of 

tropical coral reefs are estimated to be at high risk from local hypoxia due to their 

exposure to anthropogenic activities and geomorphology [19,24,88]. Coral reefs at our 

study site of Phuket are also vulnerable to heat stress [14,46] and excessive nutrient 

enrichment, and co-occurring episodes of hypoxia with harmful algal blooms (HAB) 

are periodically reported in the area [44,45]. The frequency of extreme temperatures 

and hypoxic events in Thai waters is increasing at an alarming rate [9], and the stress 

conditions used in our experiment might soon become a likely scenario. Recent 

observational studies show that corals exposed to sublethal doses of thermal stress have 

potential to acclimatize, increasing the baseline of thermal limit for subsequent stress 

events [75,89,90]. Most species also have an inherent tolerance to naturally occurring 

hypoxia, but its coexistence with other stressors can lead to a breakdown of mutualisms 

and feedback systems pushing them beyond limits [91]. Ongoing global and local 

threats may cause a shift toward tolerant local species (for example, P. lutea and M. 
tuberculosa from our study). Other studies also point towards a lower physiological 

threshold with the concurrence of high temperatures and low dissolved oxygen leading 

to a loss and change in reef marine biodiversity [37,92,93]. 

 

While the baseline information from our results can be integrated into a guideline for 

evaluating coral sensitivity to future scenarios where warming and hypoxic events are 

expected to occur with greater intensity and increased frequency, extrapolation of the 

results obtained from experiments conducted in a closed system should be interpreted 

with caution. Limitations in the setup such as a lack of flow may result in a drift of 

certain physicochemical characteristics of the seawater. In addition, more replicates and 

a longer experimental period would improve future experiments. We also propose that 

warming and hypoxic episodes should be closely monitored in order to protect the coral 

ecosystem. 

 

REPEAT EXPERIMENT 
 

In a follow-up to our initial study, a partial repeat of the experiment was conducted in 

May 2023 with 3 sample colonies of P. lutea, M. tuberculosa and P. verrucosa collected 

from Patong Bay, Phuket in April 2023.  

 

The samples were acclimated in a holding tank for a week, before being broken down 

into smaller nubbins and placed in treatment tanks just like the previous experiment 

except for following modifications to the experimental setup. 

  

1. The treatment tanks were upgraded to include a sump system, providing continuous 

flow and filtration of water. 

2. The focus of the measurements was narrowed to photosynthetic efficiency, collected 

daily. 

3. The experiment duration was set at 16 days. 

 

We observed trends in photosynthetic efficiency that echoed findings from our 

preliminary experiment (Figure 10 and Figure 11). The influence of light availability 
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was consistently impactful across all three species, P. lutea, M. tuberculosa, and P. 
verrucosa. 
 

 

 
Figure 10. Maximum quantum yield of PSII (Fv/Fm; left) and photochemical efficiency 

of PSII (Fv/F0; right) in P. lutea (A,B), M. tuberculosa (C,D), and P. verrucosa (E,F) 

measured before the light period. Data are shown as mean ± SE (n = 4). 
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Figure 11. Maximum quantum yield of PSII (Fv/Fm; left) and photochemical efficiency 

of PSII (Fv/F0; right) in P. lutea (A,B), M. tuberculosa (C,D), and P. verrucosa (E,F) 

measured after the light period. Data are shown as mean ± SE (n = 4). 

 

However, we noted some divergences from our initial findings: 

1. Heat Stress + Hypoxia: All three species exhibited poorer performance under 

the combined effects of heat stress and hypoxia compared to our initial findings. 

2. Heat Stress: Conversely, the species fared significantly better when subjected 

solely to heat stress, again differing from our earlier results. 

 

We posit that the corals' relative resilience to heat stress may be due to a recent 

acclimation effect. The sampling area of Patong Bay, Phuket, experienced a series of 

heatwaves just prior to sample collection [94]. Previous studies on P. verrucosa have 

similarly documented this acclimation and adaptation response [95]. 



 

 

19 

The Sump-fitted tanks might have contributed to the corals' resilience by enhancing 

mass transfer processes [15,59] , thereby improving water quality and potentially 

alleviating some stress conditions. 

 

These variances between our initial and follow-up experiments underscore the 

complexities of coral responses to stressors and the potential for localized 

environmental factors to significantly influence outcomes. They also emphasize the 

urgent need for more comprehensive research into how heat stress and hypoxia interact 

to affect coral health, particularly under varying environmental conditions. 

 

CONCLUDING REMARKS 
 

This research investigated the effects of heat stress and hypoxia on three species of 

coral, finding that the severity of these effects and responses varied by coral species. P. 
verrucosa was the most vulnerable to both heat stress and hypoxia when present 

individually, while P. lutea and M. tuberculosa did not reveal drastic effects. 

Under hypoxic conditions, coral responses varied according to light availability, and 

the photosynthetic efficiency, especially Fv/F0, is a sensitive parameter for early 

detection, whereas growth-related attributes may serve well as indicators of the long-

term effects under a future scenario. 

 

The study has some limitations, as the experiments were conducted in a closed system, 

which may not fully replicate the variability and complexity of natural coral reef 

ecosystems. In this study, we only examined the effects of short-term stressors on three 

species of coral, and longer-term stressors may have different effects. Additionally, the 

study only examined the effects of two stressors, heat stress, and hypoxia, while coral 

reefs face multiple stressors, such as ocean acidification and pollution. 

Despite these limitations, the study provides valuable baseline information for 

evaluating coral sensitivity to future scenarios, and the research emphasizes the need 

for ongoing monitoring and protection of coral ecosystems. This study's findings can 

help inform conservation and management strategies to protect coral reefs and the many 

species that rely on them for survival. However, further research is needed to deepen 

our understanding of the mechanisms underlying synergistic and antagonistic responses 

in coral reefs facing multiple stressors and to explore the adaptation and acclimatization 

potential of these ecosystems. 
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