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ABSTRACT 

Is Post Transplantation Performance Driven by the Variability of the 

Habitat of Origin? 

Victoria Colette Golding 

As rising sea temperatures and increases in the frequency, duration, and intensity of 

marine heatwaves threaten coral survival at a global scale, research on the capacity of 

corals to acclimatize and adapt to changing environments has become a high priority. 

Understanding how environmental parameters shape coral thermal performance 

across habitats is crucial to identify populations with high vulnerability or high 

thermal tolerance to future ocean warming. In recent studies, corals from high 

temperature variable environments (HVE) have shown increased thermal tolerance 

compared to corals from low temperature variable environments (LVE). Here, I 

investigate if these phenotypes are shaped by acclimatization, habitat-specific 

adaptation, or a combination of both, in the branching coral, Acropora hemprichii, by 

reciprocally transplanting individuals between a back (HVE) and front reef (LVE). 

After ten months of acclimatization, comparisons of photosynthetic efficiency 

(photosystem II), mortality, and bleaching recovery was assessed for > 2 months 

between coral ramets following a natural bleaching event in the central Red Sea. In 

tandem, coral bleaching severity and recovery in each reef environment was assessed 

to genus level by photographic surveys of fixed belt transects. Bleaching between reef 

sites was compared against bleaching in treatments to differentiate the role of habitat-

specific adaptation and acclimatization in the corals. This study aims to elucidate the 

evolutionary mechanisms driving coral habitat-specific thermal stress tolerances, 

which may inform coral reef management and restoration efforts.  
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INTRODUCTION 
 

Coral reefs are highly productive ecosystems rich in biodiversity and provide habitat, 

shelter, and protection for thousands of marine organisms (Ménard et al., 2012; Reaka, 

1997). In addition to their substantial ecosystem function, they serve as the primary 

source of food for millions of people worldwide, provide high economic value through 

tourism and fisheries, and protect many countries’ coastlines from storms by acting as 

a natural barrier (Moberg & Folke, 1999; Spalding et al., 2017; Teh et al., 2013).  

 

Coral reefs are among the most impacted and vulnerable ecosystems owing to rising 

CO2 levels and are facing serious declines worldwide due to the anomalous rate of 

ocean warming (Hughes et al., 2017). With many corals currently living at their upper 

thermal limit, any increase in average seawater temperature can have serious 

consequences (Baker et al., 2008; Schoepf et al., 2019). A small increase in sea surface 

temperature (SST) (1-2°C) above the average summer maximum, along with high 

irradiance, is significant enough to cause bleaching. This is a process whereby the 

fragile symbiotic relationship between corals and the algal endosymbiont 

(zooxanthellae, Symbiodiniaceae spp.) breaks down, resulting in expulsion of the algae 

from the coral (Hoegh-Guldberg, 1999; Lesser, 2006). Algal symbionts can provide up 

to 100% of the carbon required for the coral hosts daily metabolic requirements 

(Muscatine et al., 1984). Therefore, when the symbiotic algae are expelled, energy 

reserves can be depleted, with detrimental effects on growth, reproduction, metabolic 

and feeding activity, and can ultimately result in death (Baird & Marshall, 2002; 

Grottoli et al., 2006; Sangmanee et al., 2020). The physiological stress of bleaching can 

also make corals more susceptible to disease, threatening their survival (Miller et al., 

2009).   
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Extreme cases of coral bleaching often lead to mortality. The pan-tropical coral mass 

bleaching events of 1998, 2010, and 2015/16 resulted in an unprecedented decline and 

degradation of coral reefs across the world’s tropical oceans (Hughes et al., 2018), 

including the Red Sea  (Devantier et al., 2020; Furby et al., 2013; Monroe et al., 2018). 

Coral cover in the Great Barrier Reef (GBR) alone declined by 30% in 2016 because 

of widespread bleaching (Hughes et al., 2018). Such events can have substantial 

ecological impacts, including shifts in coral reef community assemblages (Hughes et 

al., 2018; Pratchett et al., 2011), with severe cases resulting in algal dominated reefs 

(Anton et al., 2020). Thus, the degradation and decline of such ecosystems will have 

serious economic and ecological consequences.   

 

Marine heatwaves are becoming more frequent, extreme, widespread, and longer in 

duration (Frölicher et al., 2018; Genevier et al., 2019; Hayashida et al., 2020). The 

year 2020 was recorded as the second hottest year on record for the planet at 1.2°C 

above pre-industrial levels (NOAA, 2021; WMO, 2021b), with anecdotal reports like 

the Guardian (2020) indicating the GBR experienced the widest spread bleaching 

event ever recorded (Readfearn, 2020). Even if global warming is restrained to 1.5°C 

above the pre-industrial level, corals are predicted to decline by 70 to 90%, with a loss 

of 99% of corals expected with 2°C warming, which is predicated for the end of the 

century (Hoegh-Guldberg et al., 2018). Although, according to the recent Global 

Annual to Decadal Climate Update by the World Meteorological Organization 

(WMO), there is a 40% chance of reaching 1.5°C in the next five years and a 90% 

chance that temperatures will exceed the current warmest year on record (2016) in the 
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next five years (WMO, 2021a). Consequently, more coral bleaching events are 

impending.  

 

Whilst single colonies that survive bleaching can take up to a year to recover 

(Rodrigues & Grottoli, 2007), over large spatial scales coral reefs can take 9-12 years 

and in some cases decades to recover to pre-bleaching states, provided there are no 

further disturbances (Baker et al., 2008; Gilmour et al., 2013; Gouezo et al., 2019). 

This poses serious questions as to whether corals will be able to persist into the future. 

Even though models predict coral adaptation could decrease future projections of 

coral bleaching (Logan et al., 2014), adaptation to higher ocean temperatures, which 

requires many generations, has been considered too slow in corals due to their long 

generation times and, hence, slow evolution rates (Császár et al., 2010; Hoegh-

Guldberg et al., 2017). As such, the role of acclimatization in coral thermal tolerance 

has become central to the debate on the persistence of coral reefs under future ocean 

warming as it operates within the lifespan of individuals as opposed to generations 

(Edmunds & Gates, 2008; Gates & Edmunds, 1999). The effectiveness of 

conservation approaches and the accuracy of future reef projections rely on 

acclimatization and adaptation information, such as the relative roles they play in 

contributing to thermal tolerance. 

 

Identifying specific locations with environmental conditions that enhance the 

resistance and resilience to heat stress is the key prerequisite to determining which 

corals are best to use for restoration purposes (Foo & Asner, 2020). Environments 

characterized by high-frequency temperature variability are thought to play a leading 

role in promoting coral thermal tolerance, as temperatures become ‘stressful’ enough 
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to promote acclimatization or adaptation but maintain an exposure period at short 

enough intervals to prevent bleaching (Baumann et al., 2016; Foo & Asner, 2020; 

Oliver & Palumbi, 2011b; Safaie et al., 2018a).  

 

Site-specific studies have shown that high temperature variable environments (HVE) 

within a reef can influence coral susceptibility to thermally induced bleaching. This 

was evidenced by higher survival and lower bleaching in corals during thermal stress 

events in HVE compared to low temperature variable environments (LVE) (Safaie et 

al., 2018). Moreover, experimental heat stress revealed corals from a HVE retained 

higher chlorophyll a concentrations than corals from a LVE (Palumbi et al., 2014; 

Warner et al., 1996). Similarly, other studies have shown areas of high fluctuations in 

diurnal temperature correlated with higher resistance to thermal stress in corals 

compared to areas of low-temperature variability (Barshis et al., 2018; Kenkel et al., 

2013; Oliver & Palumbi, 2011a; Pineda et al., 2013; Safaie et al., 2018a; Schoepf, 

Stat, Falter, & McCulloch, 2015). Thus, a growing body of evidence indicates high 

frequency temperature variability may be central in defining corals’ thermal tolerance 

by means of either physiological acclimatization, adaptation, or both and hence reef-

scale susceptibility to bleaching.  

 

Propagation of thermally resistant corals (e.g., via selective breeding, assisted gene 

flow) is becoming a widely accepted strategy in coral reef management as a way to 

prevent the degradation and decline of reefs and coral species (National Academies of 

Sciences, 2019; Van Oppen et al., 2015). However, using these approaches relies on 

individuals retaining the desired traits post transplantation into new environmental 

conditions. Conservation of heat tolerant traits was demonstrated under laboratory 
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conditions in corals from a HVE which maintained their heat tolerance under 4°C 

cooler temperatures after nine months of acclimation (Schoepf et al., 2019). In 

addition, corals from a variable back reef environment acclimated to a low thermal 

regime had markedly higher effective quantum yield following heat stress compared 

to corals from a thermally stable forereef (Barshis et al., 2018). 

 

The potential of corals to increase their thermal tolerance via acclimatization has also 

been investigated in both observational and laboratory-based studies. Controlled 

acclimation experiments show that corals subjected to a variable thermal regime for as 

little as seven days increased their thermal tolerance following exposure to heat stress 

(Bay & Palumbi, 2015). Additionally, corals from a LVE transplanted to a HVE 

acquired heat resistance through higher retention of chlorophyll a during heat stress, 

although they did not achieve the level of heat resistance as the HVE corals (Palumbi 

et al., 2014). In natural settings, corals transplanted from less thermally variable 

offshore reefs to nearshore reefs with high thermal variability exhibited increased 

growth rates and had high survival (96%), demonstrating the acclimatization capacity 

to survive in more thermally variable environments (Baumann et al., 2021).  

 

Based on previous studies, the temperature regime across Tahala reef platform, an 

inshore reef in the Central Red Sea, has been well documented, with distinct thermal 

regimes defining the front and back reef (Davis et al., 2011; Safaie et al., 2018a). 

Though both environments experience similar daily temperature means, the high 

diurnal temperature variability in the back reef is thought to promote higher thermal 

tolerance. This was evidenced by higher bleaching susceptibility of corals in the front 

vs the back reef during a natural bleaching event, and heat stress experiments which 
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showed higher thermal tolerance in the back reef corals (Pineda et al., 2013; Safaie et 

al., 2018a; Voolstra et al., 2020). By reciprocally and back transplanting Acropora 

hemprichii fragments to the back and forereef of Tahala, I tested the role in which long 

term in situ acclimatization (> 1 year) plays in modifying the thermal performance of a 

dominant reef-builder. Following a natural bleaching event ten months post 

transplantation, I monitored bleaching recovery of reciprocal transplants and the back 

transplanted controls for > 2 months. Transect surveys were also conducted in tandem 

to monitor recovery in other scleractinian coral genera in both environments to identify 

site-specific bleaching sensitivity and resilience.  

 

I hypothesized that corals from the HVE hold the phenotypic plasticity to tolerate heat 

stress during a natural bleaching event after acclimatization to a LVE and perform better 

(higher survival and quicker recovery) than the native LVE corals. I also hypothesized 

that corals from a LVE transplanted to a HVE are constrained by their adaptation to 

low temperature variability and even with the influence of acclimatization are unable 

to perform better than the corals native to the HVE during periods of high temperature 

stress. This study provides further knowledge in the role variable environments play in 

coral thermal tolerance. It also improves our understanding of the spatial heterogeneity 

in coral bleaching between habitats. Further, it explores the potential mechanisms that 

underlie coral recovery and resilience and gives insight into the acclimatization 

potentials in a bleaching susceptible branching coral species in the Red Sea. 
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METHODS 

2.1 Geographical Site and Biological Target Species 

The study was conducted at Tahala reef, a well-studied inshore fringing reef three 

kilometres off the central Saudi Arabian Central Red Sea coast (Davis et al. 2011). Two 

habitats were investigated, the wave exposed at 22° 15’53.4” N, 39° 02’57.7” E and the 

sheltered side of the reef at 22° 15’48.80” N, 39° 03’6.89” E (Figure 1). The high 

temperature variable back reef experiences daily temperature fluctuations of up to 6°C 

and reaches daily extremes of >35°C. Whereas the low temperature variable front reef 

undergoes daily temperature fluctuations of 1.5-3°C and reaches <35°C maximum daily 

extremes (Safaie et al., 2018a). 

 

Figure 1. Geographical position of study site, area of sample collection (red rectangle) and site of coral 
reciprocal transplantation (red dots): GPS coordinates 22° 15’53.4” N, 39° 02’57.7” E, Exposed and 
22° 15’48.80” N, 39° 03’6.89” E, Sheltered. Source data: Reef and shoreline data available from the 
Red Sea Database at https://Ithdatalib.kaust.edu.sa/. Map was made using QGIS3.10 Version: 3.10.6. 

 

Coral Reciprocal 
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Saudi Arabia

Red
Sea

Saudi Arabia

Red Sea Reefs
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The target species was Acropora hemprichii (Figure 2), a widespread species in the 

western Indian Ocean (Devantier et al., 2000; Wallace et al., 2012) that dominates 

shallow reef slopes (Loya & Slobodkin, 1971). Specifically, this study examined corals 

at 1.5 to 7 m depth. A. hemprichii, a common species on Tahala reef, can be over 2 m 

across, irregularly spaced and has many colour morphs, ranging from yellow-brown to 

blue-purple. Colonies consist of closely compacted branches of sturdy prostrate to 

upright branches. Axial corallites are dome shaped whereas radial corallites are similar 

in shape to axial corallites but can vary in length (Figure 2).  

 

 
 
Figure 2. Target species, A. hemprichii colony, Saudi Arabia. 
 
 
2.2 Reciprocal Transplant Experiment 
 
Fragments of A. hemprichii colonies were collected and tagged from the exposed and 

sheltered side of Tahala Reef using SCUBA between 25 Nov - 5 Dec 2019. Steel rods 

of 1 m length were attached to each study site using a hammer until maximum length 

above the seabed was ~0.5 m. The rods were spaced out randomly and were 3.5 m 

depth on exposed and 1.5 m depth on sheltered (Figure 3).  
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Figure 3. (a) Coral garden constructed on exposed and (b) sheltered at 3.5 m and 1.5 m depth, 
respectively. Exposed consisted of control samples from exposed (n=20) and transplanted corals from 
sheltered (19) and sheltered included control samples from sheltered (n=20) and transplanted corals 
from exposed (n=15).  

 
Fragments from A. hemprichii coral colonies were collected on the exposed (n=15) 

and sheltered sites (n=20). Two fragments from each colony were dislodged with a 

hammer and chisel in situ using SCUBA. Samples were considered to be A. 

hemprichii solely based on morphology. One fragment from each colony was 

randomly attached to a steel rod at the same site as the collection (control), while the 

second fragment was transported to the opposite side of the reef by boat. Labels were 

attached to each fragment with a plastic zip tie. During transportation to the reciprocal 

site, the corals were wrapped in damp bubble wrap to prevent moisture loss and 

reduce stress, before being attached to the steel rods using plastic zip ties. An 

Olympus Tough TG-5 underwater camera inside a PT-058 waterproof housing was 

used to take photographs of the coral fragments in situ to monitor coral damage and 

any change in colour which signified a stress response over the several weeks of 

transplantation. Exposed consisted of 34 fragments in total: 15 native colony 

fragments (ExC) and 19 transplants from TS (Sh -> Ex). Sheltered consisted of 35 

fragments in total: 20 native colony fragments which were used as controls (ShC) and 

15 transplants from exposed (Ex -> Sh). Fewer replicates were used in the reciprocal 

a b 
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transplant experiment (RTE) at the exposed site due to one fragment which was lost 

during transportation from the sheltered, and there being limited time to collect 

further samples. Fragments were left at each site for one year (starting November 

2020 to January 2021) to facilitate acclimatization throughout a seasonal cycle but 

most importantly, the summer season when a natural bleaching event would be most 

likely.  

 

Due to field work restrictions following the Coronavirus, the coral bleaching event 

could not be monitored in situ. To assess coral bleaching recovery, corals were 

monitored weekly for ten weeks (27 Oct 20 – 4 Jan 21). Photographs of each coral 

fragment were taken weekly using an underwater camera together with the Coral 

Watch four-colour hue reference card. The Coral Watch bleaching chart (BC) can be 

used as a proxy for symbiont density and/or chlorophyll a content and was used to 

record the progression of corals from a bleached to healthy state (Siebeck et al., 

2006). Brightness and saturation values on the BC represent one hue only and 

therefore the same numerical colour score is used for each of the other hues. Photos 

were analysed by comparing coral colour to the four different colour categories on the 

BC. The following classifications were also used when analysing the photographic 

data: Bleached (100%) (B), Healthy (100%) (H), Fluorescing (≥ 20%) (F), recently 

Dead (100%) (D), Partially Bleached (≥ 20%) (PB), Partially Fluorescing (≥ 20%) 

(PF), and Pale (≥ 20%) (P), including the percentage of each of these classifications 

for each coral. Corals which scored 1 or 2 in the BC were identified as bleached and 

placed in one of two categories, B and PB. Any corals which scored 3 or above in the 

BC and were not considered to be healthy, were placed in category P. Fluorescing was 
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categorised as another form of bleaching and defined by fluorescence with a visual 

lack of symbionts. Fluorescing corals were always categorised as 1 in the BC scale.  

 

Survival was monitored weekly, and the percentage of partial mortality was recorded. 

Corals which experienced 100% mortality were removed from the coral garden on the 

same day they were monitored and transported to the Coastal and Marine Resources 

Laboratory facilities (CMOR) at KAUST (King Abdullah University of Science and 

Technology), where they were maintained in the outdoor tanks at a water temperature 

of ~ 26°C, to be weighed following the buoyant weight technique described in section 

2.4.  

 

2.3 Symbiont Photophysiology 

Pulse-amplitude-modulation (PAM) fluorometry was used to assess the physiological 

health of symbionts in hospite between treatments after two months of transplantation 

(ExC and Sh -> Ex: 10th, ShC and Ex -> Sh: 11th February). A Diving-PAM (Heinz 

Walz, Germany) was used to measure the maximum quantum yield of photosystem II 

(Fv/Fm) using the following parameters: Measuring Intensity = 8, Gain = 2, Damping 

= 2, Saturation Intensity = 8, Saturation Width = 0.6 s. Following the buoyant 

weighing in the outdoor CMOR laboratory (section 2.4), PAM measurements were 

taken after sunset to allow corals to acclimate to dark conditions for 15 minutes. 

Three replicate measurements were taken for each coral on different branches of 

similar orientation and the average calculated.  

 

Due to field work disruptions following the global COVID-19 pandemic, it was not 

possible to monitor the samples in situ until 27th October 2020, at which time visible 
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signs of bleaching (loss of coral pigment/fluorescence) in samples was observed. To 

confirm loss of symbionts and to assess symbiont recovery, PAM measurements were 

taken in situ using SCUBA once per week for nine weeks (17 Nov 2020 – 4 Jan 2021) 

after an initial 15-minute dark acclimation following sunset. Due to coral mortality, 

the numbers of replicate coral fragments per treatment varied over time: ExC (n= 6 

fragments at the last time point – 8 at the first time point), Ex -> Sh (n= 9 – 10 

fragments), ShC (n= 5 – 7 fragments), and Sh -> Ex (n= 1 – 5 fragments). Three PAM 

values were taken from each sample and the average was then calculated. PAM values 

<130 were considered too low to pick up a signal and were considered to have no 

symbionts present, therefore the value given was 0.  

 

2.4 Coral Growth 

2.4.1 Buoyant Weighing  

Fragments from each treatment were used to determine the average in situ percentage 

increase in mass (g). Coral samples were removed from the steel rods on 10th (ExC 

and Sh -> Ex) and 11th (ShC and Ex -> Sh) February 2020 using SCUBA and 

transported to the outdoor tanks at the Coastal and Marine Resources Core Lab 

(CMOR) at King Abdullah University of Science and Technology (KAUST). Corals 

were wrapped in wet bubble wrap during transportation and immediately placed in 

aquaria after arrival at the laboratory, which was supplied with raw, unfiltered 

seawater (temperature: ~ 22°C; salinity: ~ 40). Corals were left in the aquaria for two 

hours after submersion to give them time to displace any mucus formed from the 

stress of transportation. To remove algal or epiphyte growth, the corals were gently 

scrubbed with a brush. During transportation, water on the corals can become 
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saturated with air and so the fragments were gently shaken in the aquaria to remove 

any air bubbles which could have affected the buoyancy of the fragments.  

 

The weighing apparatus was set up according to Figure 4. The buoyant weight (BW) 

(mass in water: mwater in g) of each coral was determined by an Ohaus Scout Pro 

Balance SP6000 AM: max load 6000g, readability, and accuracy: ± 1.0g. The balance 

was placed inside a plastic housing to exclude wind effects. The flow-through 

seawater system was shut off 15-20 minutes before weighing to reduce errors by 

water motion. Coral weighing took on average 1 hour to complete for all samples and 

the flow-through system was turned on immediately after finishing weighing.  

 

 

Figure 4. Coral weighing apparatus for determining buoyant weight of coral fragments: the laboratory 
balance (1) is positioned within a plastic housing (2) resting on a plastic plank extending across the 
tank (3). A plastic rectangular slat is placed on top of the scale through the plastic housing (4) and 
stainless steel (0.8 mm) wire is attached to each end and twisted together forming a hook underneath 
the apparatus, extending 0.1 m into the water (5) and holds the coral (6) during the weighing procedure. 
A water quality meter is placed inside the tank during weighing to measure temperature and salinity 
(7). 
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Corals were weighed three times to estimate the replicability of the BW 

measurements and the average was taken for each sample to determine the BW. To 

calculate density and to account for any density changes if the coral was to liberate 

mucus, temperature and salinity were measured simultaneously with a ProSolo 

ODO/CT Digital Water Quality Meter (temp. accuracy: ±0.2°C, salinity accuracy: 

±1.0 % of reading) before weighing each coral.  

 

During long periods of growth measurements, corals can be susceptible to damage by 

harsh environmental conditions, predators, and even mortality. This can produce 

biased results when calculating growth and so to control for this, multiple 

photographs of each coral were taken after weighing to account for any breakage 

when the corals were re-weighed. During transportation back onto the reef, some 

corals experienced damage and small pieces from the fragments broke off. These 

pieces were transported back to the outdoor laboratory and following the previous 

protocol, their buoyant weight measured. After calculating the mass in the air (mair in 

g) (Equation 1) of the coral fragments and its corresponding broken fragment, the 

weight of the broken fragment was subtracted from the parent fragment to determine 

the new weight.   

 

Due to field work disruptions caused by the global COVID-19 pandemic, it was not 

possible to monitor the samples in situ until 27th October 2020, at which time many 

samples had already experienced mortality. Survival was observed weekly (27th Nov 

2020 – 4th Jan 2021) and any mortalities were removed from the field to be buoyantly 

weighed following the same protocol as previously described. 
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2.4.2 Calculation of Coral Growth 

Using the buoyant weight technique by Jokiel et al (1978), the BW of A. hemprichii 

fragments were measured two months after transplant (February 2020) and at the end 

of the experiment (January 2021) to calculate percent increase in mass (g). The 

buoyant weight technique is based on Archimedes’ Principle that states the weight of 

an object in air equals the weight of an object in a liquid plus the weight of the liquid 

displaced. Considering only the weight of the aragonite skeleton of a coral, a 

relationship between its BW and weight in the air can be obtained (Equation 1). After 

having determined the BW of the coral fragments, the mass in air (mair) was 

calculated following (Jokiel et al., 1978): 

 

mair = dry weight of skeletal material (aragonite) + coral tissue (g) 

mwater = buoyant weight (BW) in water (g) 

ρwater = density of water (seawater) (g/cm3) 

ρaragonite = density of skeletal material (aragonite) (g/cm3) 

 

   mair =  
water

(   ( water / aragonite))
                                          Equation 1 

 

The seawater density was calculated using the temperature and salinity measurements 

during buoyant weighing and input into the density calculator on the website of the 

John Hopkins University Applied Physics Laboratory (2006); depth was set to 0.1 m 

for each sample (depth of the stainless-steel hook). A coral skeletal density value of 

2.93 g/cm3 was used as the density of pure aragonite. The mass calculated in this 

study included the coral tissue (mair = skeleton + coral tissue).  
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Jokiel et al. (1978) describe the theoretical relationship between BW and dry skeletal 

weight, with the assumption that coral tissue and cryptic fauna has a similar density to 

seawater, therefore concluding the method is insensitive to tissue and the weight 

contributed by cryptic fauna. More recent work by Davies (1989) suggested that coral 

tissue can contribute up to 5% of the BW depending on tissue perforation into the 

coral skeleton, which varies between species. However, corrections for the biomass of 

coral tissue and cryptic fauna are not routinely applied when buoyant weight 

measurements are performed over long periods, since the change in mass over time is 

usually calculated and not the specific weight. Therefore, it was not accounted for in 

this experiment. Davies (1989) also challenged another assumption by Jokiel et al. 

(1978) that the coral skeleton is comprised entirely of aragonite (2.93g/cm3), showing 

direct determinations of skeletal density in two species of coral to largely deviate 

from one another (P. verrucose 2.785 and Acropora humilis 2.622). Since this study 

proposes growth of live corals over a long period, Jokiel’s value of 2.93g/cm3 was 

used instead of Davies (1989) method which involved sacrificing the corals.  

Coral growth was calculated as percentage increase using the following equation: 

AWstart = mass in air at start (g) 

AWend = mass in air at end (g) 

G = growth (% increase in mass (g)) 

 

G =   × 100  Equation 2 

 

Since many corals died during the time in which they could not be monitored (Mar - 

Oct 2020), they were not included in the analysis as their date of death was unknown 

and therefore their calculated percentage increase in mass would not be accurate. Any 
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corals which were calculated to have a negative percentage increase were not included 

in the final analysis as they were suspected to have experienced breakage, 

confounding the results.  

 
2.5 Bleaching Surveys 
 

From 11 Nov 2020 to 4 January 2021, the wave-exposed and wave-sheltered side of 

Tahala reef were surveyed using the belt transect method to assess bleaching. Surveys 

were conducted at the same sites as the RTE to provide a comparison of bleaching 

and recovery over time. Using SCUBA, three 30 m transects were laid out at each site 

haphazardly at 2.5 m depth parallel to the reef. Transects were marked with a yellow 

tag at each end and with lengths of reinforcing orange nylon string attached to the reef 

at 3 – 5 m intervals below each transect line to enable the specific location of the 

transect lines to be identified and the sampling replicated each week. Holding a digital 

camera still approximately 1 m above the substrate, a series of overlapping photos 

were taken along a 2 m belt (1 m either side of the transect line) creating a photo-

mosaic to ensure all corals along the transect were accounted for. Photos were taken 

using an Olympus Tough TG-5 underwater camera with a PT-058 waterproof 

housing.  

 

The photographs were analysed by numbering and identifying each coral to genus 

level and categorizing each coral as one of several bleaching codes according to the 

Coral Watch four-colour hue card. The following classifications were also used when 

analysing the photographic data: Bleached (100%) (B), Healthy (100%) (H), 

Fluorescing (≥ 20%) (F), recently Dead (100%) (D), Partially Bleached (≥ 20%) (PB), 

Partially Fluorescing (≥ 20%) (PF), and Pale (≥ 20%) (P), including the percentage of 
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each of these classifications for each coral. Data was recorded for hard corals only. In 

the first week of the survey, dead corals were not included in the analysis, only 

mortalities which occurred during the length of the survey were recorded. The genera 

Goniopora and Alveopora were grouped together (GonioAlveo) as the photos did not 

provide sufficient detail to confidently differentiate between them.  

 
2.6 Temperature Time Series 

In situ seawater temperature was recorded at 10-minute intervals using a HOBO data 

logger attached to one of the steel rods at each site. In February 2020, the data loggers 

were replaced, at which point it was discovered the logger at the exposed site was 

missing, and therefore no data during the period Dec 2019 to Feb 2020 could be 

extracted for the exposed site. Temperature loggers were due to be replaced in June 

2020 but due to restrictions on field work activities because of Coronavirus, the 

loggers could not be replaced until 27 Oct 2020 when fieldwork commenced. 

However, observations from temperature loggers deployed on a reef (exposed and 

sheltered side) 100 m north of Tahala (Tahala North reef) for a colleague’s 

experiment was used to fill in the time point from 12 Jun to 27 Oct for both the 

exposed and sheltered sites. The overall period in which temperature data was 

gathered for Tahala reef was 25 Nov 2019 to 18 Jan 2021.  

 

Daily mean SST, monthly mean SST and degree heating weeks (DHW) data for the 

2015-2020 period was extracted from NOAA Coral Reef Watch (CRW) 5km daily 

product (https://coralreefwatch.noaa.gov/product/5km/index.php#data_access) for 

each site’s coordinates and visualised in Microsoft Excel. The maximum monthly 

mean (MMM) is the mean climatological SST of the warmest month in a seasonal 

cycle and was calculated for 2020 (32.2°C). The bleaching threshold is calculated by 
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adding 1°C to the MMM. Since the MMM observations for both sites were the same, 

I decided to use one value for MMM to calculate the bleaching threshold. DHW is the 

accumulation of temperatures exceeding the bleaching threshold for a rolling 12-week 

period and is calculated from daily night-time satellite SST observations from CRW 

5km daily product. 

 

2.7 Statistical Analysis 

All statistical analysis was performed in RStudio software version 1.2.5033. I used an 

alpha level of 0.05 for all statistical tests.  

 

2.7.1 Temperature Series 

Temperature data was extracted from the loggers using HOBOware version 3.7.18 

and transformed into daily mean and maximum temperatures in R and visualized 

using Microsoft Excel (version 16.46). 

 

2.7.2 Reciprocal Transplant Experiment 

Maximum quantum yield of symbionts (Fv/Fm) post-transplantation was checked for 

normality using the Shapiro-Wilk test, followed by Levene’s test to check for equal 

variance. Failing the assumption of equal variances, Welch’s ANOVA test was used 

to test for differences between treatments and the post hoc Games-Howell test was 

performed to identify which treatments were significantly different.  

 

Coral growth data was checked for normality between treatments using the Shapiro-

Wilk test and Levene’s test was used to check for homogeneity in variances. An 
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analysis of variance (ANOVA) was performed to determine any differences between 

treatments.  

 

Maximum quantum yield of symbionts (Fv/Fm) post-bleaching was checked for 

normality using the Shapiro-Wilk test and Levene’s test was used to test homogeneity 

of variances. ANOVA was performed to determine any differences between 

treatments, followed by the Tukey post hoc test. In cases where the assumption of 

normality could not be met, the Kruskal-Wallis test was used to determine differences 

between groups followed by Dunn’s test with Bonferroni correction.  

 

Coral bleaching recovery for the RTE treatments was based off the BC scale. The 

assumption of normality was tested using Shapiro-Wilk’s test and checked for equal 

variances using Levene’s test. The Kruskal-Wallis test was performed to identify 

differences between treatments.  

 

2.7.3 Transects 

Corals recorded in categories B, PB and F were grouped together and classified as 

bleached (B). Live hard coral cover was calculated using data from week one of 

monitoring (11 Nov 2020) to determine the taxonomic variation between sites. 

Bleaching percentage of hard coral cover was calculated for each site and for a given 

taxon within the transects using data from week one of monitoring. The BC score was 

averaged for all corals in each transect and then averaged for the three transects per 

site per week and visualised in R using ggplot2.  
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Species richness was calculated by taking the number of genera present within each 

transect and then averaging all transects on each side of the reef.  

 

Habitat bleaching recovery and Acropora bleaching recovery data, based off the BC 

scale, was tested for normality using Shapiro-Wilk’s test and checked for 

homogeneity in variances using an F-test. A t-test with equal variances was used to 

determine differences between each site for each week of monitoring.  

 

Coral cover for each genus between sites was checked for differences using a t-test. 

The assumptions of the t-test for differences in coral cover between sites were 

violated for Stylophora, Ctenactis, Paramontastrea, Paragoniastrea, GonioAlveo and 

Siderastrea, so the non-parametric Mann-Whitney U test was used to check for 

differences.  

 

Differences in bleaching percentage of each genus between sites was checked with a 

t-test. The assumptions for the t-test were violated for Stylophora, Echinopora, 

Ctenactis and Lobophyllia, so the non-parametric Mann-Whitney U test was used to 

identify differences. Percentage of total hard coral bleached was compared between 

sites using a t-test.  
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RESULTS 
 
3.1 Temperature on the Reef Platform 
 
According to SST data from NOAA CRW, water temperature on the reef platform 

varied seasonally, with minimum temperatures near 23°C occurring between February 

and March and maximum temperatures above 32°C between August and mid-October 

(Figure 5). DHW values increased from 0 to 4.1 from the period 7th Aug - 1st Sept 

2020. Over the next three weeks, DHW increased from 4.1 to 8.2 (2nd - 22nd Sept) and 

then increased from 8.2 to 11.8 over another three-week period (22nd - 14 Oct), at 

which point it stayed at 11.8 DHW for two weeks until it started to decline (14th - 30th 

Oct). This period of accumulated thermal stress above the bleaching threshold is 

significant as episodes of DHW values ≥4 can trigger bleaching, with ≥8 DHW 

potentially triggering a mass bleaching event leading to mortalities in corals (Eakin et 

al., 2016). Bleaching of corals was therefore expected given the intensity and duration 

of SST levels at these two sites (exposed and sheltered).  

 

In situ mean daily seawater temperature at exposed and sheltered sites revealed 

considerably higher temperature values during the summer period (July – Sept) than 

the daily mean SST from CRW. Mean daily temperatures reached a maximum of 

34.4°C at exposed and 33.8°C at the sheltered site at the end of September 2020. 

Maximum daily temperatures reached 37.8°C (13th Sept 2020) at exposed and 36.9°C 

(9th Aug 2020) at sheltered. This was surprising as the exposed environment has 

previously been found to be less variable and extreme in temperature (Safaie et al., 

2018b). However, this observation could be attributed to the depth of the temperature 

logger from Tahala North reef (exposed), which was used to fill in the gap from June-

October period, being lower in depth (1 m) than the coral garden at the exposed site 
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(3.5 m). Therefore, the logger at Tahala North may have experienced slightly higher 

temperatures. 

 

 

Figure 5. Sea surface temperature (SST) and in situ water temperature for Tahala reef from 
2019-2021 as given by the NOAA Coral Reef Watch (CRW) satellite stations and in situ HOBO 
logger data. Bleaching threshold is given by the dashed grey line, degree heating weeks is represented 
by the red line, SST from CRW is depicted by the black line, in situ daily mean and maximum water 
temperature at exposed and sheltered sites is represented by the blue and yellow lines, respectively. 
 

 

3.2 Site Specific Coral Bleaching and Recovery 

Bleaching recovery of Acropora using the BC showed no significant differences (p > 

0.05) between sites (exposed and sheltered) during the entire monitoring period but 

followed a similar positive trend (Figure 6a). Coral bleaching recovery by habitat (all 

genera included) revealed sheltered corals had a significantly higher average BC 

value for two consecutive weeks at the start of the monitoring period (11 Nov and 17 

Nov 20: p = 0.02) (Figure 6b). All following weeks showed no significant differences 
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for average BC value between sites (p < 0.05), however sheltered and exposed sites 

followed a similar trend of increasing average BC value and sheltered had a 

consistently higher average than exposed, excluding the last week of monitoring (4 

Jan 2021).  

 

 
Figure 6. Bleaching recovery differs between sites. (a) Coral bleaching recovery of Acropora by site 
– Exposed and Sheltered side of Tahala reef. (b) Coral bleaching recovery of all genera between sites 
(Exposed and Sheltered). Average bleaching chart scale (BC) (taken from Coral Watch bleaching 
chart) for corals in each transect was calculated and then averaged across all three transects per site for 
each week monitoring was conducted. Values are category means ± standard error. Asterisks indicate a 
significant difference in the average BC scale between the two sites.  
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Taxonomic variation in coral cover differed between environments on Tahala reef 

(Figure 7a). Species richness was lower on exposed (18.67) compared to sheltered 

(21) but there were no significant differences between sites (p = 0.35). The most 

abundant genera within the surveyed sites were categorised as being >5% average 

hard coral cover on the transects. Porites, Goniastrea, Acropora, Stylophora, Favites 

and Dipsastraea were the most abundant genera on the exposed side. Whereas on the 

sheltered side, the most abundant genera were Porites, Favites, Acropora and 

Echinopora. A t-test showed that there was a significant difference between percent 

coral cover in the two sites (exposed and sheltered) for the genera Favites (p < 0.01), 

Goniastrea (p < 0.01) and Acropora (p = 0.03).  

 

In almost all cases, average bleaching percentage was lower on sheltered than 

exposed for the most abundant genera, except for Acropora and Stylophora which 

experienced higher average percent bleaching on sheltered (Figure 7b).  However, the 

only significant difference in bleaching percentage between sites was seen in Porites 

which had higher percent bleaching on exposed (p < 0.01). Even though Porites had 

the highest percent cover on sheltered of 32.62 ± 2.03% (mean ± SD), this genus 

experienced the lowest percentage bleaching (22.82 ± 0.56%), among the most 

common genera. Taxonomic groups which had bleaching levels >50% was not 

uncommon in this bleaching event. Twelve genera experienced >50% average 

bleaching on exposed whereas this was the case for only seven genera on sheltered. 

Notably, six of those on exposed were genera with <5% coral cover. The most 

severely impacted genera from bleaching were GonioAlveo (TS: 100 ± 0%), 

Echinopora (TE: 93.73 ± 5.69%), and Acropora (TS: 88.22 ± 6.28%).  
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Percent bleached hard coral was significantly higher on exposed than sheltered (p = 

0.01) (Table 1). Of the most abundant genera that each site had in common, Porites 

experienced significantly higher percent bleaching on exposed (p < 0.01) however, 

Acropora and Favites showed no differences in percent bleaching between sites (p > 

0.05) (Table 1).  

 

 
Figure 7. Percentage of coral cover and their sensitivity to heat stress after a bleaching event. (a) 
Average percent of hard coral cover of the most common genera from three 30m transects on Exposed 
and Sheltered (b) Average percent of bleached coral within each genus, corresponding to coral cover.  
 

Site Survey Date % Hard Coral 
Bleached 

% Porites 
bleached 

% Favites 
Bleached 

% Acropora 
Bleached 

Exposed 11-Nov-2020 58.4 ± 1.3 * 54.8 ± 8.0 * 72.2 ± 19.2 71.2 ± 18.6 

Sheltered 11-Nov-2020 44.5 ± 5.1 * 22.8 ± 0.6 * 47.3 ± 11.7 88.2 ± 6.3 

 
Table 1. Percent hard coral and most abundant genus (which each site had in common) bleached 
between sites. Percentages are mean ± standard deviation calculated from three transects per site. 
Asterisk represents a significant difference between sites. 
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3.3 Reciprocal Transplant Experiment   
 
The chlorophyll fluorescence-based measurements of A. hemprichii, measured two 

months after transplantation, showed transplanted corals acclimatized to the same 

photophysiological response as the corals which originated in the transplant site 

(controls). Fv/Fm for Ex -> Sh treatment was significantly different from ExC and Sh 

-> Ex (p < 0.01) (Figure 8). However, corals in the Ex -> Sh treatment did not show 

any significant differences in Fv/Fm values compared to the control corals at the site 

at which they were transplanted to (ShC) (p = 0.97). Corals transplanted from the 

sheltered to the exposed side (Sh -> Ex) did not significantly differ in Fv/Fm values 

from the exposed controls (ExC) (p = 0.86) but did significantly differ compared to 

the sheltered control corals (ShC) (p < 0.01), confirming acclimation of the symbionts 

to the site of transplantation.  

 

Coral growth did not significantly differ between treatments (p = 0.78), although Ex -

> Sh tended to have higher percent increase in mass (g). Average growth (% increase 

in mass (g)) and standard deviation for each treatment was 87.88 ± 36.83%, 60.57 ± 

41.61%, 54.77 ± 37.53%, and 61.87 ± 19.36% (Ex -> Sh, ExC, Sh -> Ex, ShC, 

respectively) (See Appendix, Figure 1).  

 

Coral survival differed between treatments (Figure 9). Following the bleaching event, 

Ex –> Sh had the highest percentage survival 87% ± 1, followed by ExC (80% ± 1), 

ShC (70% ± 1), and Sh -> Ex, which had the lowest percent survival (58% ± 1). 

Percentage survival of corals for all treatments followed this trend to the end of the 

sampling period (27 Oct 2020 – 4 Jan 2021), at which point all the corals that were 

still alive had fully recovered. Mortality of corals occurred up to four weeks after the 
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sampling period began for Ex -> Sh, six weeks for Sh -> Ex, and eight weeks for ShC 

and ExC treatments.  

 

 
 
Figure 8. Corals acclimated to transplant site. Box plots are shown for each treatment, displaying 
median maximum quantum yield (Fv/Fm) (horizontal lines), boxes for the two quartiles, and vertical 
lines for the first and fourth quantiles. The Fv/Fm of A. hemprichii following two months reciprocal 
transplant at TE (low temperature variable site) and TS (high temperature variable site). Corals 
transplanted on the same site as collection, ShC (cross) and ExC (triangle), represent controls. Corals 
collected and transplanted to opposite sites, Sh –> Ex (square) and Ex -> Sh (circle), represent 
transplants. Asterisks indicate a significant difference between treatments. Measurements were 
performed after 15 minutes dark acclimation following sunset in the Coastal and Marine Resources 
Laboratory outdoor tanks. 
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Figure 9. Percentage survival differs between treatments. Weekly cumulative percentage coral 
survival (%) of Acropora hemprichii for treatments: Ex -> Sh, ExC, Sh -> Ex, and ShC.  
 

Fv/Fm was measured on corals following the bleaching event and further analysis 

revealed significant differences between treatments for several sampling time points 

(Figure 10). Pairwise comparisons using Dunn’s test indicated that Fv/Fm for Sh -> 

Ex was significantly different from Ex -> Sh for 17 Nov (p = 0.01) and 24 Nov 2020 

(p = 0.03). In week three of sampling (1 Dec 2020) there was a significant difference 

between ExC and Sh -> Ex (p = 0.01). Due to high coral mortality in Sh -> Ex 

treatment, only one sample was left from 8 Dec 2020 – 4 Jan 2021 and so was 

excluded when conducting further statistical analysis between treatments. No 

significant difference between treatments were found in week 4 to 6 (8 – 22 Dec 

2020). A post hoc Tukey test revealed ExC was significantly different from Ex -> Sh 

(p = 0.01) for week 7, and in week 8 ExC was significantly different from Ex -> Sh (p 

< 0.01) and ShC (p < 0.01).  
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Figure 10. Photosynthetic recovery differs among treatments. Pulse-amplitude-modulation (PAM) 
fluorometry measured maximum quantum yield of photosystem II (Fv/Fm) of symbionts in A. 
hemprichii once per week for 8 weeks following a bleaching event. PAM measurements were taken in 
situ after sunset following ~ 15 minutes dark acclimation. The dates for each measurement are on the 
x-axis. Red and purple lines represent corals from the exposed side and green and blue lines represent 
corals from the sheltered side. Values are category means ± standard error. Statistical significance is 
presented by asterisks, representing a significant difference between at least one of the treatments for 
that date. N varied each week due to mortality of some replicates.  

 

Coral bleaching recovery of the RTE treatments was measured using the BC which 

can be used as a proxy for symbiont density. The BC scale (1-6) has been shown to 

have a positive correlation between colour score and symbiont density (Siebeck et al., 

2006). Corals in each treatment were compared against the BC every week for ten 

weeks to monitor recovery of symbionts in the coral host. There were no significant 

differences in the bleaching chart scale between treatments in any of the weeks 

recorded (p > 0.05) (Figure 11). Due to high coral mortality in Sh -> Ex treatment, 

only one sample was left from 8 Dec 2020 – 4 Jan 2021 and so was excluded from the 

analysis during that period. A delta of BC 2 represents a significant change in 

0.0

0.2

0.4

0.6

0.8

17 Nov 24 Nov 1 Dec 8 Dec 15 Dec 22 Dec 29 Dec 4 Jan

P
ho

to
sy

n
th

et
ic

 e
ffi

ci
e

nc
y 

(F
v/

F
m

)

Treatment

Ex −> Sh
ExC
Sh −> Ex
ShC

Fv/Fm recovery after bleaching

2020 2021 

* 
* 

* 

* 
* 



 

 

40

symbiont density as shown in Siebeck et al (2006) which I have used to delineate the 

populations that experienced symbiont recovery. By adding a BC value of 2 to each 

treatment’s mean value from week one of monitoring (27 Oct), I was able to evaluate 

which treatments recovered symbionts faster. Ex -> Sh was the treatment which 

gained a colour score of +2 the fastest, with a value of 3.67 ± 0.58 (mean ± SE) on 1 

Dec, followed by ShC (8 Dec: 3.67 ± 0.71), ExC (15 Dec: 3.71 ± 0.89) and Sh -> Ex 

(22 Dec: 4.00).  

 

 
 
Figure 11. Bleaching recovery using a colour reference card. Coral bleaching recovery from the 
reciprocal transplant experiment (RTE) of Acropora hemprichii. Bleaching chart scale (using Coral 
Watch bleaching chart) was noted for each coral and an average was calculated for each treatment per 
week. Values are category means ± s.e. Number of replicates varied each week due to mortality.  
 
 
Fluorescence of corals during bleaching is driven by an optical feedback loop in 
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weeks after symbiont loss and promotes recolonization of symbionts in the coral host, 

increasing chances of survival (Bollati et al., 2020). Percent fluorescence of A. 

hemprichii had a strong negative correlation (-0.97) with percent mortality (Figure 

12). Sh -> Ex treatment had the lowest percent fluorescence (42%) and experienced 

the highest percent mortality (95%) between treatments. Whereas Ex -> Sh had the 

highest percent fluorescence (67%) and the lowest percent mortality (40%). 

Interestingly, the correlation showed a divide in performance between the coral’s 

habitat of origin regardless of treatment. Treatments which included corals from the 

exposed side of Tahala reef (ExC and Ex -> Sh) experienced higher fluorescence and 

lower mortality compared to corals from the sheltered side (ShC and Sh -> Ex). 

 

 

Figure 12. Fluorescence effects mortality. The relationship between percent fluorescence and the 
percentage mortality in A. hemprichii across treatments. Each data point represents each treatment, 
with percent fluorescence (including Fluorescence and Partial Fluroescence categories) of A. 
hemprichii in each treatment taken from the first week of monitoring (27 Oct 2020) and percent 
mortality at the end of the monitoring period (4 Jan 2021). The solid line represents the regression line 
(equation and r2 value presented on bottom left). 
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DISCUSSION 

I tested whether reciprocal transplantation of A. hemprichii between a low 

temperature variable environment (LVE) and high temperature variable environment 

(HVE) altered thermal tolerance and bleaching recovery following a natural bleaching 

event. In contrast to expectations, high temperature variability did not result in higher 

survival or faster recovery during the experiments. Instead, individuals from the LVE 

outperformed those from the HVE in regard to survival and recovery. In the following 

I discuss the findings of the reciprocal transplant experiment in the context of overall 

bleaching recovery recorded during the respective period for other scleractinian coral 

genera in both environments to identify site-specific differences in recovery over nine 

weeks. 

 

The reciprocal transplant experiment was set up in November 2019, 4 months before 

restrictions in response to the global COVID-19 pandemic prohibited access to the 

experimental site till October 2020. During the 2020 summer, 11.8 DHW were 

recorded, indicating a marine heat wave leading to potential severe bleaching and 

mortality (Liu et al., 2005). The reopening of scientific operations correlated with the 

peak of the bleaching event. Maximum daily temperatures on the exposed side had 

reached up to 37.8°C and on the sheltered 36.9°C during the summer period (August - 

September) (Figure 5). These temperature levels exceeded those documented during 

previous bleaching events at the site (Furby et al., 2013; Monroe et al., 2018; Pineda 

et al., 2013), making the 2020 event the strongest marine heat wave recorded at this 

location.  
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4.1 Site-Specific Bleaching and Mortality 

The 2020 marine heat wave caused moderate (10% - 50%) to high bleaching (50% - 

90%) (Hill & Wilkinson, 2004). Despite higher temperatures and DHW during 2020 

compared to a marine heat wave recorded in 2010 (Pineda et al., 2013), overall 

percentage of bleached hard coral on the exposed side decreased from 100% in 2010 

to <60% in 2020 (Supp., Table 1). This suggests that the overall thermal resilience 

may have increased over the past decade. A possible explanation may be a shift in 

community composition to more thermally resilient genera, resulting from past 

selective events. Spatial variation in assemblage response to bleaching has been 

linked to taxonomic composition of reef sites and their bleaching history (Marshall & 

Baird, 2000). However, due to the lack of permanent transects this cannot be verified. 

Other processes may have also contributed to this observed increase in thermal 

tolerance, such as adaptation through the shuffling of symbionts to better adapted 

clades (Buddemeier & Fautin, 1993), rapid evolution of the symbionts and/or its host 

(Chakravarti & van Oppen, 2018; Voolstra et al., 2011), higher energy reserves before 

the 2020 bleaching event, increased heterotrophy and/or access to heterotrophic 

resources (Grottoli et al., 2006), acclimatization through long-term physiological 

memory (DeCarlo et al., 2019; Palmer, 2018), and/or acclimatization or adaptation to 

changing environmental conditions by either or both partners (Maynard et al., 2008). 

 

Agariciidae was the most severely bleached family from the 2010 and 2015 bleaching 

events in the central Red Sea (Furby et al., 2013; Monroe et al., 2018; Pineda et al., 

2013). No colonies from this family were observed on the exposed side in this study 

and only made up 0.77 ± 0.17% of total hard coral cover on the sheltered side, of 

which 89% were bleached. The high sensitivity of this family to bleaching and 
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absence on the exposed side suggests the corals have succumbed to the stress of 

several major bleaching events. The loss of this family from the reef will not 

dramatically change coral cover, although it will decrease species richness and change 

community composition (Monroe et al., 2018).  

 

Following expectations, the exposed side experienced significantly higher percent 

bleaching in hard coral cover compared to the sheltered (Table 1). Porites, a genus 

equally represented at both sites, showed significantly higher percent bleaching at the 

exposed than the sheltered site (Figure 7). This dissimilarity in bleaching 

susceptibility between both habitats was previously observed in heat stress and 

bleaching studies, suggesting corals from the sheltered site have higher thermal 

tolerance than the exposed (Pineda et al., 2013; Voolstra et al., 2020).  

 

4.2 Reciprocal Transplant Experiment 

Generally, studies report corals from more temperature variable environments to 

exhibit patterns of higher thermal tolerance (Barshis et al., 2018; Castillo et al., 2012; 

Cook et al., 1990; Oliver & Palumbi, 2011a; Palumbi et al., 2014; Safaie et al., 

2018a). Voolstra et al (2020) found Stylophora pistillata colonies in the HVE on 

Tahala reef exhibited higher photosynthetic efficiency at higher temperatures 

compared to the LVE. Stress-resistant corals from HVE have also been found to 

maintain their heat tolerance under 4°C cooler temperatures (Schoepf et al., 2019). 

However, contrary to previous experiments (Barshis et al., 2018; Oliver & Palumbi, 

2011b; Pineda et al., 2013; R. Palumbi et al., 2014; Schoepf et al., 2019; Voolstra et 

al., 2020), the reciprocal transplant experiment suggested higher thermal tolerance for 

corals from the LVE. Whereas HVE corals were unable to uphold their thermal 
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resistance during high temperatures after acclimatizing to the LVE for 10 months. 

Corals transplanted to the HVE (Ex -> Sh) outperformed others in regard to survival 

and recovery. Based on colour score of the bleaching chart, a proxy of symbiont 

density (Siebeck et al., 2006), exposed transplanted to sheltered showed the fastest 

increase in symbiont density. Interestingly, a recent study on Porites lobata found 

corals from a LVE transplanted to a HVE had higher photosynthetic performance, 

although not significant, and lower bleaching susceptibility following heat stress than 

corals native to the HVE (Klepac & Barshis, 2020), indicating such thermal responses 

may be species-specific.  

 

There are several hypotheses for the contrasting results in this study (1) selection of 

weaker genotypes from the environment on the HVE and/or stronger genotypes in the 

LVE (2) increased thermal tolerance of corals from the LVE resultant from selection 

pressure and adaptive bleaching from previous heat stress events (3) higher energy 

reserves in corals native to the LVE (4) heat stress which surpassed upper thermal 

limits of HVE native corals (5) higher percent fluorescence in LVE native corals 

promoting return of symbionts. It is likely that previous bleaching events (2010 and 

2015), in which corals on the exposed side experienced highest mortality, selected for 

corals in the LVE with high thermal tolerance and resilience to heat stress. This may 

explain the observed increase in thermal tolerance of corals native to the LVE in the 

reciprocal transplant experiment. Energy reserves play a crucial role in coral 

resilience to bleaching. Corals with higher energy reserves were found to have higher 

resilience following heat stress compared to corals which showed initial higher 

thermal tolerance (Rodrigues & Grottoli, 2007). It could be that corals native to the 

exposed side had higher energy reserves and therefore were more resilient during heat 
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stress. Corals from high temperature environments are known to be living at their 

thermal limits (Coles & Brown, 2003; Schoepf et al., 2019). The high value of DHW 

and high level of mortality across all treatments suggest heat stress during the 

bleaching event reached beyond many corals’ thermal limits, compromising their 

bleaching thresholds, and may have contributed to the low thermal performance of 

native corals from the HVE that were limited by adaptation, acclimation, or both 

(Klepac & Barshis, 2020). Heat stress experiments (2°C above the regional MMM) on 

Acropora corals from high temperature variable environments resulted in substantial 

mortality (50-75%), highlighting that corals in this genus live in close proximity of 

their thermal tipping points (Oliver & Palumbi, 2011b; Schoepf, Stat, Falter, & 

Mcculloch, 2015). 

 

Differences in symbiont recovery and mortality between treatments may have been 

attributed to corals harbouring symbionts with higher thermal tolerance. As shown by 

Voolstra and others (2020), symbiont community in Stylophora pistillata differed 

between the exposed and sheltered side on Tahala reef with a prevalence of 

Symbiodinium (Clade A) on the sheltered (Voolstra et al., 2020). This clade is 

dominant in branching corals in the Red Sea (Ziegler, Arif, et al., 2017) and has 

previously been linked to high thermal tolerance (Krämer et al., 2011). Symbiont 

shuffling from heat sensitive to heat tolerant types following bleaching is a proposed 

method of acclimatization during periods of stress (Boulotte et al., 2016; Jones et al., 

2008) and may have been one way in which Ex -> Sh treatment buffered heat stress 

during this bleaching event.  
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4.3 Fluorescence 

Symbiont recovery following bleaching has been linked to increased fluorescence in 

the coral host (Bollati et al., 2020). I found mortality in corals from the reciprocal 

transplant experiment negatively correlated with fluorescence (r2 = -0.97), whereby 

treatments that experienced highest percent fluorescence had lowest percent mortality 

(Ex -> Sh and ExC, Figure 10). High solar radiation is a key factor which induces 

bleaching in reef-building corals (Fitt & Warner, 1995) and is known to have adverse 

effects on dinoflagellate photosynthetic machinery (Aro et al., 1993). One mechanism 

corals have adapted to high light conditions is the production of green fluorescent 

protein-like pigments and chromoproteins. As a response to increased light fluxes in 

symbiont-depleted tissue, the coral host can increase expression of fluorescent 

pigments which act to absorb and reflect incoming light. This provides 

photoprotection for the symbionts and promotes recolonization of dinoflagellate 

microalgae (Aihara et al., 2019; Bollati et al., 2020; Salih et al., 2000). Bleaching 

resistance (in terms of high tissue biomass of algal symbionts) of 21 species affected 

by the Great Barrier Reef 1998 mass bleaching event, was correlated with the 

concentration of fluorescent proteins within the coral tissue (Salih et al., 2000). This 

may explain the lower percent mortality and faster recovery time of corals in 

treatments which experienced the highest fluorescence and is evidence to the 

importance of monitoring fluorescence in bleaching events, which may indicate 

survivorship. 

 

Interestingly, this negative correlation between fluorescence and mortality showed a 

divide between the coral’s habitat of origin and not between treatments. However, this 

trend of higher fluorescence in corals native to the exposed side was opposite in 
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Acropora in the transect surveys (Supp., Figure 4). Although, this may have been a 

result of species-specific differences within Acropora. Expression of fluorescent 

proteins demands significant energy investment (Gittins et al., 2015) and so the ability 

of corals to maintain fluorescence when bleached may be highly dependent on a 

corals energy reserves, especially when reserves may be allocated to other functions 

such as production of heat-shock proteins and repair of physiological processes. 

Depletion of energy reserves can be mediated by access to and/or level of 

heterotrophy (Grottoli et al., 2006; Levas et al., 2013) and should be considered for 

future monitoring during bleaching recovery.  

 

4.4 Growth 

No significant differences in coral growth were found between treatments or site, 

however corals transplanted from exposed to sheltered did experience the highest 

average percent increase in mass (88%, Supp. Figure 1). Mohammed and Dar (2017) 

measured annual linear growth rates in four branching coral species growing in the 

exposed and sheltered zones of two different reefs in the Red Sea. They found annual 

linear growth rates were higher in sheltered zones compared to exposed (Mohammed 

& Dar, 2017). Guzner et al. (2007) studied growth rates in A. hemprichii in the Gulf 

of Aqaba and found growth rates increased when corals became larger, indicating 

initial coral size can effect rates of growth between individuals (Guzner et al., 2007). 

However, growth measurements of corals may have been impacted by the unfortunate 

circumstances of not being able to monitor coral damage and/or grazing throughout 

the experiment. Some corals exhibited a negative percent increase in growth, which 

likely is a result from breakage/grazing. Since I was unable to monitor the corals for a 

period of 8 months, identifying which corals were impacted from such events was 
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problematic due to the nature of regrowth after breakage which can mask losses. Even 

with the aid of before photos it was difficult to identify differences as the corals 

experienced dramatic growth during the 8-month period that resulted in large 

structural changes. Zip ties were used to stabilize the coral onto the top end of the 

steel rods however, these tended to loosen when currents were high and corals would 

be found lying in sand on the sheltered side and loose on the exposed side due to 

higher wave motion which would knock the corals back and forth, possibly causing 

breakage. Therefore, corals which experienced breakage/grazing, yet did not show 

negative growth rates may have been included in our analysis and confounded the 

results. Further research on growth rates of A. hemprichii are needed between variable 

environments to fully understand growth rates in response to acclimation. 

 

Unfortunately, limitations in the experimental setup may have intensified the effects 

of high thermal exposure of corals in the reciprocal transplant experiment. Coral 

fragments in the coral garden were attached to steel rods which were not marine grade 

and noticeable rusting of the metal occurred throughout the monitoring period. 

Rusting caused visible damage of coral tissue in majority of corals with areas of the 

coral touching the steel rods having complete tissue loss. Iron enrichment has been 

found to cause detrimental effects on the physiological performance in corals, such as 

reducing nitrogen fixation and coral skeleton growth rates (Rädecker et al., 2017). 

Iron enrichment in waters adjacent to shipwrecks has been linked to shifts in 

microbial communities, particularly greater abundances of pathogen-like microbes 

and is suggested as the cause of high coral mortality in these areas (Kelly et al., 2012). 

The microbiome of A. hemprichii is highly flexible (Ziegler et al., 2019) and it is 

possible that the iron in the steel rods used in this experiment caused microbial shifts 
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in the coral to harmful communities, impacting the fitness of the corals and 

exacerbating the effects of heat stress. However, the metal rods were used in all 

treatments, therefore controlling for the effect of iron enrichment between treatments. 

 

The coral microbiome plays a vital role in coral holobiont health and function, and 

can affect thermal tolerance in corals (Ziegler, et al., 2017). Just as microbial 

communities can differ between high and low thermally variable habitats (Ziegler et 

al., 2017), communities can also differ with depth in reef-building corals (Glasl et al., 

2017). Corals in this study were collected from varying depths (1 to 8 m) and likely 

harboured different microbial communities. Comparing community composition and 

abundance in coral fragments before and after transplantation in this experiment could 

have given insight into the potential plasticity of the coral’s microbiome, which may 

have contributed to the coral’s thermal performance.  

 

Conclusion 

Although there were many experimental limitations in this study, resultant from field 

restrictions due to Covid-19, I demonstrate that corals transplanted from a LVE to a 

HVE have the capacity to surpass the thermal performance of corals native to the 

HVE and their habitat of origin following a natural bleaching event. This 

demonstrates increased resilience against heat stress, suggesting the HVE induced an 

acclimation response favouring thermal tolerance, allowing corals to acquire 

considerable thermal resistance faster than the process of natural selection and over 

spatial scales as small as 300 m. Contrary to previous literature, I found corals from 

the HVE performed worse in terms of survival and recovery than the native LVE after 

10 months of acclimation in the LVE, suggesting a substantial loss of thermal 
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tolerance. This hints to the idea that corals in the sheltered, more variable conditions 

may be restrained by adaptation that hampers the plasticity of these populations, 

thereby limiting their use in restoration projects outside of their native habitat.   

 

I found clear differences in the bleaching and recovery response between habitat of 

origin, which is most likely due to a combination of higher percent fluorescence in 

corals native to the LVE and adaptive bleaching processes from previous thermal 

events that increased the overall tolerance of this species on the exposed side. In 

agreement with previous literature, bleaching was most severe on the exposed than 

sheltered side, concurring that HVE promotes thermal tolerance. Habitat variability 

alone may not provide sufficient insight needed to identify individuals with high 

thermal performance and bleaching resilience during natural bleaching events 

following transplantation into novel environments. Expression of fluorescent proteins, 

energy reserves, access to heterotrophic resources, previous bleaching history, and 

symbiont flexibility may also be key in driving coral bleaching resilience and 

highlights the need for future attention on assessment of other environmental and 

physiological drivers.  

 

Given that response to thermal stress has given evidence to species-specific 

differences, further research is needed on A. hemprichii in response to heat stress to 

determine the limits and pattern of heat tolerance across different environmental 

regimes. In addition, permanent transects should be set up between HVE and LVE to 

monitor response of benthic communities to changing environmental conditions over 

time, which will help improve our understanding of what drives differences in 

bleaching percentage of hard coral cover between habitats. Future research on genetic 
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divergence between the two sites may give a better understanding of the relative roles 

of acclimatization and genetic adaptation.  
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APPENDICES 
 

 

 
Figure 1. Coral growth between treatments. Coral growth was calculated as percentage increase (%) 
between treatments. ExC: n=14, Ex -> Sh: n=13, ShC: n=14, Sh -> Ex: n=11. Corals were weighed two 
months after transplantation in February 2020 and during the period of mortality (October 2020 – 
January 2021). Any corals which did not experience mortality were weighed at the end of the 
experiment (January 2021).  

 

 
 
Figure 2. Coral mass (g) (± standard error) at the start (Feb 2020) and end (Jan 2021) of the 
experiment for each treatment. 
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Table 1. Comparison of richness, total percent coral cover, percentage of hard corals bleached, and percent bleached of six most common coral 
families in 2010 surveys (Furby et al, 2013), on Tahala exposed at 5m depth. Mean percentages are shown with standard deviation. Percentage 
of total percent coral cover was unavailable for this study as benthic surveys only included live coral cover and did not include any other 
substrate (e.g., rocks, sand, etc.). * Richness is the average between 3 depths (5, 10, and 15m). ** no corals in this family were observed.

     

% Bleached 

Reference Survey 
year 

Richness 
(Genus) 

Total % 
coral cover 

% Of hard corals 
bleached 

% Acroporidae % Poritidae % Agariciidae % Faviidae % Fungiidae % Pocilloporidae 

Furby et al 
(2013) 

2010 13* 43 100 100 100 100 100 100 98 

Monroe et al 
(2018) 

2015 7 ± 3.6 40.4 ± 11.1 87.2 ± 11.8 100 74.3 ± 15.1 100 ** 100 100 

This study 2020 18.7 ± 1.2 - 58.4 ± 1.3 71.2 ± 18.6 54.8 ± 8 33.33 ** 66.7 ± 28.9 25.3 ± 8.7 
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Figure 3. Reciprocal transplant experiment bleaching recovery. Mean percentage of each condition (B = 
bleached, D = dead, F = fluorescing, H = healthy, P = pale, PB = partially bleached, PF = partially fluorescing) 
for each treatment from the start to end of the bleaching monitoring period.  
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Figure 4. Bleaching recovery between site (exposed and sheltered). Mean percentage of each condition (B = 
bleached, D = dead, F = fluorescing, H = healthy, P = pale, PB = partially bleached, PF = partially fluorescing) 
for Acropora at each site from the start to end of the bleaching monitoring period.  
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