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Abstract 

Coral reefs are being impacted by ocean warming and marine heatwaves caused by 

climate change, leading to the loss and degradation of these ecologically and 

economically important ecosystems globally. Despite grim predictions for the fate of 

corals in the future, some optimism can be found in the variability of responses to 

elevated temperatures among coral species and regions. This thesis examines the 

influence of reef thermal regime on the natural capacity for resistance and resilience and 

assesses the ability for active intervention to enhance coral thermal tolerance. First, I 

monitored the seasonal dynamics of the coral holobiont lipidome and Symbiodiniaceae 

associations in three species of coral sourced from reefs with distinct daily thermal 

regimes (variable vs. stable). I showed that energy provision was similar between sites 

and seasons, but that corals from the thermally variable site hosted more thermally 

resistant algal symbionts. Next, to compare thermal tolerance thresholds, I exposed the 

same species of corals from the same reef sites to chronic moderate warming, and then 

to an acute high temperature that surpassed their mean summer maxima. In general, 

corals showed adequate to good performance under the chronic warming scenario but 

experienced substantial bleaching under the higher acute temperature. Last, I examined 

the effect of thermal conditioning of adult coral colonies on their offspring. I found no 

clear evidence of transgenerational acclimation that provided a benefit to offspring 

performance under elevated temperatures. Overall, my thesis shows 1) that in the 

absence of stressful thermal anomalies, multiple species of corals from reefs with 

distinct thermal regimes with site- and species-specific Symbiodiniaceae associations 

exhibit relatively stable energy provision capacity, 2) that corals can show high thermal 

tolerance under chronic moderate warming, but this resistance is likely not sufficient to 

provide protection from marine heatwaves, and 3) that adult thermal conditioning may 

not be able to broadly increase thermal tolerance in coral offspring. Collectively, the finite 

upper temperature limits of corals and the lack of evidence for enhanced thermal 

tolerance via transgenerational acclimation highlight the need for urgent action to 

mitigate climate change and ensure the persistence of healthy coral reefs.  
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Chapter 1.  
 
Introduction 

Coral reefs are in trouble, plain and simple. Over the past several decades coral 

reef ecosystems have degraded and been outright lost globally (Gardner et al. 2003, 

Bruno and Selig 2007, De’ath et al. 2012), resulting in detrimental impacts to ecosystem 

function (Rogers at al. 2014, McManus and Polsenberg 2004) and deterioration of 

ecosystem service provision (Moberg and Folke, Eddy et al. 2021). Declines in coral reef 

integrity can be attributed to a range of stressors that adversely affect the primary 

ecosystem engineers, i.e., the corals, with impacts occurring at both a local (e.g., 

nutrient pollution, Silbiger et al. 2018) and global scale (e.g., overfishing, Hughes et al. 

2007). The most prominent global stressor affecting corals, however, is climate change 

(Carpenter et al. 2008, Hoegh-Guldberg et al. 2017) as it imposes an array of novel 

challenges, of which the most concerning are ocean acidification (Veron et al. 2009, 

Mollica et al. 2018) and increases in ocean temperature (Frieler et al. 2013, DeCarlo et 

al. 2017).  

Reef-building scleractinian corals are especially sensitive to elevated 

temperature as most live in regions close to their upper thermal limits. Therefore, even 

moderate warming beyond their temperature thresholds can have disruptive and dire 

consequences. Under high temperature the coral’s algal symbionts (family 

Symbiodiniaceae, LaJeunesse et al. 2018) produce oxygen radicals that prompt a coral 

stress response in which algal symbionts are expelled from their coral host (Oakley and 

Davy 2018). As a result, corals appear white (i.e., bleached) and are lacking energy 

typically derived from the photosynthetic products of their algal symbionts (Yellowlees et 

al. 2008, Iluz and Dubinsky 2015). If this bleached state persists, corals are vulnerable to 

mortality, especially when lipid reserves and heterotrophy cannot supplement energy 

needs (Anthony et al. 2009).  

Large-scale coral bleaching was first observed in 1998 (Wilkinson 2000), and 

since then global mass bleaching events have occurred with increasing frequency and 

duration, with the most recent 2014-2017 mass coral bleaching event being the most 

intense and damaging (Lough et al. 2017, Eakin et al. 2019). Warming induced by 
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climate change is not only a chronic stressor (i.e., slowly increasing seawater 

temperature that is pushing corals beyond their thermal thresholds), but it is also an 

acute stressor when it presents as intense high temperature thermal anomalies – termed 

marine heatwaves – that are causing direct heat-induced mortality (i.e., tissue necrosis, 

Leggat et al. 2019). Interestingly, coral response to ocean warming and heatwaves can 

be variable, with assumptions of bleaching susceptibility often being counterintuitive 

(e.g., bleaching of corals thought to be thermally tolerant, Le Nohaïc et al. 2017; 

evidence of increased thermal resilience after multiple heatwaves, Fox et al. 2021). 

Disentangling the mechanisms behind the variable and dynamic responses of corals to 

warming and marine heatwaves is critical to understanding how corals will fare through 

the Anthropocene. 

Natural coral acclimatization/adaptation can provide mechanisms that allow for 

greater bleaching resistance during, and higher resilience after (i.e., recovery), a heat 

stress event. Thermal tolerance capacity can vary among coral with different 

morphological and physiological traits (Loya et al. 2001, van Woesik et al. 2008), distinct 

life-history strategies (Darling et al. 2013, Kubicek et al. 2019), differing capacities for 

heterotrophic feeding (Conti-Jerpe et al. 2020), and also in response to 

acclimatization/adaptation to reef site abiotic conditions (Palumbi et al. 2014, Guest et al. 

2016, Burt et al. 2020). Particularly important in the context of site-based influence on 

coral thermal tolerance is recognition of the interconnectivity between the coral host and 

its symbionts (e.g., Symbiodiniaceae, bacteria, endolithic algae, viruses, fungi), whereby 

the coral does not respond as an independent animal, but rather than as a 

metaorganism: the coral holobiont (Bosch and McFall-Ngai 2011, Pogoreutz et al. 2020). 

The diverse range of coral holobiont compositional characteristics, and their associated 

responses to elevated temperatures, can play a vital role in shaping coral host thermal 

tolerance. For example, higher resistance to bleaching can be provided to a coral host 

through association with a more thermally tolerant genus of Symbiodiniaceae (e.g., 

Durusdinium, Berkelmans and van Oppen 2006), and recent linkages between the coral 

host and its bacterial community response to warming (Ziegler et al. 2017) may allow in 

the future the rapid screening of microbiomes for coral thermal tolerance/sensitivity 

assessments (McDevitt-Irwin et al. 2017). Further, coral symbionts may enable faster 

coral acclimatization to warmer temperatures due to their relatively shorter generation 

time in comparison to longer-lived corals. 
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Active interventions are also being explored as a means of enhancing coral 

thermal tolerance since natural acclimatization/adaptation may not be able to keep pace 

with current warming trajectories (Matz et al. 2018, van Oppen et al. 2017, Anthony et al. 

2017). Further, even if global temperature rise is limited to ~1.5°C above pre-industrial 

averages (i.e., the Paris Agreement target, Schleussner et al. 2016), ocean warming is 

still expected to continue for two to three decades due to latent warming (Kleypas et al. 

2021). This realization of the potential limitation for natural acclimatization has spurred a 

range of active approaches aimed at mitigating the impacts of ocean warming and 

marine heatwaves on corals (e.g., reef shading to limit irradiance that can exacerbate 

heat stress, Coelho et al. 2017; assisted fertilization to compensate for reduced coral 

recruitment, dela Cruz and Harrison 2020).  

Another promising, yet ethically complex (Filbee-Dexter and Smajdor 2019) 

approach is assisted evolution. A spectrum of assisted evolution intervention actions 

recommended for use in corals involve thermal acclimation of adult colonies, 

manipulation of the coral holobiont microbial symbionts, selective breeding, and genetic 

modification of algal symbionts (van Oppen et al. 2015). Of particular interest is 

transgenerational acclimation, which entails conditioning of adult colonies (e.g., to 

predicted future temperatures) in an effort to induce an epigenetic response that will 

enhance tolerance in offspring when exposed to similar conditions (Torda et al. 2017, 

Donelson et al. 2018). Putnam and Gates (2015) were the first to show the applicability 

of this technique in enhancing tolerance in corals, and their research has led to its 

assessment in other species and regions (e.g., Stylophora pistillata in the Gulf of Aqaba, 

Bellworthy et al. 2019; Pocillopora acuta in Taiwan, Chapter 2). The broad scale 

applicability of this assisted evolution technique, however, remains uncertain, but if 

successful could make tangible contributions to reef restoration and conservation efforts, 

and more broadly to our understanding of coral thermal tolerance plasticity. 

This thesis assesses the influence of reef thermal regime on natural mechanisms 

of coral thermal tolerance, and tests the capacity for active enhancement of thermal 

tolerance through transgenerational acclimation. In Chapter 2, I monitor the seasonal 

dynamics of the coral holobiont lipidome and algal symbiont associations in three coral 

species from reefs with distinct thermal regimes to assess energy provision stability 

under non-stressed conditions. I find that overall photosynthetic efficiency and lipid 

composition are similar between sites, but that corals from the thermally variable reef 
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site host more thermally tolerant algal symbionts. In Chapter 3, I assess the response of 

the same three coral species, sourced from the same thermally distinct reef sites, to 

chronic moderate warming and then acute high temperature exposure to assess the 

influence of reef thermal regime on coral thermal tolerance thresholds. I show that all 

corals can perform adequately under chronic exposure to a temperature similar to their 

mean summer maxima, but that acute exposure above this temperature results in a high 

prevalence of bleaching across species and sites of origin. In Chapter 4, I thermally 

condition adult coral colonies to assess the capacity for transgenerational acclimation to 

enhance offspring resistance and resilience to warming. I find no evidence of improved 

performance in offspring when they are subsequently exposed to elevated temperature. 

Thermal conditioning does, however, lead to earlier reproductive timing in adults, and 

smaller size and lower photosynthetic efficiency in offspring. In the final chapter, Chapter 

5, I discuss future research directions aimed at better understanding the complexity and 

dynamics of coral thermal tolerance in a warming ocean. 

Overall, this thesis 1) provides support for the importance of reef thermal regimes 

on algal symbiont associations, but demonstrates that a linkage between reef 

temperature and coral holobiont lipidome trends is not apparent, 2) highlights a relatively 

similar pattern among three coral species of a contrasting response to moderate chronic 

warming vs. acute high temperature exposure, and 3) presents a simple method to 

probe for transgenerational acclimation potential and demonstrates that 

transgenerational acclimation may not be applicable as a thermal tolerance 

enhancement method for all species and regions. In general, while the exploration of 

natural and enhanced mechanisms of thermal tolerance may reveal novel avenues of 

coral resistance and resilience, climate change mitigations are urgently needed to 

ensure the persistence of healthy coral reefs in the future. 
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Chapter 2.  
 
Seasonal dynamics of algal symbionts and holobiont 
lipidome in corals from reefs with distinct thermal 
regimes 
 

Abstract 

Ocean warming and marine heatwaves induced by climate change are impacting coral 

reefs globally, leading to coral bleaching and mortality. Capacity for coral resistance and 

resilience to warming is not uniform across reef sites and can show inter- and 

intraspecific variability. To understand changes in coral health and to elucidate 

mechanisms of coral thermal tolerance, baseline data on the dynamics of coral energy 

provision under non-stressed conditions are needed. We monitored the seasonal 

dynamics of corals in-situ from a thermally variable and a thermally stable reef in 

southern Taiwan over 15 months. We assessed taxonomic composition and 

photosynthetic efficiency of algal symbionts and the coral holobiont lipidome (total lipids 

and lipid class proportions) in three coral species: Acropora nana, Pocillopora acuta, and 

Porites lutea. A higher proportion of coral colonies from the thermally variable reef 

consistently hosted a more thermally tolerant genus of the family Symbiodiniaceae 

(Durusdinium), at either dominant or background levels), whereas colonies from the 

thermally stable reef almost exclusively hosted a more thermally sensitive genus 

(Cladocopium). Photosynthetic efficiency of algal symbionts was similar between reef 

sites but differed among coral species; no clear seasonal trends in maximum quantum 

yield (Fv/Fm) were found. Neither total lipids nor the ratio of storage to structural lipids 

differed between reef sites for any of the three coral species; there was some variability 

in lipids among and within species, but no clear seasonal trends were observed. Overall, 

energy provision from algal symbionts and the coral holobiont lipidome remained stable 

across seasons, and reef site differences were only observed for Symbiodiniaceae 

genera. 

 



11 

Introduction  

Coral reef ecosystems are complex ecological hubs vital to both marine 

biodiversity and humans (Reaka-Kudla 1997, Woodhead et al. 2019). For decades 

various stressors have led to the loss and degradation of coral reefs globally (Pandolfi et 

al. 2003, Burke et al. 2011), with the health and persistence of corals in the 

Anthropocene being most highly threatened by climate change (Hoegh-Guldberg et al. 

2017, Hughes et al. 2017), in particular ocean warming and marine heatwaves (Spalding 

and Brown 2015, Leggat et al. 2019). Elevated seawater temperatures can lead to 

oxidative stress in corals, which prompts the expulsion of the coral’s symbiotic 

dinoflagellate algae (Symbiodiniaceae), from which scleractinian (i.e., reef-building) 

corals obtain most of their energy (Yellowlees et al. 2008, Oakley and Davy 2018). Loss 

of algal symbionts can lead to coral bleaching and mortality, which can have both direct 

and indirect effects on marine ecosystems (e.g., ecosystem phase shifts to algal-

dominated states, Ostrander et al. 2000, Vaughan et al. 2021; homogenization of fish 

populations, Richardson et al. 2018).  

The effect of elevated temperature on corals, however, is not uniform, with 

differences in thermal resistance and resilience shown among species and sites. The 

advantages of some coral species over others (e.g., Loya et al. 2001) have been 

observed empirically in reef monitoring surveys that report shifts in coral community 

composition after heat stress events (McClanahan 2014, Hughes et al. 2018). Corals 

with ‘weedy’ life-history traits (e.g., Pocillopora sp.) have a brooding reproductive 

strategy and are recruitment pioneers, and they appear to fare better under elevated 

temperatures than ‘competitive’ corals (e.g., Acropora sp.), which are fast-growing 

broadcast spawners, but neither tend to perform as well as ‘stress-tolerant’ corals (e.g., 

massive Porites sp.), which grow slowly and broadcast their gametes (Darling et al. 

2013, Kubicek et al. 2019). The definitive categorization of coral species as either 

‘winners’ or ‘losers’ in a warming ocean, however, is not straightforward (e.g., 

Wooldridge 2014) and is likely dynamic over time. For example, the coral traits 

associated with ‘winners’ may only explain short-term, rather than long-term resilience 

(van Woesik et al. 2008). In addition, reef site characteristics can also affect coral 

thermal tolerance (Camp et al. 2018, Burt et al. 2020). Reef sites that have shown higher 

resistance to bleaching include some that experience chronic disturbance (e.g., reefs 
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near urban areas that experience high turbidity and eutrophication, Guest et al. 2016), a 

wide seasonal range of temperatures – including chronic high maximum temperatures 

(e.g., Foster et al. 2012), and/or highly variable daily thermal regimes (e.g., Wyatt et al. 

2020). Identifying mechanisms of thermal tolerance is further complicated by the 

interactive relationships within the coral holobiont itself (e.g., role of the holobiont 

microbiome in thermal adaptation, Reshef et al. 2006, Marie and van Oppen 2021). 

Nevertheless, the primary mechanisms that allow some corals to persist and prosper, 

while others perish, may be underpinned on a fundamental level by the capacity for 

effective and consistent energy acquisition and storage. Here we focus on energy 

provisioning by the endosymbiotic algae (Symbiodiniaceae) and coral holobiont lipids.   

The symbiotic relationship between scleractinian corals and Symbiodiniaceae 

has allowed coral reefs to flourish in nutrient-poor marine environments due to the 

efficient transfer of photosynthetic products from the symbiont to the coral host 

(Muscatine 1990, Roth 2014). Corals can associate with a range of Symbiodiniaceae 

genera, often more than one at a time (Baker 2003, Silverstein et al. 2012), and the 

genus of Symbiodiniaceae can influence the host’s bleaching resistance (Berkelmans 

and van Oppen 2006). For example, the genus Durusdinium (formerly known as clade 

D) has been associated with high bleaching resistance under both heat and cold stress 

(Stat and Gates 2011, Silverstein et al. 2017), but at the cost of slower coral growth 

compared to the more thermally sensitive genus Cladocopium (formerly known as clade 

C) (Jones and Berkelmans 2010, Lejeunesse et al. 2018). Symbiodiniaceae genus 

composition can vary spatially, with corals in more thermally extreme sites generally 

being more likely to host relatively more Durusdinium than other genera (Oliver and 

Palumbi 2009, Keshavmurthy et al. 2012; but also see Howells et al. 2020 for an 

example of thermally tolerant Cladocopium).  

Upon the loss of their algal partners, corals can partly compensate by switching 

from autotrophy to heterotrophy (Grottoli et al. 2006, Houlbrèque and Ferrier-Pagès 

2009) and can rely on stored energy sources (e.g., lipids) to meet energetic 

requirements (Anthony et al. 2009). Lipids can account for up to 40% of the coral 

biomass (Rodrigues and Grottoli 2007) and are generally divided into two broad 

categories: structural lipids (e.g., sterol esters, phospholipids, and cholesterol) and 

storage lipids (e.g., wax esters, triacylglycerols, and free fatty acids). Corals can show 

variability in some lipid classes, for example, in response to changes in light exposure 
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(Chen et al. 2017), Symbiodiniaceae density (Imbs and Yakovleva 2012), and life-history 

stage (e.g., reproduction, Colan et al. 2020). Yet, unlike the association found for 

Symbiodiniaceae genera composition and thermal stress, it is not clear whether the 

patterns and dynamics of the coral holobiont lipidome are affected by reef site thermal 

regime. 

A challenge to pinpointing potential mechanisms of thermal tolerance in corals is 

the lack of long-term, in-situ physiological/molecular data on the dynamics of energy 

provision under non-stressed conditions (e.g., seasonal trends in Symbiodiniaceae and 

coral holobiont lipids). Such data are needed to put monitoring studies (e.g., pre- and 

post-bleaching surveys) and short-term laboratory experiments in context. This is 

especially pertinent when assessing the potential role of coral traits and reef site 

characteristics (e.g., temperature regime) on the acquisition of thermal resistance and 

resilience (McClanahan et al. 2007).  

We assessed the seasonal dynamics of corals in-situ from a thermally variable 

and a thermally stable reef in southern Taiwan over 15 months. We compared the 

seasonal dynamics of algal symbionts (genera and photosynthetic efficiency) and the 

coral holobiont lipidome (total lipids and lipid class proportions) across three coral 

species: Acropora nana, Pocillopora acuta, and Porites lutea, at both sites. We predicted 

that in the absence of large thermal anomalies, Symbiodiniaceae genus composition 

would remain stable across seasons but would show site-specific differences due to the 

distinct thermal regimes of reef sites. We also predicted that coral holobiont lipidome 

dynamics would vary across seasons, with corals showing the lowest total lipid 

concentration after periods of heat stress and reproduction. Finally, we expected 

differences in Symbiodiniaceae genera and coral holobiont lipidome among species, 

perhaps linked to species life-histories, but similarities across species in the context of 

seasonal dynamics. 
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Materials and Methods 

Study sites  

The two study sites, Wanlitung and Outlet reefs, are located in southern Taiwan 

(Fig. A1). Wanlitung reef is situated on the western coast of the Hengchun peninsula and 

has a relatively stable thermal regime throughout the year, whereas Outlet reef (situated 

~ 8 km to the southeast, within Nanwan Bay) has a highly variable thermal regime due to 

internal tide-induced upwelling (Keshavmurthy et al. 2019, Jan et al. 2004). Outlet reef 

has been chronically warmed for over three decades due to the warm water discharge 

from an adjacent nuclear power plant, and therefore experiences higher summer 

temperatures than other reefs in southern Taiwan (Hung et al. 1998, Keshavmurthy et al. 

2014), which has led to acclimatization/adaptation in some corals and their algal 

symbionts (e.g., Mayfield et al. 2013a, Carballo-Bolaños et al. 2019). Both Outlet and 

Wanlitung reefs have been, and continue to be, impacted by anthropogenic stressors 

(e.g., tourism and nutrient pollution; Meng et al. 2008, Liu et al. 2012). Live coral cover, 

as measured in 2010, at Wanlitung reef was ~17% (Kuo et al. 2012) and ~ 55 % at 

Outlet reef (Keshavmurthy et al. 2014). 

Monitoring abiotic conditions: temperature and nutrients 

A temperature logger (HOBO pendant UA-002-08, Onset Computer Corporation, 

Massachusetts, USA) was deployed at ~3 m depth at each site and recorded seawater 

temperature every 10 min from June 2018 to August 2019. Water chemistry was 

monitored monthly at each site over approximately the same period following the 

protocols outlined in Meng et al. (2008). Parameters measured included 5-day biological 

oxygen demand (BOD5), nitrite (NO2-), nitrate (NO3-), ammonia (NH3), and phosphate 

(PO43-). Water samples were taken monthly from the same location and depth (~3 m) at 

each site; the two study sites were sampled on the same day and within 1 h of each 

other. 

Field collection  

Ten coral colonies of each of three coral species Acropora nana, Pocillopora 

acuta, and Porites lutea, situated at ~1-4 m depth, were tagged at each reef in May 
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2018. The same colonies were sampled five times (dates refer to Outlet and Wanlitung 

reefs, respectively): summer 2018 (July 30 and August 1), fall 2018 (October 25; both 

sites), winter 2019 (February 22 and 21), spring 2019 (April 27 and 23), and summer 

2019 (August 29 and 27) (Kenting collection permit numbers: 1080000091, 

1090006457). In the rare instances where a colony had died or could not be relocated, a 

new colony was tagged and sampled (see Tables B1 and B2). Sampling at each site 

was conducted between ~10:00 to 12:00. Three small pieces (~2 cm in length) from 

each colony were removed at each time point using shears (P. acuta, A. nana) or a 

hammer and chisel (P. lutea). Colonies of each species were situated at least 5 m away 

from each other (minor exceptions to this rule are noted in Tables B1 and B2) and 

intraspecific colony size was similar across sites. Despite repeated sampling on the 

same colonies, there was no evidence of long-term sampling damage to colonies; 

indeed, tissue had regrown over the wound sites between time points and there was no 

visual evidence of disease (CJM, personal observations). 

Maximum quantum yield (Fv/Fm) & sample fixation 

Coral fragments were immediately transported to the research facilities of the 

National Museum of Marine Biology and Aquarium for sampling and photochemistry 

measurements. One fragment from each colony was dark adapted for 30 min and three 

replicate measurements of maximum quantum yield (Fv/Fm), a measure of 

photosynthetic efficiency (Jones et al. 2000), were taken using a diving PAM (Heinz 

Walz GmbH, Germany; settings: saturation pulse intensity = 8, measurement light 

intensity= 8, gain = 2, damp = 2). The remaining fragments were cut into pieces and 

placed in ethanol (for Symbiodiniaceae analysis) and liquid nitrogen (for lipid 

assessment) and stored in a freezer at -20°C. 

DNA extractions and identification of Symbiodiniaceae genera  

A subset of six colonies per species from each site was selected for 

Symbiodiniaceae analysis (see Tables B3 and B4) across each of the 5 timepoints 

assessed in this study. Colonies in the subset were selected if they were: 1) situated at 

least 5 m away from an adjacent colony of the same species, and 2) were successfully 

collected at each seasonal timepoint across the study (minor exceptions noted in Table 

B4). Symbiodiniaceae analyses were successfully conducted on this subset for each 
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season, with the exception of P. lutea at Outlet (n = 5 colonies/season) and P. acuta 

(Outlet reef: n = 5 colonies/season; Wanlitung reef: n = 2 colonies/season). DNA 

extraction was accomplished using a salting-out method modified from Ferrara et al. 

(2006). Coral tissue was lysed overnight in a 2-

buffer (0.25 M Tris, 0.05 M EDTA at pH 8.0, 2% sodium dodecyl sulfate and 0.1 M NaCl) 

added to the lysed tissue, and the sample was then mixed by inverting the tube. The 

solution was subsequently transferred to a 2 mL collection tube with a DNA spin column 

(Viogene, USA) and centrifuged at 8000 rpm for 1 min. The lysate was washed twice 

during each step, 

with an additional centrifugation step at 8000 rpm for 3 min to dry the spin column. The 

(65°C) 1X TE buffer, and was centrifuged at 15000 g for 3 min. The quality of genomic 

DNA was assessed using a 1% agarose gel. The concentrations of genomic DNA were 

determined using NanoDrop 2000 (Thermal Scientific, USA). 

The presence or absence of Cladocopium sp. and Durusdinium sp. in coral 

samples was determined using the primer pairs for Cladocopium and Durusdinium-

specific ITS1 in qPCR assays (Ulstrup and van Oppen 2003). Each qPCR reaction 

contained 2X Fast Start Universal SYBR Green Master (ROX), 100 nM Symbiodiniaceae 

universal forward primer and Cladocopium or Durusdinium-specific reverse primer, 2.0 

μL DNA template, and deionized sterile water to a total volume of 10 μL. Amplifications 

were carried out on an StepOne Plus real-time PCR instrument (Applied Biosystems) 

with thermal cycling conditions consisting of a denaturation step at 95  of 10 minutes 

followed by 35 two-step cycles of 15 s at 95  and 1 min at 60 . At the end of each run, 

a melt curve generated by temperature elevation from 60°C to 95°C in 0.5°C increments 

each 5 s for 70 cycles was included to ensure that only target sequences were amplified. 

All qPCR reactions were run in triplicate (technical replicates), as was a no-template 

control (NTC) with ddH2O.  

Lipid extractions and class concentration quantification 

Lipid quantification was undertaken on the same subset of colonies as in the 

Symbiodiniaceae analysis (see Tables B3 and B4). All lipid analyses (both total lipids 

and class proportions) were successfully conducted on each colony within this subset for 
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each season. Each coral sample was cut into small pieces (~2-3 mm) and placed in an 

Eppendorf tube with 1 ml of phosphate buffered saline (1X PBS, 10X, Zeju 

Biotechnology, Taiwan) and 150 mg of glass beads (Sigma-Aldrich, USA), and 

subsequently homogenized using a liquid nitrogen-cooled ball mill pulveriser 

(TissueLyser LT, QIAGEN, Denmark), at a frequency of 30 vibrations s-1 for 5 min; this 

process was repeated twice. Lipid extractions were done using the Bligh Dyer method 

(Bligh and Dyer, 1959), and lipid classes were separated using thin-layer 

chromatography (TLC plate, Merck, Germany) following the protocols outlined in Chen et 

al. (2011). In brief, we used a two-solvent system to fractionate the total lipids extracted 

from the coral holobiont lipidome into eight lipid classes and quantified the amount of 

structural lipids (sterol esters, phosphatidylethanolamine, phosphatidylcholine, lyso-

phosphatidylcholine, and cholesterol) and storage lipids (wax esters, triacylglycerols, 

and free fatty acids). Lipid standards included a non-polar lipid mixture (cholesteryl 

palmitate, palmityl palmitate, glyceryl trilinoleate, palmitic acid, cholesterol; Sigma-

Aldrich, USA), and a polar lipid mixture (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine, 

1,2-dioleoyl-sn-glycero-3-phosphocholine, 1-oleoyl-2-hydroxy-sn-glycero-3-

phosphocholine; Sigma-Aldrich, USA). The plate for non-polar lipids was developed full-

length with hexane, then with benzene, and finally half-way with hexane/ diethyl ether/ 

acetic acid 70:30:1 (v/v) (Sigma-Aldrich, USA). The plate for polar lipids was developed 

full-length with chloroform/ethanol/water/triethylamine 35:35:7:35 (v/v) (Sigma-Aldrich, 

USA). Afterwards, the plates were stained with 10% (w/v) cupric sulfate in 8% (w/v) 

aqueous phosphoric acid (Sigma-Aldrich, USA) and allowed to dry for 10 min at room 

temperature, followed by charring at 180°C for 10 min (Baron et al. 1984).  

The major lipids were analyzed using ImageJ (http://rsb.info.nih.gov/ij/). The 

integrated areas of the TLC profiles were plotted as a function of lipid concentration, and 

4 concentrations of each standard were used for each of the 8 lipid classes targeted 

0.25, 0.5 and -

normalized by total protein for each coral sample; protein concentration was determined 

using prepared standards from a Pierce BCA protein assay kit (Thermo Scientific, USA) 
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and read by a microplate reader (BioTek Synergy™ H4 Hybrid, USA) at an absorbance 

of 570 nm. 

Statistical analysis 

We used linear mixed-effects models (and post-hoc pairwise comparisons) to 

assess (1) the effect of reef site and season, and their interaction, on water temperature 

(with month as a random effect to mitigate for temporal autocorrelation), (2) the effect of 

reef site, season, and coral species, and their interactions, on Fv/Fm (with colony as a 

random effect to account for repeated sampling), (3) the effect of reef site, season, and 

coral species, and their interactions, on total lipids (with colony as a random effect), and 

(4) the effect of reef site, season, and coral species, and their interactions, on the ratio of 

storage:structural lipids (with colony as a random effect). We report the 

presence/absence of Cladocopium and Durusdinium as a proportion of the colonies 

hosting each genus (or a combination of the two) at each site across seasons for each 

species. We used either a Student’s t-test or a Mann Whitney U test (depending on data 

distribution) to assess difference between reef sites for each water chemistry parameter. 

All analyses were conducted in R (R Core Team, 2021) using the packages: lme4 (Bates 

et al. 2015), lmerTest (Kuznetsova et al. 2017), emmeans (Lenth 2021), car (Fox and 

Weisberg 2019), ggplot2 (Wickham 2016), tidyverse (Wickham et al. 2019), and 

lubridate (Grolemund and Wickham 2011). 

 

Results 

Reef site temperature and nutrients 

The mean temperature (± standard deviation) at Outlet and Wanlitung reefs over 

the study period of June 2018 - 

respectively (Fig. 2.1A & B). Mean daily temperature was higher at Outlet than 

Wanlitung reef in winter (linear mixed-effects model, post-hoc pairwise comparison; t = 

3.59, p = 0.01) and spring (t = 7.61, p < 0.001) (Fig. 2.1C). Outlet reef had consistently 

2.1D). Outlet reef had higher maximum 



19 

2018 (Fig. 2.1E). Lower temperature minima were also found at Outlet reef in summer 

2018 (t = -11.86, p < 0.001) and summer 2019 (t = -8.22, all p < 0.001) (Fig. 2.1F). 

Water chemistry parameters did not differ between reef sites (Mann Whitney U tests, all 

 BOD5, NO2-, NH3, and PO43-; t- NO3-) 

(Table A5). 

Maximum quantum yield (Fv/Fm)  

There was no intraspecific difference in Fv/Fm between reef sites for any coral 

species, and this similarity remained consistent across all seasons. Interspecific 

differences showed similar trends at both reef sites. Colonies of Pocillopora acuta and 

Acropora nana had similar Fv/Fm across all seasons, and both species periodically had 

higher Fv/Fm than Porites lutea (Fig. 2.2). At Outlet reef, both P. acuta and A. nana had 

higher Fv/Fm than P. lutea in winter, spring, and summer of 2019 (linear mixed-effects 

model, post-hoc pairwise comparisons, P. acuta A. nana: all t 

P. acuta was higher than P. lutea in summer 2018 (t = 

4.29, p = 0.008). At Wanlitung reef, both P. acuta and A. nana had higher Fv/Fm than P. 

lutea in summer 2018, spring, and winter 2019 (P. acuta A. 

nana P. acuta was higher than P. lutea in winter 2019 

(t = 4.02, p = 0.002). There was no difference in Fv/Fm among species in fall 2018 at 

either site. Overall, there was no difference in Fv/Fm values within the full colony dataset 

(n =10 colonies/species/site) compared to the subset of colonies used for 

Symbiodiniaceae and lipid analyses (n = 6 colonies/species/site) (linear mixed-effects 

model, t = 0.96, p = 0.34). 
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Figure 2. 1: Temperature patterns from June 2018 to July 2019 at the two study 

reefs in southern Taiwan.  
Daily temperature at (A) the thermally variable Outlet reef (grey) and (B) the thermally 
stable Wanlitung reef (blue). The dashed horizontal lines show a reference temperature 

maxima, and (F) daily temperature minima at each reef at Outlet reef (grey) and 
Wanlitung reef (blue). The lines are smoothed averages and shaded areas represent 
95% confidence intervals. Asterisks indicate season-specific temperature difference 
between sites. 
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Figure 2. 2: Maximum quantum yield of photosystem II (Fv/Fm) for colonies of 

Acropora nana, (orange) Pocillopora acuta (green), and Porites lutea 
(purple) monitored at Outlet and Wanlitung reefs, southern Taiwan, 
from summer 2018 to summer 2019.  

Asterisks indicate differences between species within a season; letters show post-hoc 
differences between species for each season. Dots are the observed data; the colonies 
sampled for lipid and Symbiodiniaceae analyses are shown with filled (black) dots. The 
line in the boxplots shows the median value, and the bottom and top of the box 
represent the 25th and 75th quartile ranges, respectively. 

Symbiodiniaceae seasonal dynamics  

The genus of Symbiodiniaceae hosted by coral colonies showed site- and 

species- specific patterns but remained relatively consistent across seasons (Fig. 2.3). 

Most corals hosted a combination of both genera, but only colonies from Outlet reef 

hosted Durusdinium as their dominant algal symbiont. Acropora nana at Outlet reef 

hosted both Cladocopium and Durusdinium (both genera were detected at < 30 PCR 

cycles), with Durusdinium being consistently dominant across seasons in 4 of the 6 

colonies assessed (Fig. A2). In P. acuta at Outlet reef, Durusdinium was dominant in all 

colonies across all seasons and Cladocopium was detected only in the background (i.e., 

after 30 PCR cycles) in just 2 or 3 colonies each season; the only exception to this was 
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for one colony in winter 2019 in which Cladocopium was also detected at < 30 PCR 

cycles (Fig. A3). Cladocopium was dominant in all P. lutea colonies at Outlet reef, but 

Durusdinium was also detected across seasons in all colonies (typically between 20-30 

PCR cycles for 3 colonies, and after 30 PCR cycles for 2 colonies) (Fig. A4). In contrast, 

coral colonies of all 3 species at Wanlitung reef consistently hosted Cladocopium as 

their dominant algal symbiont across each season. Durusdinium was only sometimes 

detected at ~30-32 PCR cycles (Fig. A2-A4), with the exception of one colony of P. lutea 

in which Durusdinium was detected < 30 PCR cycles in 2 seasons. Coral samples for 

the summer 2019 timepoint were not analyzed due to COVID-19 restrictions to 

laboratory access.  
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Figure 2. 3: Proportion of coral colonies hosting predominantly Cladocopium 

(light grey bars), Durusdinium (black bars), or a combination of 
these two Symbiodiniaceae genera (dark grey bars) for Acropora 
nana, Pocillopora acuta, and Porites lutea monitored at Outlet and 
Wanlitung reefs, southern Taiwan, from summer 2018 to summer 
2019.  

Only one genus is indicated as dominant if the other genus was detected at > 30 PCR 
cycles. In cases where both Cladocopium and Durusdinium were detected at < 30 PCR 
cycles, letters on the bar indicate the dominant genotype; sample size (i.e., number of 
colonies) is given at the bottom of each bar for each timepoint, and also within the bar if 
there were different dominant genera among colonies within a single timepoint. 
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Lipid seasonal dynamics 

Total lipid concentrations did not differ between reef sites for any species, and in 

general interspecific similarity was consistent across seasons (Fig. 2.4 A-C); the only 

exception to this trend was that total lipid concentration at Outlet reef for P. acuta was 

higher than P. lutea in winter and spring 2019 (linear mixed-effects model, post-hoc 

found at Outlet reef for P. acuta, which had lower total lipid concentration in summer 

2018 than fall 

total lipid concentration in fall 2018 compared to summer 2019 (t = 4.23, p = 0.01). At 

Wanlitung reef there were no intraspecific or interspecific differences in total lipids for 

any season.  

The ratio of storage:structural lipids showed inter- and intraspecific differences 

across seasons, but no difference between reef sites (Fig. 2.  A-C). At Outlet reef, P. 

acuta had a higher proportion of storage lipids than P. lutea colonies in fall 2018 and 

winter 2019 (linear mixed-effects model, post-

A. nana colonies in fall 

0.03). The intraspecific ratio of 

storage:structural lipids remained consistent for each species across seasons at Outlet 

reef. At Wanlitung reef, P. acuta had a higher proportion of storage lipids than P. lutea 

colonies in fall 2018 and winter 2019 (both P. acuta had a 

higher proportion of storage lipids than A. nana colonies in winter and spring 2019 (both 

P. lutea had a higher proportion of storage 

lipids than A. nana colonies (t = 

storage:structural lipids remained consistent for each species across seasons at 

Wanlitung reef, with the exception of P. acuta having relatively more storage lipids in 

winter 2019 than summer 2019 ( P. lutea having relatively more 

storage lipids in spring 2019 than fall 2018 (t = 4.21, p = 0.02). The concentration of 

each of the 8 lipid classes assessed is shown in Fig. A  for each site, species, and 

season.  



 

 
Figure 2. 4: Total lipids across seasons for (A) Acropora nana, (B) Pocillopora 

acuta, and (C) Porites lutea colonies (mean ± standard error) 
monitored at Outlet and Wanlitung reefs from summer 2018 to 
summer 2019. Letters represent intraspecific differences between 
seasons.  



 

 
Figure 2. 5: Lipid class proportions for (A) Acropora nana, (B) Pocillopora acuta, 

and (C) Porites lutea colonies from summer 2018 to summer 2019 . 
The eight lipid classes assessed included structural lipids (brown 
tones): sterol esters (SE), phosphatidylethanolamine (PE), 
phosphatidylcholine (PC), lyso-phosphatidylcholine (LPC), and 
cholesterol (Col); and storage lipids (green tones): wax esters (WE), 
triacylglycerols (TAG), and free fatty acids (FFA). 
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Discussion 

Our comparison of algal symbiont dynamics in Acropora nana, Pocillopora acuta, 

and Porites lutea colonies at a thermally variable and a thermally stable reef showed 

site-specific Symbiodiniaceae genera associations. A higher proportion of colonies 

hosted Durusdinium as their dominant algal symbiont at the thermally variable reef 

(Outlet reef) than at the thermally stable reef; the latter (Wanlitung reef) hosted the more 

thermally sensitive Cladocopium as their dominant Symbiodiniaceae. This pattern was 

relatively consistent across seasons. The reef site differences in Symbiodiniaceae were 

not mirrored by similar site differences in maximum quantum yield (Fv/Fm). Intraspecific 

Fv/Fm did not differ between sites for any coral species, and interspecific differences 

were similar at both sites with A. nana and P. acuta typically having higher Fv/Fm than 

P. lutea; there were no seasonal trends in Fv/Fm. The concentration of coral holobiont 

lipids and the ratio of storage:structural lipid classes were also similar between sites and 

relatively consistent across seasons. At both sites P. acuta had more storage lipids than 

A. nana and P. lutea in some seasons. P. acuta at the thermally variable reef showed 

the highest variation in total lipid dynamics. 

Temperature and nutrients: reef site comparison  

The main physical difference between the two reef sites was the thermal regime. 

Outlet reef regularly had higher maximum temperatures than Wanlitung reef as the 

former is chronically influenced by warm-water effluent from an adjacent nuclear power 

plant. However, Outlet reef also had lower daily temperature minima, particularly in 

summer months, due to cold-water upwelling in Nanwan Bay (Hsu et al. 2020). As 

upwelling somewhat mitigated by the power plant warming, mean daily temperature at 

Outlet reef was higher than at Wanlitung reef only in winter and spring. Corals that 

experience high variability or extremes in temperature have been shown to have 

increased thermal tolerance owing to acclimatization and/or adaptation (e.g., genetic 

adaptations, Barshis et al. 2013; morphological adaptations, Enríquez et al. 2017; 

hosting thermally tolerant algal symbionts, Oliver and Palumbi 2011; but also see Smith 

et al. 2017, Klepac and Barshis 2020, and Le Nohaïc et al. 2017 for limits on adaptation 

in corals from variable/extreme reefs). In contrast, reefs with relatively stable thermal 



28 

regimes tend to have corals that are more susceptible to bleaching under elevated 

temperatures (Safaie et al. 2018, Thomas et al. 2018).  

In contrast to temperature regime, nutrient concentration at both sites were 

similar across the study period. Levels of BOD , NO2-, NO3-,NH3, and PO43- measured 

across seasons did not differ between Outlet and Wanlitung reefs and were relatively 

low in comparison to other reefs impacted by anthropogenic stressors in southern 

Taiwan (Meng et al. 2008, Liu et al. 2012). Energy provisioning patterns of corals 

between sites are therefore more likely to be attributable to differences in thermal regime 

(or perhaps a parameter not assessed in this study) than to nutrient levels.  

Algal symbiont dynamics 

We examined algal symbiont dynamics by tracking Fv/Fm and Symbiodiniaceae 

genera composition across coral species and seasons at both sites. Values of Fv/Fm 

usually decrease in response to elevated temperature (Jones et al. 2000, Okamoto et al. 

-stressed conditions 

(Warner et al. 2002), often as a response to annual fluctuation in solar irradiance 

sites, and no clear seasonal trends in Fv/Fm among any species. This differs from 

Carballo-Bolaños et al. (2019) who showed that Fv/Fm in the brain coral Leptoria 

phrygia was lower at Wanlitung than Outlet reef (in summer and winter, but not spring), 

and found seasonal variability in Fv/Fm at Wanlitung reef (but not at Outlet reef). In our 

study, there may have not been sufficient temperature or light stress to elicit significant 

changes in Fv/Fm of our coral species, or alternatively Fv/Fm seasonality may have 

been masked by subtle seasonal fluctuations in Symbiodiniaceae composition, i.e., due 

to differential photosynthetic performance across genera (Kemp et al. 2014). We did 

nevertheless observe interspecific differences in Fv/Fm. At our sites, during each 

season, the Fv/Fm for all coral species was within a typical healthy range for coral 

species in southern Taiwan (Putnam et al. 2010, Mayfield et al. 2013b, Carballo-Bolaños 

et al. 2019), but A. nana and P. acuta had higher Fv/Fm than P. lutea in some seasons. 

Differences in Fv/Fm among species are not uncommon (e.g., higher Fv/Fm in non-

stressed Pocillopora meandrina compared to Porites rus, Putnam and Edmunds 2008; 

wider thermal breadth in Porites cylindrica than Acropora valenciennesi, Jurriaans and 
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Hoogenboom 2020) and this is likely a result of taxon-specific traits (e.g., coral tissue 

thickness, Anthony and Hoegh-Guldberg 2003; algal symbiont position within the coral 

tissue; Edmunds et al. 2012) and/or genus-specific symbiont associations (Wang et al 

 

As we had predicted, we found differences in Symbiodiniaceae genera 

composition between sites. Each of the three coral species showed relatively more 

colonies hosting the more thermally tolerant Durusdinium algal symbiont (either as their 

dominant genus or at a background level) at the thermally variable than at the thermally 

stable site. The proportional composition of Symbiodiniaceae genera in coral tissues can 

change after stress events (e.g., bleaching) with more thermally tolerant genera typically 

et al 2018, Rouzé et al. 2019 for examples of limited shuffling). It is probable that the 

chronic warming influence, and associated high summer maximum temperatures, at 

Outlet reef have resulted in a shift to corals hosting more thermally tolerant 

 considered in our 

study) predominantly associated with either Durusdinium or a combination of 

Cladocopium and Durusdinium at Outlet reef (Keshavmurthy et al. 2014). In contrast, the 

same genera at nearby reefs not influenced by the power plant, and corals deeper than 

7 m at Outlet reef and hence out of range of the warm water effluent, hosted 

predominantly Cladocopium (Keshavmurthy et al. 2014). Associating with Durusdinium 

even at background levels may allow corals at Outlet reef to resist bleaching under high 

summer temperature maxima and/or facilitate their capacity to recover from bleaching 

-Pacific coral species 

that live under more stable conditions, tend to host Cladocopium because it is an 

abundant and species-rich Symbiodiniaceae (LaJeunesse et al. 2018) that is not 

associated with the energetic trade-offs of hosting the more thermally tolerant 

Durusdinium (e.g., Jones and Berkelmans 2011). In general, Symbiodiniaceae genera 

associations remained relatively stable over time for each species and reef site (see also 

Epstein et al. 2019). This seasonal stability reflects the fact that temperatures remained 

relatively moderate throughout our study, with no summer mass bleaching observed. 

Symbiodiniaceae genotype fidelity may also be attributed to acclimatization /adaptation 

to reef site characteristics (e.g., Iglesias-Prieto et al. 2004; Howells et al. 2019) and/or to 

a species-specific ‘Symbiodiniaceae signature’ to the host colony (Rouzé et al. 2019).  
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Coral host lipid dynamics  

We assessed coral holobiont lipid dynamics at both sites by monitoring total 

lipids and lipid class composition across seasons. Neither total lipids nor the ratio of 

storage to structural lipids differed between reef sites for any of the three coral species. 

These results contrast partly with those of Carilli et al. (2012), who found higher 

concentrations of triacylglycerol and sterol esters in corals (Porites sp.) from historically 

thermally variable reef sites compared to a thermally stable reef; however, similar to our 

findings, there were no site-based differences in other lipid classes or in overall total 

lipids. Coral larvae (Pocillopora damicornis) from thermally distinct reef locations 

(variable temperature: Nanwan Bay, Taiwan; stable temperature: Moorea, French 

Polynesia) can also show site-specific lipid composition differences and contrasting lipid 

use responses to acute elevated temperature (Rivest et al. 2017). The similarity in 

holobiont lipid composition at both of our study sites may reflect relatively equal energy 

provision capacity (e.g., similar Fv/Fm) between corals in these distinct thermal regimes 

due to the otherwise highly similar conditions (e.g., nutrient levels).  

Contrary to what we predicted there were no clear seasonal trends in total lipids 

for any species at either reef site. There was no consistent decline in lipids in summer 

for any species, nor alternatively was there an increase in coral holobiont lipids (as has 

been correlated with high summer temperature in other studies, e.g., Oku et al. 2003, 

Imbs and Dang 2021). The only significant seasonal variation was in total lipid 

concentration in P. acuta at the thermally variable site, which was lower in summer 2018 

than in all other seasons (except for summer 2019) and higher in fall 2018 than summer 

2019. Relatively lower lipid levels in summer may be due to a reduction in algal symbiont 

density (e.g., and Yakovleva 2012). We did not assess the 

density of algal symbionts in this study; however, we found no obvious paling or 

bleaching in our coral colonies in summer 2018 or 2019. Interestingly, colonies of P. 

acuta at the thermally variable site hosted predominately Durusdinium algal symbionts 

and yet total lipids remained relatively high (especially in fall 2018), even though this 

genus is associated with less efficient energy provision to the host (Jones and 

Berkelmans 2011). A possible explanation for stable lipid concentration at this time could 

be an increase in heterotrophy (Mies et al. 2018), perhaps as a response to hosting a 

less energy efficient algal symbiont, which may have resulted in an energy surplus if 

food resources were abundant. Interestingly, corals that can switch relatively easily from 
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autotrophy to heterotrophy are predicted to fare better under ocean warming since a 

more consistent access to energy provision can be maintained (Conti-Jerpe et al. 2020). 

Although lipid dynamics remained relatively similar between sites and across 

seasons, we did find some interspecific differences. These differences among species in 

some seasons may be due to species-specific rates of lipid use or to varying levels of 

energy allocation to gametogenesis and reproduction (Leuzinger et al. 2003). The coral 

species we assessed have different reproductive strategies: P. acuta (previously 

identified as P. damicornis) is predominantly a brooding species (Yeoh and Dai 2010) 

that reproduces monthly (Fan et al. 2017), while A. nana and P. lutea are broadcast 

spawners that reproduce annually in the spring in southern Taiwan (Dai et al. 1992, 

Huang et al. 2018). Broadcast spawners may show a more pronounced decline in lipids 

after reproduction, which may explain why P. acuta at Outlet reef had more total lipids in 

spring (but also in winter) compared to P. lutea; this was, however, the only interspecific 

difference in total lipids observed in our study. In contrast, interspecific differences in 

storage:structural lipid ratios in some seasons could be a result of differences in capacity 

for physiological responsivity. In Hawaii, Pocillopora sp. were found to respond more to 

abiotic conditions than Porites sp., and P. acuta had the widest physiological niche 

(McLachlan et al. 2021). We observed the most variation in P. acuta lipid dynamics, 

perhaps indicating that this species may be able to fare better under ocean warming 

than other species. 

Using lipids as bioindicators of coral health should be done cautiously because of 

the challenges associated with interpreting/accounting for spatial and temporal variability 

(Rocker et al. 2019). However, the relatively stable lipid dynamics observed in our study 

suggest that it may be appropriate to conservatively interpret large changes in coral 

holobiont lipid concentration as a marker of improvement/deterioration in coral health in 

A. nana, P. acuta, and P. lutea in southern Taiwan. Overall, this study provides 

important baseline data against which coral response to ocean warming and thermal 

anomalies (i.e., marine heatwaves) can be compared. 

Conclusions 

Reef site thermal regime appears to influence coral association with specific 

Symbiodiniaceae genera, with corals at the thermally variable reef hosting more 
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thermally tolerant algal symbionts, but does not appear to affect photosynthetic 

efficiency or holobiont lipid concentration/composition across time. Furthermore, we 

detected no clear evidence of seasonal trends in Symbiodiniaceae or holobiont lipids in 

our study species. Baseline seasonal data under non-stressed conditions are pertinent 

to improve our understanding of energy provision sources relevant to coral thermal 

tolerance (see Lesser 2013 for comprehensive energy budget metrics). Identifying 

typical ranges of normal variability in corals and Symbiodiniaceae physiology, coupled 

with an appreciation of the role that reef characteristics (e.g., thermal regime) play, will 

allow for a better understanding of coral holobiont resistance and resilience in a warming 

ocean. 
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Chapter 3.  
 
Responses to chronic and then acute elevated 
temperature of corals from reefs with distinct thermal 
regimes 

Abstract 

Ocean warming and marine heatwaves caused by climate change are adversely 

affecting the health, structure, and function of coral reefs globally. As seawater 

temperature continues to rise and with the intensity and duration of heat stress events 

expected to increase, it is pertinent to understand the mechanisms driving variability in 

coral thermal tolerance under both chronic and acute warming. We assessed the 

performance of three species of corals, Acropora nana, Pocillopora acuta, and Porites 

lutea, sourced from reefs with distinct thermal regimes (variable vs. stable), when 

exposed to chronic long- -term 

clear species-specific responses, and some differences between reef sites and 

temperature treatments. Surprisingly, despite being perceived as relatively thermally 

sensitive A. nana had the most stable maximum quantum yield (Fv/Fm), consistent 

growth, and the highest survival among the study species. Survival of P. acuta under 

chronic warming showed the clearest site effect among the species compared and was 

lower in coral nubbins sourced from the thermally stable reef than the thermal variable 

reef. The greatest decline in Fv/Fm and minimal growth was found in P. lutea. All coral 

species, regardless of source reef site, experienced substantial bleaching ( -100% of 

all nubbins) upon acute exposure to elevated temperatures. We found that, overall, 

corals were able to tolerate chronic warming above seasonal mean temperatures, but 

summer maxima. Although species traits and reef site conditions can contribute to 

plasticity in coral thermal tolerance, climate change mitigations are needed to reduce the 

likelihood of surpassing the upper thermal thresholds of corals. 
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Introduction  

Climate change is adversely affecting the function of natural systems and the 

sustainability of human livelihoods worldwide (IPCC 2021), with vulnerability, resilience, 

and mitigation potential varying across ecosystems (Malhi et al. 2020). Coral reefs are 

among the most vulnerable tropical marine ecosystems to warming induced by climate 

change (Hoegh-Guldberg and Bruno 2012, Duarte et al. 2020) because the primary 

habitat engineers – corals – are highly sensitive to increases in temperature (Frieler et 

al. 2012). When seawater temperatures exceed normal ranges, corals expel their algal 

symbionts and bleach, and under long-term heat stress, there is a high risk of coral 

mortality due to the absence of their main energy providers (Lesser 2011, Oakley and 

Davy 2018). Increasingly, ocean warming (i.e., chronic gradual increases in seawater 

temperature) and marine heatwaves (i.e., acute high temperature thermal anomalies) 

are resulting in mass coral bleaching events and the loss and degradation of coral reef 

habitats globally (Hughes et al. 2018a, Leggat et al. 2019). The consequential impacts 

on these unique marine ecosystems affect both marine organisms and overall 

ecosystem function (Graham et al. 2007, Hughes et al. 2018b), as well as the provision 

of essential ecosystem services to humans (Cinner et al. 2012, Woodhead et al. 2019).  

Corals can show variable responses to elevated temperatures – from tolerance/ 

acclimatization to bleaching, to mortality or recovery (van Woesik et al. 2012, 

Wooldridge 2014, Sully et al. 2019). Identification of thermally resistant and resilient 

corals is pertinent to better inform reef management and conservation initiatives (e.g., 

triaging protection of less thermally sensitive reefs, Beyer et al. 2018, Hoegh-Guldberg 

et al. 2018), and can update restoration priorities (e.g., constructing bleaching resilient 

coral nurseries, Morikawa and Palumbi 2019). A clearer picture of future reefs (e.g., 

models aimed at predicting coral response and survival under different future emissions 

scenarios, Klein et al. 2021) can also be more effectively formulated by understanding 

the mechanisms and drivers underpinning variability in coral thermal tolerance. Coral 

thermal tolerance is often attributed to species traits (Loya et al. 2001, van Woesik et al. 

2008), life-history strategies (McClanahan et al. 2014, ), the 

composition of the coral holobiont (e.g., Symbiodiniaceae genus, Berkelmans and van 

Oppen ; bacterial community, Ziegler et al. 2017), and abiotic reef site 

characteristics (Camp et al. 2018, Burt et al. 2020). Reef site thermal regime plays an 



 

especially influential role in shaping thermal acclimatization /adaptation potential since 

site conditions affect not just the coral animal, but the entire coral holobiont (Howells et 

al. 2012, Thomas et al. 2018).  

Measuring the thermal tolerance of corals is central to predicting their responses 

to warming, but this is challenging. Bleaching thresholds (i.e., the maximum temperature 

a coral can withstand before bleaching) are commonly used as coarse metrics for 

assessing thermal tolerance. However, they are inherently difficult to define because 

specific upper thermal limits often vary among species and regions (Fitt et al. 2001, 

Voolstra et al. 2020a), can change over time (Coles et al. 2018), and can show 

challenging to reliably compare results between field-based bleaching studies and heat 

stress experiments due to the wide range of methodologies used (Berkelmans 2009, 

Voolstra et al. 2020b). Heat stress experiments investigating coral thermal tolerance 

have used a variety of maximum temperatures, ramping rates, and physiological 

response measurements, and these experiments are typically < 4 days long (McLachlan 

et al. 2020). While these short-term experiments may represent how corals will fare 

under an acute marine heatwave, they may not reflect coral performance under chronic 

elevated temperature (but see Voolstra et al. 2020b for evidence that coral response to 

short-term heat stress experiments is representative of response to long-term 

experiments in Stylophora pistillata).  

The capacity for thermal tolerance in corals under chronic warm temperature is 

likely temporally dynamic with finite limits on duration. With seawater consistently 

warming since the 1970s (Rhein et al. 2013) and marine heatwaves increasing in 

frequency and duration (e.g., the 2014-2017 global-scale coral bleaching event, Eakin et 

al. 2019, Skirving et al. 2019), it is imperative to understand the effects of not only 

chronic warming but also acute temperature anomalies on multiple species of corals. 

Specifically, it would be useful to assess the consistency of ‘good performance’ (i.e., 

evidence of coral growth, survival, and efficient algal photosynthesis) in corals with high 

thermal tolerance, as well as to determine if corals that demonstrate ‘poor performance’ 

under acute heat stress are able to rebound/recover over time.  

 



 

To assess the range of coral responses to chronic elevated temperature we 

exposed three species of corals sourced from two reef sites with distinct daily thermal 

regimes to ambient or warm temperatures for 3 months. This duration is longer than 

most experimental studies and is similar to the degree heating week assessment 

window used by the Coral Reef Watch monitoring program (Skirving et al. 2020). We 

measured photosynthetic efficiency of algal symbionts, and coral growth and survival as 

measures of performance. We predicted that corals sourced from a warmed and 

thermally variable reef site would perform better when exposed to sustained warm 

temperatures than those from a thermally stable reef due to acclimatization/adaptation to 

thermal extremes at the coral’s source reef. We also predicted species-specific thermal 

tolerance would differ due to variation in coral traits linked to thermal resistance. Lastly, 

we predicted that overall coral tolerance to elevated temperature would be limited and 

would wane over time, with coral health decreasing under chronic warming. 

 

Material and Methods 

Study sites  

Corals were collected from reefs with distinctly different daily thermal regimes 

(stable vs. variable) in southern Taiwan (Fig. 3.1). Wanlitung reef is situated on the west 

coast of the Hengchun peninsula and has a relatively stable thermal regime (daily 

temperature variation range ) while Outlet reef is located in 

Nanwan Bay and experiences a highly variable thermal regime (

2) (Fig. B1). The variable thermal regime at Outlet reef is driven by two factors: internal 

tide-induced cool upwelling (Lee et al. 1997; Jan et al. 2004) and chronic warming (~ 40 

years) as a result of exposure to warm water discharge from an adjacent nuclear power 

plant (Hung et al. 1998; Keshavmurthy et al. 2014). The result is lower temperature 

minima, especially in summer, generally higher temperature maxima across all seasons, 

and larger daily temperature ranges at Outlet reef than at Wanlitung reef (Chapter 2). 

Exposure to both historical and current anthropogenic stressors (e.g., tourism, water 

pollution; Meng et al. 2008, Liu et al. 2012, Keshavmurthy et al. 2019) and water 

sites. 
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Figure 3. 1:  Map of southern Taiwan showing the experiment research 
facilities,The National Museum of Marine Biology & Aquarium, and 
the location of the coral collection source reefs: Wanlitung reef (the 
thermally stable site; 21.955°E, 120.766°N) and Outlet reef (the 
thermally variable site; 21.931°E, 120745°N). Taiwan is shown in the 
inset. 

 

Coral collection and fragmentation 

We collected corals from depths of ~1-4 m at Wanlitung and Outlet reefs in 

February 2018 using a hammer and chisel (for Acropora nana and Pocillopora acuta, n = 

10 colonies/site), and a 3-cm diameter coring drill (for Porites lutea, 20 cores/colony; 10 

with the exception of some P. lutea colonies at each site due to sampling constraints. 

Immediately after collection, colonies and cores were transported to the research 

facilities at the National Museum of Marine Biology & Aquarium (NMMBA) and placed in 

a 30 000 L mesocosm tank exposed to shaded ambient light, similar to that of natural 

reef conditions, in a flow-through natural seawater system (temperature, mean ± SD: 

measurements were taken in triplicate for each colony using a diving PAM (Heinz Walz 

GmbH, Germany; settings: saturation pulse intensity = 8, measurement light intensity= 8, 



48 

gain = 4, damp = 2); corals were dark adapted for 30 min prior to Fv/Fm measurements. 

For Acropora nana, these baseline values (mean ± SD) were ± 0.04 (Outlet reef) 

Pocillopora acuta: 0.72 ± 0.03 (Outlet reef) and 

; and for 3 cores/colony of P. lutea: 

eef). 

After 2 weeks of post-collection recovery, Acropora nana and Pocillopora acuta 

colonies were fragmented into nubbins (~3 cm in height) and each mounted onto a 

ceramic tile (2 x 2 cm), and P. lutea cores – hereafter also referred to as nubbins – were 

mounted onto a 3-cm PVC pipe foundation to standardize the height, and therefore 

approximate light exposure, among coral species. Two weeks after 

fragmentation/mounting, coral nubbins were moved into the experimental system. 

Experimental system and temperature treatments 

Coral nubbins were moved into a flow-

tanks (n = 20 tanks), with half of the nubbins from each colony being assigned to either a 

r 12 weeks. The 

species and site (n = 14 nubbins/site for Acropora nana and Pocillopora acuta, and n = 

10 nubbins/site for P. lutea) (see Fig. 3.2 for overview of experimental design). The 

position of nubbins within each tank was randomized every 3 days to mitigate for any 

subtle light distribution differences. Natural seawater in the tank system was sand-

filtered and then run through a 3-tier filtration system (  prior to reaching 

the experiment tanks. Light intensity in each tank was ~200 μmol photons m 2 s 1 

(monitored using a LI-COR PAR sensor; LICOR Biosciences, USA) and the 12h:12h 

light/dark photoperiod from -18:00 approximated local conditions. HOBO pendant 

temperature loggers (UA-002-08, Onset Computer Corporation, Massachusetts, USA) 

recorded seawater temperature in each tank every 10 min over the course of the 12-

week experiment. Water chemistry in each tank and at each source reef was monitored 

according to the methods described in Meng et al. (2008). Water chemistry parameters 

-day biological oxygen demand, nitrite, nitrate, 

ammonia, and phosphate; nutrient analyses were conducted using a flow injection 

analyzer and spectrophotometer (Hitachi model U-3000). 
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Figure 3. 2: Overview of colony collection (sites and species), fragmentation, and 
experimental design.  

Corals were collected in February 2018 from a thermally variable (Outlet reef) and a 
thermally stable (Wanlitung reef) reef in southern Taiwan. Coral nubbins from each 
species (Acropora nana, Pocillopora acuta, and Porites lutea) were exposed to either a 

assessed by measuring algal symbiont photosynthetic efficiency (maximum quantum 

-days; coral performance was 

days of acute elevated temperature. 



 

Maximum quantum yield (Fv/Fm) and coral survival and growth 

Coral performance was assessed at eight timepoints throughout the experiment 

nubbins/colony/site/treatment for Acropora nana and Pocillopora acuta; n = 4 

nubbins/colony/site/treatment for P. lutea). Other nubbins were fixed and frozen for 

future molecular analyses. Fv/Fm was measured as previously described on 

approximately the same position of each nubbin, with photos from previous timepoints 

and the nubbin tile ID tag used as position reference points. The growth of nubbins was 

coarsely assessed by measuring the mass of nubbins monthly (3, 7, and 12 weeks) by 

placing each nubbin in a seawater-filled beaker on a scale (Mettler Toledo, PB3002-S). 

Any algae present on the tile, or the nubbin itself, were removed and the water on the 

nubbin was gently shaken off prior to each measurement. Survival was assessed at 

each of the eight timepoints, based on a visual confirmation of the presence of motile 

polyps. At the end of the experiment (i.e., after 12 weeks), we increased the temperature 

temperature. 

Statistical analyses 

We used a Welch two-sample t-test to test for differences between daily mean 

temperature in the control and heated tanks over the course of the 12-week study. We 

used linear mixed-effects models to assess the influence of temperature treatment on 

each water chemistry parameter (with tank as a random effect to account for repeated 

monthly measurements). Separately for each species, we ran linear mixed-effects 

models (and post-hoc pairwise comparisons) to test the influence of temperature 

treatment, reef site, and time as fixed effects, with nubbin (n = 200 [A. nana and P. 

acuta P. lutea] per timepoint) nested within colony (n =10 per site), in turn nested 

within tank (n = 10 per temperature treatment) included as random effects, on Fv/Fm 

and, separately, on coral mass. To enable clear comparison of short-, mid- and long-

term effects on Fv/Fm and change in coral mass, we included only data from 3 

weeks (for Fv/Fm and mass, respectively), and 12 weeks of experimental temperature 

exposure. To assess survival of coral nubbins, we used a Cox mixed-effects model with 



 

temperature treatment and reef site as fixed effects, with nubbin nested within colony, 

nested within tank as random effects. In cases where no mortality occurred in nubbins 

from a specific site or treatment (and therefore an accurate estimate could not be 

acquired using a Cox-mixed effects approach), we used pairwise log-rank tests to 

compare between reef sites and temperature treatments. All analyses were conducted in 

R (R Core Team, 2021) using the packages: tidyverse (Wickham et al. 2019), lme4 

and Weisberg 201  2020), survival 

(Therneau  2019). 

Results 

Tank conditions: temperature and nutrients 

The heated tanks had a significantly higher temperature than the control tanks 

throughout the experiment (Welch two-sample t-test, t = -98.89, p < 0.001) (Fig. B2). 

There were no significant differences in water chemistry between control and heated 

-day biological oxygen demand, nitrite, nitrate, ammonia, or 

phosphate; linear mixed- ) (Table 3.1).  



 

Table 3. 1: Experiment tank water chemistry in the control (26°C) and heated 
treatment (30°C) over the 12-week study; 5-day biological oxygen 
demand (BOD5), nitrite (NO2

-), nitrate (NO3
-), ammonia (NH3), and 

phosphate (PO4
-), and not detected (nd). 

Timepoint Salinity 
(psu) 

pH BOD5 
(mg/L) 

NO3-

(mg/L) 
NO2-

(mg/L) 
PO4- 

(mg/L) 
NH3

(mg/L) 
Control tanks
Pre-experiment 34.39 ± 0.04 8.07 ± 0.01 0.38 ± 0.14 0.017 ± 0.002 nd 0.006 ± 0.002 0.008 ± 0.001 

Week 2 33.43 ± 0.15 8.14 ± 0.01 1.04 ± 0.32 0.010 ± 0.010 0.003 ± 0.000 0.003 ± 0.000* 0.005 ± 0.002 

Week 6 34.59 ± 0.10 8.05 ± 0.01 0.60 ± 0.16 0.014 ± 0.001 nd 0.003 ± 0.001 0.011 ± 0.002 

Week 12 32.41 ± 0.28 8.02 ± 0.03 0.61 ± 0.10 0.030 ± 0.015 0.002 ± 0.001 0.004 ± 0.001 0.008 ± 0.003 

Mean ± SD 33.54 ± 0.93 8.05 ± 0.05 0.69 ± 0.26 0.016 ± 0.009 0.002 ± 0.001 0.004 ± 0.001 0.009 ± 0.003 

Heated tanks
Pre-experiment 34.37 ± 0.04 8.07 ± 0.01 0.43 ± 0.19 0.018 ± 0.002 0.001 ± 0.000* 0.006 ± 0.002 0.009 ± 0.003 

Week 2 33.16 ± 0.09 8.12 ± 0.01 1.03 ± 0.28 0.006 ± 0.005 0.003 ± 0.000 0.004 ± 0.001* 0.006 ± 0.007 

Week 6 34.22 ± 0.07 8.03 ± 0.02 0.58 ± 0.20 0.013 ± 0.002 0.003 ± 0.002* 0.003 ± 0.001 0.012 ± 0.004 

Week 12 32.41 ± 0.23 7.99 ± 0.02 0.73 ± 0.22 0.028 ± 0.008 0.001 ± 0.001 0.004 ± 0.001 0.008 ± 0.002 

Mean ± SD 33.71 ± 1.00 8.07 ± 0.05 0.66 ± 0.28 0.018 ± 0.008 0.002 ± 0.001 0.004 ± 0.001 0.008 ± 0.003 

Maximum quantum yield (Fv/Fm) 

Overall trends in Fv/Fm varied among species and over time, with intraspecific 

differences being generally similar between sites and temperature treatments (Fig. 3.3A-

C, Fig. B3- Acropora nana nubbins from both sites and temperatures showed a 

decrease in Fv/Fm from the start of the experiment (i.e., 3-day exposure) until the 

-effect model, post-

to 

nubbins sourced from Wanlitung reef at the control temperature which remained lower 

than at the start (t = -4.92, p < 0.001). There was no difference in Fv/Fm of Acropora 

nana nubbins between sites after 3 days of exposure to experimental temperatures (all t 

 0.001). 

Temperature did not affect Fv/Fm at any timepoint in A. nana nubbins sourced from 

Outlet reef, and only affected Wanlitung reef nubbins at the 12-week timepoint with 

nubbins held at control temperature having lower Fv/Fm than those in the heated 

treatment (t = -  



 

Pocillopora acuta nubbins from both sites and temperatures showed a decrease 

0.001; Fig. 3.3B). By the end of the experiment, Fv/Fm in all but one site*temperature 

-

nubbins from Wanlitung reef in the heated treatment, which recovered to initial Fv/Fm 

values (t = 1.92, p = 0.39). In general, Fv/Fm in P. acuta was not affected by site or 

temperature. Notable exceptions include nubbins from Outlet reef in the heated 

treatment having higher Fv/Fm than Wanlitung reef at the start (t = 2.83, p = 0.03), and 

nubbins from Wanlitung reef having lower Fv/Fm in the heated than the control 

temperature at the midpoint of the experiment (t = 4.42, p < 0.001).  

The Fv/Fm of Porites lutea nubbins from both sites and treatments decreased 

f

the end of the experiment, however, Fv/Fm of P. lutea nubbins from Outlet reef had 

04), although 

-

n sites or treatments for any 

 



 

 
Figure 3. 3: Maximum quantum yield (Fv/Fm) of corals sourced from a thermally 

variable (Outlet reef) and thermally stable site (Wanlitung reef), 
exposed to a control (26°C; blue) or heated temperature (30°C; red) 
over a 12-week period.  

(A) Acropora nana, (B) Pocillopora acuta, (C) Porites lutea. Points shown mean Fv/Fm 
P. acuta] or n = 4 [P. lutea] nubbins / colony) sourced 

from 10 colonies per species; errors bars show standard error. 



 

Growth 

Coral growth also varied among species and over time (Fig. 3.4A-C, Fig. B7-

B10). Acropora nana nubbins from both sites and temperatures gained mass from the 

start (week 3) to approximately the midpoint (week 7) of the experiment (linear mixed-

effect model, post- 3.4A), and continued 

to grow until t

nubbins in the control temperature grew more slowly than those in the heated treatment 

nubbins in week 12 (t = -  

Pocillopora acuta nubbins from both sites and temperatures increased in mass 

the control temperature which did not significantly grow between the midpoint and end of 

the experiment (t = 2.33, p = 0.18) (Fig. 3.4B). Reef site and temperature treatment did 

 

Porites lutea nubbins from both reef sites increased in mass from the start to the 

midpoint of the ex

unlike the other two species, did not grow from the midpoint to the end of the experiment 

3.4C). Overall, reef site and temperature did not have a 

signifi

where Wanlitung nubbins sourced from Wanlitung reef had a greater increased in mass 

than those from Outlet reef (Control: t = 2.82, p = 0.04; Heated: t = 2.80, p = 0.04). 
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Figure 3. 4: Change in mass in corals sourced from a thermally variable (Outlet 

reef) and thermally stable site (Wanlitung reef), exposed to a control 
(26°C; blue) or heated temperature (30°C; red) over a 12-week 
period. 

(A) Acropora nana, (B) Pocillopora acuta, (C) Porites lutea. Points shown mean Fv/Fm 
from nubbins (n = 5 [A. nana and P. acuta] or n = 4 [P. lutea] nubbins / colony) sourced 
from 10 colonies per species; errors bars show standard error. 
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Survival 

Trends in survival varied among species and reef sites (Fig. 5A-C; Fig. B11-B13). 

Survival of Acropora nana nubbins was high, with mortality being only observed after 12 

weeks; survival was not affected by site (Log-

the heated 

Pocillopora acuta nubbins from Outlet reef had high survival, with mortality only 

occurring at 12 weeks, whereas mortality for Wanlitung nubbins began at 6 weeks (Fig 

4.5B). Pocillopora acuta nubbins from Outlet reef held in the heated treatment had 

higher survival than those from Wanlitung reef (Cox mixed-effects model, post hoc 

comparisons, z = 2.71, p = 0.03); no difference was found between sites for the control 

temperature (z = 1.48, p = 0.45). Porites lutea nubbins had relatively high survival with 

no mortality occurring until 9 weeks of treatment exposure (Fig 4.5C), after which both 

reef site and treatment temperature affected survival with contrasting patterns observed 

between sites. Survival at Outlet reef was higher at the control temperature, but lower at 

Within site differences followed a similar pattern with nubbins in the control having higher 

survival than those in the heated treatment at Outlet reef, and nubbins at the heated 

0.04).  
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Figure 3. 5: Survival of coral sourced from a thermally variable (Outlet reef) and 

thermally stable site (Wanlitung reef) exposed to a control (26°C; 
blue) or heated treatment (30°C; red) temperatures over a 12-week 
study. 

(A) Acropora nana, (B) Pocillopora acuta, (C) Porites lutea. Shaded areas show 95% 
confidence intervals. 
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Acute elevated temperature response 

Acute exposure to 32°C resulted in substantial bleaching across all coral species 

from both sites (Fig. 3.6A-C). A moderate proportion of nubbins (~ 20%) had bleached 

by Days 2 and 5 at 32°C, with most of the bleaching occurring after Day 5. Pocillopora 

acuta nubbins from Outlet reef that had been held in the control temperature had not 

bleached by Day 5 (Fig 4.6B), nor did any P. lutea nubbins from Wanlitung reef on Day 2 

(however, bleaching had occurred by Day 5) (Fig. 3.6C). By 8 days of exposure to acute 

elevated temperature, ~ 55-100% of coral nubbins from all sites and chronic temperature 

treatments had bleached. In general, the lowest amount of bleaching occurred in A. 

nana nubbins (Fig. 3.6A). Nubbins that had been held at the heated temperature 

experienced relatively higher bleaching that those that had been held at the control 

temperature; however, the opposite trend was found for P. lutea. No statistical analyses 

were conducted on these data due to the relatively small sample sizes. 
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Figure 3. 6: Proportion of coral nubbins that bleached after exposure to 32°C for 8 

days after already being held at a control (26°C; blue) or heated 
treatment (30°C; red) for 12 weeks.  

(A) Acropora nana, (B) Pocillopora acuta, (C) Porites lutea; corals were originally 
sourced from a thermally variable (Outlet reef) or a thermally stable site (Wanlitung reef). 
Sample size at the onset of the acute exposure to 32°C (control; C, heated treatment; 
H): Acropora nana (Outlet reef: C = 25, H = 25; Wanlitung: C = 25, H =25) Pocillopora 
acuta (Outlet reef: C = 20, H = 24; Wanlitung: C = 20, H = 12), and Porites lutea (Outlet 
reef: C = 14, H = 8; Wanlitung: C = 14, H = 20). 
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Discussion 

Our assessment of chronic exposure of corals to heated temperature revealed 

distinct responses among species, with little effect of the reef of origin of the coral 

colonies or of temperature. Photosynthetic efficiency decreased in corals until 

approximately the midpoint of the 12-week experiment, and then for most species, sites, 

and temperature treatments increased until the end of the experiment. Acropora nana 

showed the least and P. lutea showed the greatest change in Fv/Fm over time. All 

species from each site and temperature treatments grew until the midpoint of the 

experiment, after which only A. nana and P. acuta continued to grow until the end of the 

experiment. Survival was highest in A. nana and showed variation between reef sites in 

P. acuta and P. lutea. Despite good to adequate performance under chronic elevated 

temperatures, most nubbins of all coral species, regardless of site or temperature 

treatment, bleached after 8 days of exposure to temperatures beyond their mean 

summer maxima.  

Thermal tolerance and reef site thermal regime  

Contrary to our prediction, Outlet reef nubbins did not generally perform better 

than corals sourced from Wanlitung reef, despite originating from a reef with 

characteristics usually associated with increased thermal tolerance (i.e., natural 

variability combined with artificially warmed thermal history). The only clear exception 

was P. acuta, which showed higher survival under chronic warming in nubbins sourced 

from Outlet reef compared to Wanlitung reef. The higher survival of P. acuta nubbins 

from Outlet reef may be a result of these colonies hosting a more thermally tolerant 

genus as their dominant algal symbiont (Durusdinum), as opposed to the more thermally 

sensitive genus, Cladocopium, dominantly hosted by P. acuta colonies at Wanlitung reef 

(Keshvamurthy et al. 2019, Chapter 2). In contrast, P. lutea at both sites and A. nana at 

Wanlitung reef are known to harbour Cladocopium as their dominant algal symbiont; A. 

nana at Outlet reef show more variation, with some colonies predominantly hosting 

Durusdinum and others predominantly hosting Cladocopium (Chapter 2). Potential 

similarity in algal symbiont genus may explain the lack of site-specific survival trends in 

A. nana. Interestingly, A. nana from Outlet reef did have higher Fv/Fm than conspecific 

nubbins from Wanlitung reef from the midpoint of the experiment onwards, but this did 
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not result in site-specific differences in growth. The contrasting reef site survival patterns 

(observed for both temperatures) in P. lutea was somewhat surprising and may be a 

result of differences in other coral holobiont components not assessed in this study (e.g., 

bacterial community).   

The commonly held notion that exposure to temperature variability increases 

coral thermal tolerance (e.g., Oliver and Palumbi 2011, Safaie et al. 2018) has been 

challenged recently by studies showing the opposite (e.g., Klepac and Barshis 2020). It 

may be that the capacity for coral thermal tolerance at some variable sites has reached 

an upper threshold whereby further acclimatization and plasticity are limited. Elucidating 

the effect of reef conditions on the coral holobiont (e.g., Speare et al. 2020), and how 

this may vary among coral species, will likely allow us to go beyond a simple 

characterization of tolerance based on overall thermal regime, towards a more specific 

identification of how acclimatization potential is shaped by reef site characteristics. 

Species-specific responses 

Our results partially support the prediction that coral responses to elevated 

temperature would vary among species, although unexpectedly intra-specific responses 

to the heated temperature generally mirrored the control treatment. Corals in the family 

Acroporidae are traditionally thought to be sensitive warming (Marshall and Baird 2000, 

Loya et al. 2001), yet in our experiment A. nana nubbins generally maintained normal 

Fv/Fm levels, grew consistently over time and faster at higher temperature, and had high 

survival. This surprisingly good performance may be related to the depth of colony 

collection sites and/or the relatively moderate light conditions used in our experiment. 

Although all coral species were collected within a depth range of 1-4 m, colonies of A. 

nana were typically found at < 2 m, whereas P. acuta and P. lutea were predominately 

collected between 2-4 m. This slight depth difference arose because of colony 

availability but was not anticipated to affect interspecific comparisons since water 

temperature at reef sites is relatively constant from the surface to ~ 4 m owing to mixing; 

temperature at Outlet reef, however, is known to be cooler at depths < 5m due to a 

reduced influence of the nuclear power plant warming; Keshavmurthy et al. 2012. 

However, in addition to potential acclimatization to microhabitat conditions (e.g., Anthony 

and Hoegh-Guldberg 2003, Voolstra et al. 2020b), A. nana colonies may have been 
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regularly exposed to subtly higher light levels than other species; in-situ light levels were 

not specifically monitored in this study. Since light and temperature are both known to 

contribute to coral bleaching (Berkelmans 2009), it is possible that the heated treatment 

temperature in our experiment was not sufficient to elicit a stress response in A. nana 

nubbins, particularly in the absence of high irradiance. Further investigation into 

microhabitat contribution to thermal tolerance (e.g., Hoogenboom et al. 2017) may 

reveal subtle mechanisms of coral resistance and resilience to warming.  

In contrast to the relatively consistent performance of A. nana, more variable 

trends over time were observed (under both control and heated temperatures) for P. 

acuta and P. lutea. Both species showed a more dramatic decline in Fv/Fm until the 

midpoint of the experiment than A. nana. This, coupled with the subsequent general 

increase in Fv/Fm, suggests that algal symbiont photoacclimation (Hennige et al. 2008, 

Díaz-Almeyda et al. 2017) to experiment conditions in these species may have a lagged 

capacity. Similar to Acroporidae, corals in the family Pocilloporidae are generally 

considered to be sensitive to ocean warming (Hueerkamp et al. 2001, Loya et al. 2001), 

but in our study only P. acuta from Wanlitung reef had low survival under heated 

temperatures. Interestingly, P. acuta can also show high adaptability to a range of 

environments conditions (e.g., Poquita-Du et al. 2019), and this may explain the better 

performance of P. acuta nubbins that were already adapted to the variable/extreme 

temperatures at Outlet reef. In contrast, corals in the family Poritidae typically 

demonstrate high resistance to bleaching under elevated temperatures (Loya et al. 

2001, Mizerek et al. 2018, but see van Woesik et al. 2011 for description of diminished 

thermal tolerance in the long term), with their thermal tolerance often being attributed to 

their thick tissues. It was therefore surprising that under both control and heated 

temperatures, P. lutea nubbins performed relatively poorly (i.e., large decrease in Fv/Fm 

and minimal growth over time). A main difference between P. lutea and the other two 

species was the collection method (i.e., coring rather than whole colony collection). It is 

possible that despite 4 weeks passing between collection and the start of the 

experiment, P. lutea nubbins may have not recovered from initial collection stress; this 

may also be a potential explanation for the unexpected and contrasting site survival 

differences observed.  
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Chronic vs. acute exposure to elevated temperature  

Contrary to our prediction that coral thermal tolerance would wane over time, we 

found that in general corals exposed to chronic warm temperatures performed as well as 

those exposed to a control temperature. Good to adequate performance under chronic 

exposure to temperatures above seasonal means (see Fig. B1 for in situ temperatures 

during the experiment period) suggests that bleaching thresholds for these corals, 

seemingly regardless of season, likely surpass mean summer maxima (June-August 

2018 maxima: Outlet: 30.42 ± 1.35°C; Wanlitung: 29.68 ± 0.85°C; Chapter 2).  

Acute exposure to temperatures surpassing mean summer maxima, however, 

quickly resulted in substantial bleaching across all species and sites, particularly after 8 

days of exposure. Evensen et al. (2021) found similar results in Stylophora pistillata from 

the Arabian/Persian Gulf, whereby corals could perform well when exposed (both 

chronically and acutely) to temperatures up to 5°C higher than maximum monthly 

temperatures, but that this tolerance showed a distinct upper limit with rapid tissue 

necrosis and mortality occurring at ~32-34.5°C. In contrast, Schoepf et al. (2015) found 

that corals in the Kimberly region of Australia, which experience some of the most 

extreme and variable abiotic conditions (e.g., wide daily fluctuations temperature, acute 

aerial exposure, and high turbidity), bleached after exposure to temperatures only 1°C 

higher than their maximum monthly mean. Interestingly, P. damicornis from southern 

Taiwan (Houwan reef; a stable thermal regime) can acclimate (e.g., grow and maintain 

efficient algal photosynthesis) to temperatures higher than mean summer maxima 

(experimental exposure to 32°C [~ 2°C higher than mean summer maxima] for 1 month) 

if given regular, short-term thermal reprieve (i.e., temperature reduced to 27°C at night), 

but when continuously exposed to high temperatures (i.e., 31.5°C), corals showed high 

levels of bleaching within 2 weeks (Mayfield et al. 2013). These studies, and ours, show 

a breadth of thermal tolerance, both temporally and spatially, that provides mild optimism 

for the ability of some corals to withstand the challenges of ocean warming and marine 

heatwaves, but likely only under a scenario in which global temperature rise can be 

sustained to well below 2°C above pre-industrial averages (Frieler et al. 2012, Hoegh-

Guldberg et al. 2019). 
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Challenges associated with long-term multi-species lab experiments    

In an effort to standardize our experiment across multiple species of corals, we 

may have inadvertently confounded some results by (1) not feeding corals during the 

experiment and (2) using a single and constant light level in our tanks. Since 

scleractinian corals can meet most of their energy needs via their association with 

Symbiodiniaceae (Yellowlees et al. 2008, Oakley and Davy 2018) and show variable 

capacity for heterotrophic feeding (Conti-Jerpe et al. 2020), we opted to not provide 

corals with supplementary food (i.e., food was only available opportunistically from the 

flow-through system seawater). Some of the interspecific differences in responses to 

warming might therefore not only reflect the temperature treatments imposed on the 

coral and its symbionts but also the relative importance of photosynthesis and 

heterotrophic feeding, which can differ among coral species (Ferrier-Pagès et al. 2011). 

In addition, the trend of decreasing Fv/Fm followed by an increase after the experiment 

midpoint (but not in P. lutea sourced from Wanlitung) may be a result of acclimation to a 

constant, rather than natural daily fluctuating, light regime. In contrast to the temporal 

Fv/Fm pattern we observed, P. acuta nubbins also sourced from Outlet reef and held in 

a recirculating aquaculture system for 140 days under similar light level and photoperiod 

as that used in our study, had relatively consistent Fv/Fm up until ~84 days and then 

showed a decreasing trend (Huang et al. 2020). 

Recognition of the need for a standardized approach to conduct/report findings of 

coral heat stress experiments (McLachlan et al. 2020, Grottoli et al. 2021), and practical 

methods of such standardization in action (e.g., the Coral Bleaching Automated Stress 

System, Voolstra et al. 2020b), have recently gained momentum. This no doubt paves 

the way for improved comparisons of coral thermal tolerance among species and 

regions. In the context of long-term experiments, however, we advocate somewhat 

oxymoronically for a ‘customized standardization’ approach, whereby baseline needs of 

each coral species are met (e.g., species-specific requirements for food and light). This 

approach, albeit more logistically laborious, would more realistically reveal temperature-

specific responses among different species, and avoid the potential pitfalls of a ‘one-

size-fits-all’ approach to multi-species lab experiments. 
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Conclusions 

We demonstrate that three species of corals from sites with distinct thermal 

regimes in southern Taiwan can perform relatively well at temperatures above their 

seasonal means. A high proportion of all corals, however, regardless of species or site, 

bleached after exposure to temperatures ~2°C above their mean summer maxima. 

Robust identification of nuanced thermal thresholds (Kumagai and Yamano 2018, 

DeCarlo 2020), coupled with novel manipulations aimed at enhancing these thresholds 

(e.g., assisted evolution, van Oppen et al. 2015), contribute to our understanding and 

ability to aid coral in a warming ocean. Yet, reduction and mitigation of emissions driving 

climate change is necessary for persistence of coral reefs (Hughes et al. 2017, Kleypas 

et al. 2021), particularly given grim projections for the future of coral reefs (Leggat et al. 

2019, IPCC 2021), even under some of the most optimistic perspectives (Duarte et al. 

2020). 
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Chapter 4.  
 
Effects of thermal conditioning on the performance 
of Pocillopora acuta adult coral colonies and their 
offspring1 

Abstract 

Ocean warming induced by climate change is the greatest threat to the persistence of 

coral reefs globally. Given the current rate of ocean warming, there may not be sufficient 

time for natural acclimatization or adaptation by corals. This urgency has led to the 

exploration of active management techniques aimed at enhancing thermal tolerance in 

corals. Here, we test the capacity for transgenerational acclimation in the reef-building 

coral Pocillopora acuta as a means of increasing offspring performance in warmer 

waters. We exposed coral colonies from a reef influenced by intermittent upwelling and 

constant warm-water effluent from a nuclear power plant to temperatures that matched 

(26°C) or exceeded (29.5°C) season-specific mean temperatures for three reproductive 

cycles; offspring were allowed to settle and grow at both temperatures. Heated colonies 

reproduced significantly earlier in the lunar cycle and produced fewer and smaller 

planulae. Recruitment was lower at the heated recruitment temperature regardless of 

parent treatment. Recruit survival did not differ based on parent or recruitment 

temperature. Recruits from heated parents were smaller and had lower maximum 

quantum yield (Fv/Fm), a measurement of symbiont photochemical performance. We 

found no direct evidence that thermal conditioning of adult P. acuta corals improves 

offspring performance in warmer water; however, chronic exposure of parent colonies to 

warmer temperatures at the source reef site may have limited transgenerational 

acclimation capacity. The extent to which coral response to this active management 

approach might vary across species and sites remains unclear and merits further 

investigation.   

1 A version of this chapter has been published as McRae CJ, Huang WB, Fan TY, Côté 
IM (2021) Effects of thermal conditioning on the performance of Pocillopora acuta adult 
coral colonies and their offspring. Coral Reefs [https://doi.org/10.1007/s00338-021-
02123-9] 
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Introduction  

Coral reefs have declined dramatically over the past several decades (Bellwood 

et al. 2004; Bruno and Selig 2007, Hughes et al. 2017a). This is of concern because 

coral reefs harbour high biodiversity (Côté and Knowlton 2013) and provide critical 

ecosystem services to millions of people globally (Woodhead et al. 2019). The many 

drivers of coral decline include a range of natural (e.g., disease, storms) and human-

induced (e.g., pollution, fishing) local stressors (Nyström et al. 2000, Burke et al. 2011). 

But it is chronic ocean warming and acute thermal anomalies induced by climate change 

that pose the greatest threat to the persistence of corals (Hoegh-Guldberg et al. 2007, 

Carpenter et al. 2008, Hoegh-Guldberg et al. 2017, Hughes et al. 2017b).  

Corals are sensitive to warming; even small increases in ocean temperature can 

result in substantial physiological changes in these habitat-forming species. For 

example, increased water temperature can alter reproductive timing (Crowder et al. 

2014, Fan et al. 2017), fertilization/embryogenesis (Negri et al. 2007, Albright and 

Mason 2013), larval physiology (Putnam et al. 2010, Edmunds et al. 2011), pelagic 

dispersal (Heyward and Negri 2010; Figueiredo et al. 2014), growth (Edmunds 2008; 

Cantin et al. 2010), and survival of corals (Randall and Szmant 2009, McManus et al. 

2019). Mean global sea surface temperature has already risen by 1°C since pre-

industrial levels, mostly in the past 50 years, and additional warming of ~1-4°C is 

expected by 2100 (IPCC 2019). A temperature increase of this nature will surpass the 

physiological thermal limits of many coral species, leading to coral bleaching and 

mortality (Hoegh-Guldberg 1999, Frieler et al. 2013). Mass coral bleaching events, which 

have occurred episodically at a global scale since 1998 (Wilkinson 1998), are now 

occurring with increased frequency and magnitude (Hughes et al. 2018, Eakin et al. 

2019, IPCC 2019).  

The extent to which climate change-induced warming will affect corals in the 

short term rests primarily on the corals’ capacity to withstand, and potentially adapt to, 

warming conditions. Coral thermal tolerance is highly variable (Fitt et al. 2001). There 

are a wide range of temperature thresholds observed across species and reef sites 

(Loya et al. 2001, Oliver and Palumbi 2011, van Woesik et al. 2011), and the 

mechanisms and duration of these tolerances are diverse and dynamic (Brown et al. 

2014, Carballo-Bolaños et al. 2020).  For example, corals from warmer (Howells et al. 
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2016a) or thermally variable reefs (Safaie et al. 2018), and species possessing specific 

traits (e.g., thick tissues, Putnam et al. 2017) or a high capacity for heterotrophic feeding 

(Grottoli et al. 2006) can show higher resistance and/or resilience to higher 

temperatures. Tolerance, however, is not static; coral species that were ‘winners’ in the 

past can become ‘losers’ under subsequent heat stress events (Grottoli et al. 2014), and 

corals thought to be thermally sensitive can acclimate relatively quickly (~2 years) when 

translocated to a thermally variable reef (Palumbi et al. 2014). This fluidity in thermal 

tolerance provides a glimmer of hope for corals: a high plasticity that might lead to 

acclimatization or adaptation to a warming ocean. By better understanding the 

mechanisms underlying plasticity in thermal tolerance, scientists and managers may be 

able to harness this capacity and actively enhance coral resistance and resilience.  

One proposed management approach focused on coral thermal tolerance is 

assisted evolution (van Oppen et al. 2015). Since the current rate of ocean warming is 

greater than what corals have experienced in the past (Pandolfi et al. 2011), there is 

concern that corals will not be able to adapt quickly enough to match the pace of 

environmental change (Hoegh-Guldberg et al. 2007, Matz et al. 2018, van Oppen et al. 

2017). Assisted evolution aims to give corals a ‘helping hand’ by speeding up natural 

acclimatization and adaptation processes, thereby actively increasing coral resistance 

and resilience to ocean warming (van Oppen et al. 2015). One potential means of 

accomplishing this is through thermal preconditioning of adult coral colonies to trigger an 

epigenetic response that could increase the thermal tolerance of their offspring – a 

process variably referred to as transgenerational acclimation (van Oppen et al. 2015), 

transgenerational transfer (Ho and Burggren 2010), transgenerational plasticity (Torda et 

al. 2017, Donelson et al. 2018), or cross- and multigenerational plasticity (Bryne et al. 

2020). Although a wide range of organisms have been the focus of transgenerational 

acclimation studies (Ho and Burggren 2010, Bryne et al. 2020), corals remain relatively 

understudied. Putnam and Gates (2015) first showed that preconditioning of adult coral 

colonies to increased temperature and pCO2 could lead to metabolic acclimation in 

offspring. Subsequently, there have been few studies that explore the potential of this 

new technique as a means of mitigating coral decline in the face of climate change (but 

see Bellworthy et al. 2019; Putnam et al. 2020). Likely explanations for the paucity of 

transgenerational acclimation studies on corals include the temporal, logistical, and 

financial challenges of assessing multi-generational effects on relatively long-lived 
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species. Simplifying the process of transgenerational acclimation might therefore provide 

a useful tool both to assess the extent of benefits to corals and to implement it for 

management purposes. 

Here, we used a relatively simple, low-tech approach to assess the outcomes of 

transgenerational acclimation, which considers ecological rather than molecular or 

genetic metrics of ‘success’. Specifically, we asked whether thermal preconditioning of 

adult colonies of the reef-building coral Pocillopora acuta provides a benefit to offspring 

when the latter are subsequently exposed to high temperature. Pocillopora acuta is a 

hermaphroditic species with a mixed, yet predominately brooding, reproductive strategy, 

with larvae produced both asexually and sexually (Yeoh and Dai 2010, Smith et al. 

2019). We examined the influence of adult conditioning across three critical coral life-

history stages: reproduction, recruitment, and recruit performance, and assessed 

ecological metrics that are easily measured such as larval abundance, survival, size, 

and symbiont photochemical performance.  

 

Materials and Methods 

Study site and coral collection 

We collected 24 colonies of P. acuta (diameter, mean ± SD: 13.56 ± 2.2 cm) 

(Kenting National Park collection permit #: 1050002277) in February 2017 from depths 

of 3-5 m at Outlet reef, a fringing reef in Nanwan Bay, southern Taiwan (Fig. C1). Outlet 

reef is situated near Taiwan’s 3rd nuclear power plant and, consequently, experiences 

summer temperatures that are typically ~2-3°C warmer than the surrounding reefs in the 

region (Keshavmurthy et al. 2012). Despite widespread bleaching after the construction 

and initial operation of the nuclear plant in the late 1980s (Hung et al. 1998), corals in 

the area have recovered, albeit with a change in community composition (Keshavmurthy 

et al. 2014). In addition to the warming influence of the nuclear plant effluent, Outlet reef 

can experience substantial fluctuations in daily temperature (typically ± 2-3°C, but a drop 

of up to 10°C has been recorded) due to internal tide-induced upwelling in Nanwan Bay 

(Lee et al. 1997, Jan et al. 2004).  
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Collected coral colonies were immediately transported to the research center at 

the nearby National Museum of Marine Biology and Aquarium (NMMBA) and held in a 

recovery tank for 7 days where they were monitored for signs of bleaching and disease. 

Colonies were held in a semi-enclosed outdoor area exposed to ambient light, partly 

shaded to approximate conditions at the collection site; water temperature (25.1°C ± 0.7) 

was similar to that experienced at Outlet reef (25.4°C ± 0.5 in February 2017). Seawater 

in the flow-through recovery system was sand-filtered and sourced offshore from 

NMMBA. 

Experimental system and parental treatments  

Coral colonies were moved into individual 14-L tanks, in an indoor flow-through 

4.1B). Tanks were lit with LED lights 

(ComboRay G2; Illumagic, Taiwan), with a light intensity of ~200 μmol quanta m 2 s 1 

(measured using a LI-COR PAR sensor; LICOR Biosciences, USA) on a 12h:12h 

light/dark photoperiod with light exposure from 06:00-18:00, which was similar to natural 

daylight hours. Sand-filtered seawater ran through an additional 3-tier filtration unit (100, 

26°C throughout the experiment. Colonies were fed a commercial feed (Coral Frenzy) 

three times a week.  

We randomly assigned colonies to either a control group (26.2°C ± 0.4; n = 12) or 

a heated group (29.7°C ± 0.3; n = 12; Fig. 4.1A). The control temperature was 

representative of the spring temperature at Outlet reef (March - May 2017, mean ± SD: 

26.7°C ± 1.2), and the heated temperature was purposely set at a temperature above 

any experienced in spring but slightly below summer mean temperature at Outlet reef 

(July - August 2017, mean ± SD: 30.1 ± 1.1) (Fig. C2). Heated tank temperature was 

controlled in each tank with a 150W heater; temperature was increased from 26°C to 

29.5°C (rate: + 0.5°C / 12 h) over the course of 3 days. We measured colony maximum 

quantum yield (Fv/Fm), which estimates quantum efficiency of photosystem II, i.e. a, 

measurement of symbiont photochemical performance (Iglesias-Prieto et al. 1992, Jones 

et al. 2000), every two weeks with a diving PAM (Heinz Walz GmbH, Germany; settings: 

saturation pulse intensity = 8, measurement light intensity= 8, gain = 2, damp = 2). Prior 

to Fv/Fm measurements, colonies were dark adapted for 30 min and 3 replicate 

measurements were taken on each colony. Temperature was recorded every 10 min 
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with HOBO pendant temperature loggers; each colony tank had its own logger (UA-002-

08, Onset Computer Corporation, USA) (Fig. C3).  

 

 

Figure 4. 1: Overview of experimental design.  
Reproductive timing and planulae production of colonies in control (26°C) and heated 
(29.5°C) treatments were monitored daily across three reproductive cycles (March to 
May 2017). Planulae size and maximum quantum yield (Fv/Fm) were measured 
independently across the 4 peak days of reproduction each month. In April and May, 
planulae were pooled based on parent temperature separately for each of the 4 peak 
days of reproduction and settled at either 26°C or 29.5°C where they grew as recruits. 
(A) schematic of experimental design; (B) colonies within a flow-through system for the 
collection of planulae; (C) newly released planulae; (D) recruitment containers used for 
the first week of planula recruitment; (E) newly settled recruits on a conditioned tile; (F) 
recruit ~1-week post recruitment; (G) recruits ~3-weeks post recruitment; (h) tiles with 
recruits held within a recruitment tank. 
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Reproduction and planulae measurements 

-mesh cup to 

facilitate the collection of coral larvae (hereafter referred to as planulae). We counted the 

planulae released from each colony daily at ~09:00 for three reproductive cycles (March, 

April, and May 2017). Any planula that had settled on the tank or was swimming in the 

tank (i.e., had not passed into the collection cup) was counted and included in the daily 

total enumeration for each colony; tanks were scrubbed each day post-counts to ensure 

accuracy across days. The majority (>80%) of planulae, however, were collected via the 

collection cup. We measured planula length and Fv/Fm daily during the four treatment-

specific peak days of release for each reproductive cycle; we focussed solely on peak 

release days because planulae size, respiration rates, and susceptibility to stressors are 

known to differ across the larval release period (Cumbo et al. 2012, 2013). More than 

two-thirds (71.8% ± 12.9%) of all planulae produced were released each month on these 

peak days (Table C1). Planula length (n = 10 planulae/colony) was measured under a 

dissecting microscope. We measured only larvae that were elongate and swimming to 

standardise developmental stage. Fv/Fm was assessed using a diving PAM (settings: 

saturation pulse intensity = 11, measurement light intensity= 11, gain = 8, damp = 2). 

Planulae were pooled across colonies based on parent temperature, separately for each 

of the four peak release days, and dark adapted for 30 min. Ten independent Fv/Fm 

measurements, each containing ~15 planulae, were then taken for each temperature 

treatment group on each of the four days of peak larval release. To do this, we attached 

a small flexible plastic pipe extension (~1 cm in length) to the end of the diving PAM 

cable, held the cable upright, and placed planulae within this pipe extension for each 

independent measurement. We did not assess whether planulae were the product of 

sexual or asexual reproduction.  

Recruitment, survival, and growth 

To examine the recruitment, survival, and growth of coral recruits, we again 

pooled planulae based on parent temperature (treatment pools comprised approximately 

the same number of planulae from each colony), separately for each of the four peak 

release days of the April and (separately) May reproductive cycles. For each peak day, 

pooled planulae from each parent treatment were divided evenly across 12 recruitment 

containers (with n = 30 and n = 40 planulae/container for April and May, respectively, 
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across a total of 24 containers). For each parent treatment container set, six of the 

containers were assigned randomly to one of six 26°C recruitment tanks (60 L), and the 

remaining six containers were assigned to one of the six 29.5°C recruitment tanks. Thus, 

each recruitment tank held one planula container from each parent temperature–peak 

release day combination (i.e., 8 containers; see Fig. 4.1A for experimental design 

overview). The same recruitment container arrangement was used for both April and 

May recruitment; each recruitment month used independent recruitment tanks (n = 12 

recruitment tanks/month). 

In each container (volume = 540 cm3), we placed one ceramic tile (7 x 7 cm) that 

had been pre-conditioned for 1 month in a tank rich in crustose coralline algae to 

facilitate coral recruitment (i.e., planulae attachment to the tile). The plastic containers 

4.1D). Recruitment 

on each tile was recorded daily for one week, after which the tiles were removed from 

the recruitment containers and placed directly within the recruitment tanks. Recruit 

survival, growth, and Fv/Fm were then monitored 1, 3, 7, and 9 weeks post-recruitment. 

A recruit was considered dead if it had bleached completely and no polyp was visible 

under the microscope. Growth was assessed based on changes in recruit diameter, 

measured under a dissecting microscope (magnification = 10x), over the course of the 

experiment. Recruit position was mapped on each tile and each recruit was assigned an 

individual number to ensure identification over time. Recruits that settled on the edge of 

the tile were not included in our analyses because it was not possible to measure their 

size accurately; this was the case for ~5% of settled recruits. Fv/Fm of individual recruits 

was measured using a diving PAM (settings: saturation pulse intensity = 11, 

measurement light intensity= 11, gain = 8, damp = 2) after careful removal of any 

surrounding algae; recruits were dark adapted for 30 minutes prior to measurement. 

Recruits were fed a commercial feed (Coral Frenzy) three times a week. 

Statistical analyses  

We used Rayleigh tests to assess the daily distribution of planulae release for 

each of the three reproductive cycles. Watson’s tests were used to investigate 

differences in reproductive timing between treatments each month. We used generalized 

linear models to assess (1) the effects of parent temperature treatment and colony size 

on the number of planulae released for each reproductive cycle (with a Poisson 
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distribution), and (2) the effect of parent temperature on planulae Fv/Fm. We used linear 

mixed-effects models to assess (1) the effect of treatment temperature over time on 

colony Fv/Fm (with colony as a random effect),  (2) the effect of parent treatment 

temperature on planulae size each month (with colony as a random effect), and (3) the 

effect of parent temperature and recruitment temperature (and their interaction) over 

time on recruitment, growth, and Fv/Fm of recruits (with tile [n = 96/month] nested within 

recruitment tank [n = 12 tanks/month] as random effects; recruitment analyses only used 

tank as a random effect). Recruit survival was assessed using Cox mixed-effects models 

with tile nested within recruitment tank as random effects. All analyses were done in R 

(R Core Team, 2019) using the packages circular (Agostinelli and Lund 2017), car (Fox 

and Weisberg 2019), lme4 (Bates et al. 2015), lmerTest (Kuznetsova et al. 2017), 

MuMIn (Barton 2009), survival (Therneau 2015), survminer (Kassambara et al. 2019), 

and coxme (Therneau 2020). 

 

Results 

Colony reproductive timing and planula abundance 

The cumulative duration of exposure of coral parent colonies to temperature 

treatments at the onset of each reproductive cycle was approximately 5 days (Month 1; 

March), 30 days (Month 2: April), and 60 days (Month 3: May). There was a unimodal 

distribution of planula release within both temperature treatments for all months 

(Rayleigh tests, p < 0.001) (Table 4.1; Fig. C4). There was no difference in reproductive 

timing between temperature treatments in March; however, in April and May, colonies 

held at 29.5°C released planulae significantly earlier in the lunar cycle (Watson’s tests, 

April: F = 0.63, p < 0.001; May: F = 0.94, p < 0.001) (Fig 4.2a, Table 4.1).  For colonies 

held at 26°C (control), there was no difference in reproductive timing between March and 

May, but planulae were released earlier in the lunar cycle in April (compared to March 

and May) (Table C2). For colonies held at 29.5°C, planulae were released earlier in the 

lunar cycle in April and May (compared to March), but there was no difference in timing 

between April and May (Table C2).  

 



83 

Table 4. 1: Timing of planula release by Pocillopora acuta from March to May 2017.  
Timing converted to mean angle in circular distributions (see Fig. C4), and results of 
Rayleigh tests for uniformity of distribution and Watson’s tests for homogeneity of 
reproductive timing by coral colonies held at either 26°C or 29.5°C. Sample size is 11 for 
the control treatment in April and May due to the death of one colony. Lunar day 1 refers 
to the new moon. 

Treatment N Mean 
angle 

Mean lunar  
day 

Rayleigh test 
r 

  
 
P-value 

Watson’s 
test 
F 

  
 
P-value 

March              
26°C 
29.5°C 

12 
12 

116 
89 

9.34 
7.17 

0.84 
0.87 

<0.001 
<0.001 

0.18 >0.05 

April              
26°C 
29.5°C 

11 
12 

90 
48 

7.25 
3.87 

0.74 
0.88 

<0.001 
<0.001 

0.63 <0.001 

May              
26°C 
29.5°C 

11 
12 

98 
44 

7.89 
3.54 

0.82 
0.82 

<0.001 
<0.001 

0.94 <0.001 
  

Colonies in the heated treatment released fewer planulae than control colonies in 

March and April (mean ± SE, March: control 571 ± 103, heated: 516 ± 79, April: control 

1160 ± 173, heated: 671 ± 173; generalized linear model, March: z = -6.59, p < 0.001; 

April: z = -36.85, p < 0.001), but produced more in May (mean ± SE, May: control 693 ± 

223, heated: 908 ± 278; generalized linear model, z = 12.24, p < 0.001) (Fig. 4.2B; Table 

C3). Greater reproduction in May appears to be due to one colony in the heated 

treatment that produced ~3400 planulae, much higher than the average for other 

colonies in the same treatment. When this outlier colony was removed from the May 

analysis, colonies in the control treatment produced more planulae (mean ± SE, control 

756 ± 225, heated:  678 ± 172; generalized linear model, z = -6.90, p < 0.001; Table C3). 

Colony size had a significant effect on the number of planulae released across all 

months, whereby larger colonies produced more planulae (generalized linear models, 

March: z = 21.13, p < 0.001; April: z = 30.75, p < 0.001; May: z = 6.26, p < 0.001; May 

with outlier removed: z = 2.30, p = 0.003) (Fig. C5; Table C3). There was no difference 

in colony diameter between treatments (mean ± SE; 26°C: 13.50 cm ± 0.59 cm, 29.5°C: 

13.62 cm ± 0.65 cm; Mann-Whitney test, W = 82.5, p = 0.56). Colonies in the heated 

treatment had lower Fv/Fm (linear mixed-effects model, t = -3.07, p = 0.006), and Fv/Fm 

decreased over time in both treatments (linear mixed-effects model, t = -9.37, p < 0.001) 

(Fig. 4.2C; Table C4). 
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Figure 4. 2: Response of adult Pocillopora acuta coral colonies held within control 

(26°C; blue) and heated (29.5°C; red) treatments across three 
reproductive cycles (March to May 2017). 

(A) Total number of planulae released in each month across all colonies in each 
treatment for each day of the experiment; (B) mean number of planulae released per 
colony each month; (C) colony maximum quantum yield (Fv/Fm). No data are available 
for March due to equipment malfunction. The line in the boxplots shows the median 
value, and the bottom and top of the box represent the 25th and 75th quartile ranges 
respectively. Asterisks indicate significant differences between parental temperature 
treatments. 
 
 

Planula size, Fv/Fm, and recruitment 

In March, there was no difference in the size of planulae released by adult corals 

held at either temperature (linear mixed-effects model p > 0.05; Table C5). However, in 

both April and May, planulae released by adults held at 29.5°C were significantly smaller 

than those released from colonies at 26°C (linear mixed-effects models, April: t = -2.77, 

p = 0.013; May: t = -5.71, p < 0.001) (Fig. 4.3B; Table C5). The incorporation of colony 

as a random effect in the planulae size models increased the R2 value by 0.16 (March), 

0.12 (April), and 0.11(May), indicating a parental colony effect. There was no difference 

A 

CB
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in Fv/Fm between planulae released by adults under different temperature treatments 

(generalized linear models, April: p > 0.05; May: p > 0.05; Fig. 4.3B; Table C6). After 6 

days post-release, the proportion of planulae that settled did not differ based on parent 

treatment temperature (for either recruitment month), but was lower in the heated 

recruitment tanks in April (linear mixed-effects models, t = -2.35, p = 0.026) (Fig. C6, 

Table C7).  

 
Figure 4. 3: Response of Pocillopora acuta planulae released from colonies held 

within control (26°C; blue) and heated (29.5°C; red) treatments 
across three reproductive cycles (March to May 2017). 

(A) Mean length of planulae. Asterisks indicate significant differences between parental 
temperature treatments; (B) Mean maximum quantum yield of planulae (Fv/Fm); no data 
are available for March due to equipment malfunction. The line in the boxplots shows the 
median value, and the bottom and top of the box represent the 25th and 75th quartile 
ranges respectively. 
 

Recruit survival, size, and Fv/Fm 

Recruit survival did not differ based on parent or recruitment temperature in April. 

In May, however, survival of recruits sourced from adults held at 29.5°C was lower when 

they settled at 29.5°C than when they settled at the control temperature (Cox mixed-

effects model, z = 2.86, p = 0.004) (Fig. 4.4A; Table C8). No difference in survival based 

on recruitment temperature was  observed for recruits sourced from adults held at 26°C. 

Recruits sourced from parent colonies in the 29.5°C treatment were significantly smaller 

(linear mixed-effects models, April: t = -5.08, p < 0.001; May: t = -14.14, p < 0.001) (Fig. 

4.4B; Table C9) and had lower Fv/Fm (linear mixed-effects models, April: t = -4.23, p < 

0.001; May: t = -3.65, p = 0.002) (Fig. 4.4C; Table C10) than recruits sourced from 

adults in the control treatment. Recruitment temperature did not affect recruit size or 

A B 
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Fv/Fm in either recruitment month (linear mixed-effects models, p > 0.05) (Tables C9 & 

C10). The interaction between parent and recruitment temperature was significant in 

May for recruit size (linear mixed-effects model, t = 2.83, p < 0.001), with recruits 

sourced from heated adults being larger when grown at 29.5°C, than at 26°C, while the 

reverse was observed for recruits sourced from adults held at ambient temperature (Fig. 

4.4B). In both months, recruit size increased over time (April: t = 35.22, p < 0.001; May: t 

= 16.01, p = 0.006), and Fv/Fm decreased (April: t = -19.97, p < 0.001; May: t = -9.98 , p 

< 0.001) (Tables C9 & C10). 
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Figure 4. 4: Survival (A), size (B), and Fv/Fm (C) of Pocillopora acuta coral recruits 

produced by parent colonies held in control (26°C; blue lines) or 
heated (29.5°C; red lines) water, and then grown in control (26°C; 
solid lines) and heated (29.5°C; dashed lines) recruitment tanks. 

Recruits sourced from the April and May planulation periods were held in independent 
recruitment tanks (n = 12 tanks/month). Data for week 9 in May were not included due to 
small sample size. Asterisks indicate significant parent treatment effect; there were no 
significant recruitment temperature effects (see Tables C9, C10, C12-15). 

 

Discussion 

To evaluate the potential capacity for transgenerational acclimation in corals, we 

examined the physiological and demographic responses to temperature of adult P. acuta 

colonies, planulae, and recruits. Thermal conditioning at 29.5°C led to earlier 

A 

B 

C 
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reproduction, reduced reproductive investment, and lower symbiont photochemical 

performance associated with adult colonies. Planulae released from thermally 

conditioned adults were smaller than those from control (26°C) parents, but Fv/Fm was 

similar. Recruitment did not differ based on parent treatment but was lower at the heated 

recruitment temperature in the second month of the experiment. Recruit survival was not 

significantly affected by either parent or recruitment temperature. However, recruits 

sourced from thermally conditioned parents were smaller and had lower Fv/Fm by the 

end of the experiment. Taken together, our results do not support the notion that thermal 

conditioning of P. acuta adult colonies sourced from a chronically warmed reef benefits 

offspring when they settle and grow in warm conditions.  

Reproductive timing, planulae investment, and recruitment  

Coral colonies held in warmer water reproduced earlier. On average, larval 

release by heated colonies was 3.4 days (April) and 4.4 days (May) earlier than by 

control colonies. Shifts to earlier reproduction in response to warming have been 

observed in brooding and spawning corals, both experimentally (Crowder et al. 2014, 

Paxton et al. 2015) and in the wild (Nozawa 2012, Fan et al. 2017). Typically, 

reproductive timing is controlled by specific environmental cues (e.g., lunar irradiance, 

daylight cycles, sea surface temperature, wind fields), which can vary across species 

and regions (Fan et al. 2006, Brady et al. 2009, van Woesik 2010, Harrison et al. 2011; 

Lin and Nozawa 2017). In some cases, changes in reproductive timing can be a 

response to an acute stress event (e.g., high nutrient conditions, Cox and Ward 2002; 

temperature perturbations from upwelling, Tew et al. 2014). Climate change-induced 

warming, however, is chronic stressor, and a more permanent shift to earlier 

reproduction could lead to incomplete (or faster) gametogenesis and/or a mismatch 

between the timing of planula release and of optimal conditions for larval survival 

(Shlesinger and Loya 2019).   

Thermally conditioned colonies produced fewer offspring than colonies held at 

26°C. Decreased fecundity under thermal stress has been found across a wide range of 

coral species (McClanahan et al. 2009, Paxton et al. 2015, Howells et al. 2016b) and is 

underpinned at a physiological level by increased metabolism and depleted adult lipid 

reserves (Grottoli et al. 2004, Rodrigues et al. 2008). Indeed, symbiont photochemical 
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performance (Fv/Fm) decreased over the course of the experiment, and significantly 

more so in colonies held in the heated treatment. Similar decreases in colony Fv/Fm in 

other transgenerational acclimation experiments, both between treatments (Putnam and 

Gates 2015) and over time (Bellworthy et al. 2019), underscore the limitations of thermal 

conditioning of adult colonies: long-term reproduction in a laboratory setting is finite due 

to declines in adult health (but see Craggs et al. 2020).  

Planulae released by thermally conditioned adults were smaller than those 

produced by corals under control temperatures. This smaller size (see also Putnam and 

Gates 2015), coupled with the reduced fecundity of heated adults, point to significantly 

reduced reproductive investment by corals exposed to high temperature. It is not clear 

whether small size would be an advantage or a detriment to coral larvae. On one hand, 

the high size-specific metabolic rate of small coral planulae brooded by parents exposed 

to high temperature could hasten recruitment and post-recruitment growth (Putnam and 

Gates 2015). On the other hand, smaller larvae can contain a smaller amount of lipids 

than larger larvae (e.g., de Putron et al. 2017), and the rapid use of these limited lipid 

reserves at increased temperatures (Rivest and Hofmann 2015) could limit the time 

window for pelagic dispersal, larval ability to find suitable habitat, and ultimately 

recruitment success (Richmond 1987, Isomura and Nishihira 2001). Moreover, small 

larvae may turn into small recruits, and recruit survival has been related to size (e.g., 

Raymundo and Maypa, 2004). There was no difference in Fv/Fm in planulae sourced 

from control or heated parents (see also Putnam et al. 2008, Bellworthy et al. 2019 for 

similar Fv/Fm of planulae at different temperatures). The similarity of planula Fv/Fm in 

our experiment suggests that the photosynthetic capacity between treatments is likely 

equivalent. However, it is important to note that size does not necessarily have a 

significant effect on the density of Symbiodiniaceae within planulae (Isomura and 

Nishihira 2001; P. damicornis) and that, Symbiodiniaceae do not play a large role in the 

provision of energy to pelagic planulae (Kopp et al. 2016).  

Final recruitment (i.e., the total number of recruits settled on a tile after 6 days) 

was lower at higher temperature, regardless of parental temperature in the April 

recruitment, and unaffected by temperature in the May recruitment. Increased 

temperature can have a variable influence on recruitment, with evidence of no effect of 

parental (Bellworthy et al. 2019) or recruitment temperature (Anlauf et al. 2011, Chua et 

al. 2013), or increased mortality following initially high recruitment (Nozawa and Harrison 
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2007). The lack of a consistent recruitment disadvantage across the two recruitment 

months and the absence of a parent temperature effect suggest that the treatment 

temperatures used in this study were within an acceptable range for recruitment for 

corals sourced from Outlet reef (see Fig. C2). 

Offspring response to parental thermal conditioning: recruit survival, growth, and 
symbiont photochemical efficiency 

Neither parent nor recruitment temperature affected recruit survival, but recruit 

size and symbiont photochemical performance were affected by parental temperature. 

Mortality of recruits in both temperature treatments generally increased over time, 

especially in the May recruitment, but this is typical of this early recruit life stage (Sato 

1985). In May, survival of recruits sourced from heated adults was lower at the heated 

temperature than at the control recruitment temperature – a pattern not observed for 

recruits sourced from adults held in control conditions, and also not expected if 

transgenerational acclimation confers resistance to offspring exposed to elevated 

temperatures. Recruits from adults held at 29.5°C were smaller and had a lower Fv/Fm 

compared to their counterparts sourced from control parents. These recruits, which were 

on average smaller as planulae, were therefore unable to ‘catch up’ to the size of the 

control-sourced recruits regardless of recruitment temperature, perhaps because of an 

overall lower energy provision from Symbiodiniaceae (i.e., as suggested by their lower 

Fv/Fm). Being a small recruit on a reef can be detrimental, as risk of predation and algal 

overgrowth is greater for smaller corals, and can ultimately lead to higher mortality 

(Edmunds et al. 2004, Raymundo and Maypa 2004, Vermeij 2006). Our results highlight 

an influential, detrimental effect of adult temperature on offspring rather than the 

beneficial effect expected from transgenerational acclimation. Furthermore, our 

experiment demonstrates the need to assess recruit performance over weeks, not days, 

to elucidate clear parent temperature effects. 

Could the lack of transgenerational acclimation be due to the thermal condition of 
the source reef?   

Chronic warming influences coral thermal tolerance (Howells et al. 2012, Fine et 

al. 2013, Silbiger et al. 2019). Owing in part to the warm effluent of the nearby nuclear 
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plant and in part to the unique oceanographic characteristics (i.e., high frequency and 

magnitude upwelling) of southern Taiwan, Outlet reef has experienced warmer than 

average temperatures, and higher summer extremes, than surrounding reefs for over 

three decades. There is evidence that this chronic thermal exposure has affected corals 

in the area. Shifts to more resistant Symbiodiniaceae have been observed across 

multiple coral species (Keshavmurthy et al. 2012, Keshavmurthy et al. 2014), and 

thermal acclimatization of P. damicornis from Nanwan Bay has been noted (Mayfield et 

al. 2013). The result might have been selection for corals that survive better at relatively 

high temperatures. If this were so, our high temperature treatment might not have been 

stressful enough to coral colonies to elicit a thermal conditioning effect. Moreover, 

thermal adaptation can limit plasticity, such that the capacity for cross-generational 

acclimation might have been eroded. Surprisingly, areas characterized by elevated and 

variable temperatures (i.e., sites thought to harbour species with high acclimation 

potential) may actually be most at risk because their capacity to acclimate beyond their 

already high upper thermal limits has been exceeded (Tomanek, 2008). Evidence for 

reduced thermal plasticity at warm and variable intertidal/subtidal sites has been found 

across several marine molluscs and crustaceans (Stenseng et al. 2005; Gilman et al. 

2006; Somero 2010), and recently in corals from variable environments (Klepac and 

Barshis, 2020). It is therefore possible that our parent colonies, from a chronically warm 

and thermally variable reef, lacked the capacity for further thermal plasticity. 

That being said, our experimental colonies did respond to chronic warming. We 

exposed them to high temperature at a time of year when they would be unlikely to 

experience such extremes (Fig. C2), and we did find a shift in timing of reproduction, 

lower planula size and number, and clear effects of parent temperature on recruit size 

and Fv/Fm. These results suggest that our high temperature treatment did have some 

capacity to affect adult, larvae and recruits, even in a population potentially selected for 

thermal tolerance. 

Conclusions 

We found that the thermal environment of parent colonies has implications for 

adult corals as well as planulae and recruits. Thermal conditioning of adults led to 

smaller planulae, smaller recruit size, and reduced symbiont photochemical performance 
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associated with recruits. There was no evidence of improved offspring performance (i.e., 

higher survival) that would suggest enhanced resistance as a result of transgenerational 

acclimation. We did not assess other components of the coral holobiont (e.g., influence 

of algal symbionts, bacteria, or viruses; see Torda et al. 2017) that could affect planula 

and recruit growth and survival. We also examined a single generational effect of adult 

conditioning, which might be insufficient to comprehensively document the capacity for 

epigenetic effects over the long term (Donelson et al. 2018). Nevertheless, for 

transgenerational acclimation to offer hope for coral persistence, its effects need to be 

large, positive, and relatively rapid. Our results suggest that this is not the case, at least 

for the species and conditions we examined.  

By focusing mainly on demographic responses of the filial generation, we have 

provided a simple and relatively cost-effective method to probe for transgenerational 

acclimation potential without the need to commit to highly technical physiological and 

molecular techniques. It is likely that the responses of corals to thermal conditioning are 

variable across species and regions, and it may be fruitful to explore this diversity in 

situations where the ecological costs of collection and experimentation do not outweigh 

the benefits (i.e., with a small sample size of colonies sourced from healthy natural 

populations, aquarium-based populations, or within existing restoration projects). The 

idea of using transgenerational acclimation to ‘save coral reefs’ is polarizing (Braverman 

2016; Abelson 2020).  However, the slow progress made in tackling the root cause of 

coral loss, i.e., climate change (Hoegh-Guldberg et al. 2017; Hughes et al. 2017b), and 

the inevitable committed warming of the ocean, even under optimistic emissions 

scenarios, seem to justify a diversity of efforts to explore how to enhance coral 

resilience. 
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Chapter 5.  
 
General discussion  

In this thesis I have aimed to contribute to the understanding of both the natural 

mechanisms and enhancement capacity of thermal tolerance in corals. Using three coral 

species sourced from reefs with different thermal regimes (stable vs. variable), I 

assessed coral energy provision under non-stressed conditions (Chapter 2), and 

experimentally compared responses to chronic and acute warming (Chapter 3). Then, 

using a single species and site, I tested the ability to enhance thermal tolerance through 

transgenerational acclimation (Chapter 4). Here I outline how each chapter fits into the 

context of future research focussed on coral thermal tolerance.  

Importance of contemporary baselines and long-term monitoring 

In Chapter 2, I monitored the dynamics of the coral holobiont lipidome and algal 

symbiont associations in three species of corals across seasons at reefs with distinct 

thermal regimes. With these data (acquired over 15 months) I aimed to capture non-

stressed baseline conditions upon which some impacts of future ocean warming and 

marine heatwaves on corals could be gauged. Baselines in coral ecosystems have 

already shifted from those of the recent past (Knowlton and Jackson 2008, Braverman 

2020). For example, dramatic declines in coral cover, especially in Acropora sp., on 

Caribbean reefs have resulted in a remarkably different community composition today 

than that of the 1950s (Hughes 1994, Cramer at al. 2020). However, for most areas of 

the world, including Taiwan, robust historical baselines do not exist, so it remains 

pertinent to quantify contemporary baselines upon which subsequent change can be 

measured (Rodriguez-Ramirez et al. 2021) – especially due to the rapid temporal and 

vast spatial scales at which climate change is altering coral reefs. 

Long-term monitoring is a relatively underappreciated and often poorly funded 

undertaking, but it contributes vital information and valuable context for interpreting 

change (e.g., distinguishing natural fluctuations apart from stressor-associated impacts 

and/or long-term trends, Katsanevakis et al. 2012, Sukhotin and Berger 2013). 

Comprehensive monitoring in the marine environment generally lags behind that of 
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terrestrial ecosystems (e.g., well-established global networks of long-term research plots 

in forest ecosystems, Wolf et al. 2009, Lopez-Gonzalez et al. 2011, Anderson-Teixeira et 

al. 2015), but new technology is creating opportunities for modernizing coral reef 

monitoring. Advances in remote sensing (Hedley et al. 2016, Skirving et al. 2020) have 

improved the quality/accessibility to near real-time abiotic data, and photogrammetry and 

3D scanning (Ferrari et al. 2017, Zawada et al. 2019), coupled with artificial intelligence-

assisted coral identification (Beijbom et al. 2015, Chen et al. 2021), have enhanced the 

ability to quickly and accurately monitor coral community structure and dynamics. A key 

step moving forward will be to integrate high-resolution abiotic data with ecological, 

physiological, and molecular metrics of coral health in a standardized and repeatable 

manner at a high number of representative reefs (e.g., Scripps Oceanography 100 

Island Challenge, http://100islandchallenge.org). This approach, similar to that of forest 

research plots, would provide a robust means of evaluating both climate change 

vulnerability as well as resistance and resilience opportunities in coral reefs.  

Identification and plasticity of thermal thresholds  

In Chapter 3, I assessed the performance of three species of corals, from reefs 

with distinct thermal regimes, under moderate chronic warming and followed by acute 

high temperature. Interestingly, each species from both sites fared adequately under 

chronic warming but bleached under acute elevated temperature. Disentangling trends 

and mechanisms of coral response under different heat stress durations and intensities 

is needed to distinguish between impacts of gradual ocean warming and acute marine 

heatwaves. Over the past ~50 years the ocean has absorbed more than 90% of excess 

heat globally (IPCC 2019), leading to an average increase in sea surface temperature of 

~0.11°C each decade since the 1970s (Rhein et al. 2013). This chronic warming is 

intrinsically linked to the increased prevalence, duration, and frequency of acute marine 

heatwaves (Oliver at al. 2018, Skirving et al. 2019), which poses a heightened threat to 

corals because associated temperatures quickly surpass typical coral thermal 

thresholds, resulting in high mortality (Leggat et al. 2019). 

There is, however, some evidence for potential resistance and/or resilience to 

more frequent and intensified temperature pressure. For example, in other marine 

species (e.g., pearl oysters, Pinctada maxima) repeated exposure to simulated marine 
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heatwaves appears to increase thermal tolerance capacity (He et al. 2021). Similarly, 

increased reef-level thermal tolerance limits have been observed, but this is likely a 

result of the mortality of more thermally sensitive coral in previous bleaching events (Fox 

et al. 2021). In some remote reefs, corals have shown relatively high recovery and lower 

bleaching levels in the second year of consecutive bleaching events despite exposure to 

higher heat stress, suggesting potential for local conditions (e.g., low nutrients, high 

wave energy) to mitigate coral mortality (Harrisson et al. 2019). Further, combined with 

climate change mitigations, reduction of local stressors (e.g., decreasing prevalence of 

macroalgae) can contribute to better survival under marine heatwaves (Donovan et al. 

2021). 

Thermal thresholds have been studied extensively, both in-situ and 

experimentally (see McLachlan et al. 2020 for review), but a lack of standardization 

among lab-based studies (Grottoli et al. 2021) and the episodic nature of in-situ 

bleaching events limit the opportunity for clear identification and comparison of definitive 

thermal thresholds. Acute heat stress assays (e.g., the 18 h Coral Bleaching Automated 

Stress System, Voolstra et al. 2020) provide an opportunity for standardized rapid 

assessment of thermal thresholds. This approach, if applied broadly across multiple 

species and locations, could quickly identify corals with high thermal resistance and 

resilience. Such investigation could, for example, shed light on the recent conflicting 

influence of reef thermal regime on coral thermal tolerance (e.g., clarifying the 

beneficial/limiting effect of variation in reef temperature, Oliver and Palumbi 2011, 

Klepac and Barshis 2020), and more generally help explain the widely observed high 

variability of coral response to elevated temperature. Building upon this, specific inquiry 

into the complex composition of the coral holobiont (Pogoreutz et al. 2020) opens a 

promising window for exploration into (and manipulation of) the mechanisms responsible 

for high thermal tolerance (Voolstra et al. 2021) that can be directly applied to 

management initiatives, reef restoration, and active interventions aimed at enhancing 

natural thermal tolerance in corals (e.g., assisted evolution). 

Advances in assisted evolution of the coral holobiont 

In Chapter 4, I tested the capacity for transgenerational acclimation to enhance 

offspring thermal tolerance. I did not find evidence that adult thermal conditioning 
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enhanced offspring performance under elevated temperature, but rather that offspring 

sourced from adults in the heated treatment appeared to be at a disadvantage (e.g., 

smaller size and lower algal photosynthetic efficiency). The efficacy of transgenerational 

acclimation, however, is likely highly variable, perhaps akin to that of the diversity of 

natural thermal tolerance responses already known and observed in corals.  

A widespread assessment of transgenerational acclimation potential among 

different species and locations would provide a more robust appraisal of the applicability 

of transgenerational acclimation as an assisted evolution technique. Probing for 

transgenerational capacity by using only temperature conditioning, as described in 

Chapter 4, is a relatively simple approach that can be implemented at low cost with 

relatively basic facilities (i.e., in contrast to the more complex techniques/facilities 

needed for standardized pCO2 experiments). Broad assessment of transgenerational 

acclimation potential will likely require a collaborative and creative approach involving 

participation beyond reef scientists (e.g., inclusion of coral aquarists). Such integrative 

approaches have recently been applied in freshwater fish conservation (Valdez and 

Mandrekar, 2019), whereby aquarium hobbyists contribute to the protection of 

endangered species.  

Overall, the application of assisted evolution techniques in corals is still a 

relatively new field of inquiry with many opportunities left to be explored, particularly in 

the context of epigenetics-driven acclimation (Eirin-Lopez and Putnam 2019, Putnam 

2021). Yet, in other marine species (e.g., mussels, Mytilus edulis; Thomsen et al. 2017) 

transgenerational acclimation has been met with limited success, with benefits often 

waning over time and across generations (Byrne et al. 2020). Therefore, 

comprehensively determining the longevity of enhancement effects in corals requires 

multigenerational studies to clearly distinguish between epigenetic-driven acclimation 

and developmental plasticity (Torda et al. 2017, Donelson et al. 2018). Modernization 

and customization of coral culture systems (Leal et al. 2016, Craggs et al. 2017), and the 

recent successful ex-situ cultivation of the entire coral life cycle (i.e., production of an F2 

generation in Acropora millepora, Craggs et al. 2020), however, demonstrate the 

feasibility of expanding transgenerational acclimation studies beyond a single 

generation. Complementary to transgenerational acclimation, other approaches further 

along the assisted evolution intervention spectrum (van Oppen et al. 2015) are also 

beginning to be tested. For example, Humanes et al. (2021) provide an overview of the 
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logistics and challenges of using selective breeding to enhance coral thermal tolerance; 

Chakravarti et al. (2017) demonstrate increased thermal tolerance of algal symbionts 

after directed laboratory evolution; and Marie and van Oppen (2021) outline the role that 

rapid evolution of coral-associated bacteria can play in enhancing bleaching resistance. 

Though even if successfully executed, each of these new techniques is limited in terms 

of scale of application, necessitating that assisted evolution be only part of the solution 

toward addressing climate change impacts on corals. 

The future of coral reefs in the Anthropocene 

It is becoming clear that coral reefs are changing in community composition 

(Hughes et al. 2018, Kubicek et al. 2019), becoming less morphologically complex 

(Perry and Alvarez-Filip 2019), and will be reduced to a fraction of their present 

abundance in the future (e.g., an expected loss of 70-90% of reefs globally even under 

optimistic emissions reductions by 2050, Frieler et al. 2013, Hoegh-Guldberg et al. 

2018). Climate change is not a future threat to corals, but an evident present reality to 

which many corals are succumbing (e.g., Stuart-Smith et al. 2018, Magel et al. 2019, 

Raymundo et al. 2019).  

Conventional understanding of coral biology and reef management will need to 

be modified to match the pace and novelty of change in the Anthropocene. For example, 

traditional conservation strategies such as marine protected areas may provide limited 

protection from ocean warming (Bruno et al. 2018) or need to be substantially 

reimagined to include degraded reefs (Abelson et al. 2016). Similarly, remote reefs are 

likely not immune to the threats of warming (Baumann et al. 2021), and more 

unconventional reefs may be better equipped to withstand climate change pressures 

(e.g., high resilience observed on disturbed reefs near urban areas, Guest et al. 2016). 

Mesophotic reefs, thought to serve as thermal and reproductive refugia (Glynn 1996, 

Holstein et al. 2015), may have a limited capacity to fill these roles (e.g., thermal 

anomalies and bleaching observed at 40 m depth, Frade et al. 2018; temporal mismatch 

in reproduction and limited connectivity between shallow and mesophotic reefs, 

Bongaerts et al. 2010, Shlesinger et al. 2018). Further, widespread bleaching events are 

expected to become an annual occurrence by mid-century (Donner et al. 2005), giving 

little time (or hope) for coral recovery (Schoepf et al. 2015). Consecutive bleaching 
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events are also changing how corals respond physiologically to subsequent heat stress 

(Wall et al. 2021), suggesting that these events should be perceived not as multiple 

independent, but single prolonged stressors.  

While the general outlook for corals is poor, there is some cause for optimism 

through the identification and conservation prioritization of coral ‘bright spots’ (Cinner et 

al. 2016), i.e., reefs and regions likely to be able to resist or have high resilience to 

climate change pressures. Coupled with this are recent comprehensive plans put 

forward for maximizing the ecological function and services of coral reefs in the 

Anthropocene (Hughes et al. 2017, Darling et al. 2019, Kleypas et al. 2021). Key 

suggested steps forward involve a shift from passive to active coral reef management 

that focuses on interventions that can be scaled up to maximize benefit, comprehensive 

inclusion of socioeconomic considerations that support drivers of thermal tolerance, 

encouragement of global rather than local stewardship, and substantial financial 

investment into a unified, coordinated, and organized response to the current coral 

crisis. Above all, reducing emissions to mitigate climate change impacts is paramount for 

the persistence of healthy coral reefs, and is likewise essential to the wellbeing of 

millions of people and a vast diversity of marine organisms that ultimately depend on 

these fascinating rainforests of the sea.   
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Appendix A. 
 
Supplementary materials for Chapter 2  

 
Figure A1. Map of coral collection sites, Wanlitung reef (thermally stable site) and Outlet 
reef (thermally variable site), and the research facilities of the National Museum of 
Marine Biology & Aquarium in southern Taiwan. 
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Figure A2. qPCR results showing the presence or absence of two Symbiodiniaceae 
genera, Cladocopium sp. (red) and Durusdinium sp. (blue), from samples of Acropora 
nana colonies monitored at Outlet reef (OT) and Wanlitung reef (WT), southern Taiwan, 
from summer 2018 to spring 2019. Point shape indicates the season in which the coral 
was sampled. 
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Figure A3. qPCR results showing the presence or absence of two Symbiodiniaceae 
genera, Cladocopium sp. (red) and Durusdinium sp. (blue), from samples of Pocillopora 
acuta colonies monitored at Outlet reef (OT) and Wanlitung reef (WT), southern Taiwan, 
from summer 2018 to spring 2019. Point shape indicates the season in which the coral 
was sampled. 
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Figure A4. qPCR results showing the presence or absence of two Symbiodiniaceae 
genera, Cladocopium sp. (red) and Durusdinium sp. (blue), from samples of Porites 
lutea colonies monitored at Outlet reef (OT) and Wanlitung reef (WT), southern Taiwan, 
from summer 2018 to spring 2019. Point shape indicates the season in which the coral 
was sampled. 
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Figure A5. Concentration of each lipid class in Acropora nana, (orange) Pocillopora 
acuta (green), and Porites lutea (purple) colonies monitored at Outlet (grey) and 
Wanlitung (blue) reefs from summer 2018 to summer 2019. 



120 

Table A1: Summary of individual colony sampling and condition across seasons for 
Outlet reef from July 2018 to August 2019. NA = not sampled; PM = partial mortality; PB 
= partial bleaching; R = recovery; M = mortality. Mortality and bleaching percentages are 
reported relative to initial colony condition; recovery percentages are reported relative to 
previous sampling timepoint. 

Colony ID Summer  
2018 

Fall  
2018 

Winter  
2019 

Spring  
2019 

Summer  
2019 

Included in  
lipid subset 

Comments 

Pocillopora acuta 
PA1       
PA2       
PA3    PM (~20%)  PM (~40%) R (Spring + ~20%) 
PA4       
PA5       
PA6       
PA7       
PA8  PM (~30%)  PM (~30%)  PM (~30%) R (Spring + ~10%) 
PA9        
PA10       
Acropora nana 
AN1 NA NA NA NA NA not relocated 
AN2 NA NA NA NA NA not relocated 
AN3 NA NA  NA NA NA NA species misidentified 
AN4       
AN5  PB (~20%) PM (~60%)  R (Winter + ~5%)  R (Spring +~10%)  
AN6 NA NA NA NA NA NA species misidentified 
AN7 NA NA NA NA NA NA species misidentified 
AN8       
AN9       
AN10       
AN11       
AN12       
AN13       
AN14 NA  NA     
AN15 NA NA NA    
AN16 NA NA NA    
Porites lutea 
PL1       < 5 m from PL2 
PL2       < 5 m from PL1 
PL3       
PL4       
PL5       
PL6       < 5 m from PL7 
PL7       < 5 m from PL6 
PL8       
PL9       
PL10       
PL11 NA     
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Table A2: Summary of individual colony sampling and condition across seasons for 
Wanlitung reef from July 2018 to August 2019. NA = not sampled; PM = partial mortality; 
PB = partial bleaching; R = recovery; M = mortality. Mortality and bleaching percentages 
are reported relative to initial colony condition; recovery percentages are reported 
relative to previous sampling timepoint. 
 

Colony ID Summer  
2018 

Fall  
2018 

Winter  
2019 

Spring  
2019 

Summer  
2019 

Included 
in  
subset 

Comments 

Pocillopora acuta        
PA1   PM (~90%) M NA NA   
PA2  M NA NA NA NA  
PA3        
PA4 NA NA NA NA NA NA species misidentified 
PA5  NA NA NA NA  not relocated 
PA6  NA NA NA NA NA not relocated 
PA7        
PA8  NA    PB (~10%)   not relocated in fall 
PA9   PM (~75%)  PM (~90%) M NA   
PA10   PM (~50%)  PM (~80%)  PM (~85%)  R (Spring + ~5%)   
PA11 NA  PB (~5%)  PM (~20%)  PM (~20%)  R (Spring + ~15%)   
PA12 NA     R (Spring + ~10%)   
PA13 NA    PM (~30%)  PM (~30%)   
PA14 NA  PB (~10%)  PM (~30%)  PM (~60%) M   
PA15 NA   PM (~20%)  PM (~30%)  PM (~80%)   
PA16 NA NA   PM (~10%)  PM (~10%)   
Acropora nana        
AN1    PM (50%)  PM (75%)  PM (75%)   
AN2   PM (~90%)     < 5 m from AN8 
AN3        < 5 m from AN13 
AN4 NA NA NA NA NA NA species misidentified 
AN5     NA  not relocated in summer 2019 
AN6       < 5 m from AN11 & 14 
AN7     PM (80%)  PM (80%) M  < 5 m from AN14 
AN8        
AN9   PM (~40%)  PM (40%)  PM (50%)  PM (50%)   
AN10    PM (40%)  PM (60%) M   
AN11 NA      < 5 m from AN6 & 14 
AN12 NA NA NA NA NA NA species misidentified 
AN13 NA      < 5 m from AN3 
AN14 NA       < 5 m from AN7 
AN15 NA      < 5 m from AN6 & 11 
Porites lutea        
PL1        
PL2        
PL3        
PL4        
PL5  PM (~35%)  PM (~35%)  PM (~35%)  PM (~35%)  PM (~35%)   
PL6  PM (~5%)  PM (~5%)  PM (~5%)  PM (~5%)  PM (~5%)   
PL7        
PL8  PM (~20%)  PM (~20%)  PM (~20%)  PM (~20%)  PM (~20%)   
PL9  PM (~60%)  PM (~70%)  PM (~80%)  PM (~90%)  R (Spring + ~10%)   
PL10        
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Table A3: Summary of ‘lipid and Symbiodiniaceae subset’ colony condition across 
seasons for Outlet reef from July 2018 to August 2019. NA = not sampled; PM = partial 
mortality; PB = partial bleaching; R = recovery; M = mortality. Mortality and bleaching 
percentages are reported relative to initial colony condition; recovery percentages are 
reported relative to previous sampling timepoint. 
 

Colony ID Summer  
2018 

Fall  
2018 

Winter  
2019 

Spring  
2019 

Summer  
2019 

Pocillopora acuta      
PA1      
PA2      
PA5      
PA7      
PA9      
PA10      
Acropora nana      
AN5   PB (~20%)  PM (~60%)  R (Winter + ~5%)  R (Spring +~10%) 
AN8      
AN9      
AN10      
AN12      
AN13      
Porites lutea      
PL1      
PL4      
PL5      
PL6      
PL8      
PL9      
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Table A4: Summary of ‘lipid and Symbiodiniaceae subset’ colony condition across 
seasons for Wanlitung reef from July 2018 to August 2019. NA = not sampled; PM = 
partial mortality; PB = partial bleaching; R = recovery; M = mortality. Mortality and 
bleaching percentages are reported relative to initial colony condition; recovery 
percentages are reported relative to previous sampling timepoint. 
 

Colony ID Summer  
2018 

Fall  
2018 

Winter  
2019 

Spring  
2019 

Summer  
2019 

Pocillopora acuta      
PA1   PM (~90%) M / NA  NA  NA 
PA3     NA 
PA5  NA   NA NA  NA 
PA7      
PA9   PM (~75%)  PM (~90%) M / NA NA  
PA10   PM (~50%)  PM (~80%)  PM (~85%)  R (Spring + ~5%) 
PA11 NA   PB (~5%)  PM (~20%)  PM (~20%)  R (Spring + ~15%) 
PA13 NA    PM (~30%)  PM (~30%) 
PA15 NA NA  PM (~20%)  PM (~30%)  PM (~80%) 
PA16 NA NA   PM (~10%)  PM (~10%) 
Acropora nana      
AN1    PM (50%)  PM (75%)  PM (75%) 
AN3      
AN5      NA 
AN6      
AN7    PM (80%)  PM (80%) NA 
AN8      
AN11 NA NA NA NA  
AN14 NA NA NA NA  
Porites lutea      
PL1      
PL2      
PL3      
PL4      
PL6  PM (~5%)  PM (~5%)  PM (~5%)  PM (~5%)  PM (~5%) 
PL10      
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Table A5. Nutrient data (mean ± SD) from Outlet and Wanlitung reefs from May 2018 to 
June 2019. Parameters measured included 5-day biological oxygen demand (BOD5), 
nitrate (NO3-), nitrite (NO2-), phosphate (PO4-) and ammonia (NH3); all data are shown in 
mg/L. 
 

Sampling 
date 

BOD5 NO3
- NO2

- PO4
- NH3

 

 Outlet Wanlitung Outlet Wanlitung Outlet Wanlitung Outlet Wanlitung Outlet Wanlitung 

May 25, 
2018 0.6 0.6 0.002 0.002 0.006 0.008 0.003 0.002 0.01 0.015 

July 27, 
2018 1.0 1.3 0.017 0.029 0.001 0.001 0.002 0.002 0.015 0.016 

September 
5, 2018 0.6 0.7 0.048 0.029 0.001 0.001 0.007 0.007 0.027 0.032 

October 
21, 2018 1.5 1.2 <0.002 <0.002 0.052 0.017 0.011 0.006 0.015 0.018 

November 
16, 2018 0.6 0.6 0.012 0.011 0.001 0.001 0.011 0.003 0.031 0.029 

December 
20, 2018 0.7 0.7 0.019 0.014 <0.001 <0.001 0.003 0.003 0.012 0.013 

January 
24, 2019 1.5 1.6 0.023 0.016 0.001 0.001 0.017 0.095 0.019 0.013 

March. 
18, 2019 1.5 1.2 0.019 0.019 0.001 0.001 0.003 <0.002 0.012 0.015 

April 22, 
2019 1.2 0.8 <0.003 <0.003 <0.001 <0.001 <0.002 <0.002 0.022 0.024 

May 23, 
2019 0.8 0.8 0.022 0.021 0.001 0.001 0.005 0.003 0.018 0.015 

June 28, 
2019 1.2 2.6 0.021 0.016 0.001 0.001 0.003 <0.003 0.01 0.01 

Mean 1.0 1.1 0.017 0.014 0.006 0.003 0.006 0.011 0.017 0.018 

Standard 
deviation 0.4 0.6 0.014 0.010 0.015 0.005 0.005 0.028 0.007 0.007 
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Appendix B. 
 
Supplementary materials for Chapter 3  

 

Figure B1: Water temperature at the thermally stable (Wanlitung reef) and thermally 
variable (Outlet reef) coral collection sites from February-June 2018. Reference lines 
show in-situ temperatures relative to experiment control (26°C; black solids line) and 
heated treatment (30°C; red dashed line) temperatures. 
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Figure B2: Daily mean water temperature in the control (26°C; blue) and heated (30°C; 
red) experimental tanks over the 12-week study (March-June 2018) (A); upper and lower 
boundary lines show the mean daily maximum and mean daily minimum in each 
treatment.  
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Figure B3: Estimated marginal means from linear mixed effects models assessing 
maximum quantum yield (Fv/Fm) under control (blue dots) and heated treatment (red 
dots) temperatures in corals sourced from thermally variable (Outlet reef) and thermally 
stable (Wanlitung reef) study sites. Shaded areas show 95% confidence intervals and 
arrows show pairwise comparisons between sites and treatments. Models were run 
separately for each species, (A) Acropora nana, (B) Pocillopora acuta, (C) Porites lutea, 
on a subset of timepoints (72 hours, 6 weeks, and 12 weeks exposure to experiment 
temperatures) to assess short-, mid-, and long-term effects. 
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Figure B4: Maximum quantum yield (Fv/Fm) of Acropora nana sourced from a thermally 
variable (A; Outlet reef) and thermally stable site (B; Wanlitung reef) exposed to a 
control (26°C; blue) or heated treatment (30°C; red) temperature over the 12-week study 
(March – June 2018). 
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Figure B5: Maximum quantum yield (Fv/Fm) of Pocillopora acuta sourced from a 
thermally variable (A; Outlet reef) and thermally stable site (B; Wanlitung reef) exposed 
to a control (26°C; blue) or heated treatment (30°C; red) temperature over the 12-week 
study (March – June 2018). 
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Figure B6: Maximum quantum yield (Fv/Fm) of Porites lutea nubbins sourced from a 
thermally variable (A; Outlet reef) and thermally stable site (B; Wanlitung reef) exposed 
to a control (26°C; blue) or heated treatment (30°C; red) temperature over the 12-week 
study (March – June 2018). 
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Figure B7: Estimated marginal means from linear mixed effects models assessing 
change in mass under control (blue dots) and heated treatment (red dots) temperatures 
in corals sourced from thermally variable (Outlet reef) and thermally stable (Wanlitung 
reef) study sites. Shaded areas show 95% confidence intervals and arrows show 
pairwise comparisons between sites and treatments. Models were run separately for 
each species, (A) Acropora nana, (B) Pocillopora acuta, (C) Porites lutea, on a subset of 
timepoints (1, 7, and 12 weeks exposure to experiment temperatures) to assess short-, 
mid-, and long-term effects. 
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Figure B8: Change in mass of Acropora nana sourced from a thermally variable (A; 
Outlet reef) and thermally stable site (B; Wanlitung reef) exposed to a control (26°C; 
blue) or heated treatment (30°C; red) temperature over the 12-week study (March – 
June 2018). 
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Figure B9: Change in mass of Pocillopora acuta sourced from a thermally variable (A; 
Outlet reef) and thermally stable site (B; Wanlitung reef) exposed to a control (26°C; 
blue) or heated treatment (30°C; red) temperature over the 12-week study (March – 
June 2018). 
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Figure B10: Change in mass of Porites lutea nubbins sourced from a thermally variable 
(A; Outlet reef) and thermally stable site (B; Wanlitung reef) exposed to a control (26°C; 
blue) or heated treatment (30°C; red) temperature over the 12-week study (March – 
June 2018). 
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Figure B11: Survival of Acropora nana sourced from a thermally variable (A; Outlet reef) 
and thermally stable site (B; Wanlitung reef) exposed to a control (26°C; blue) or heated 
treatment (30°C; red) temperature over the 12-week study (March – June 2018). 
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Figure B12: Survival of Pocillopora acuta sourced from a thermally variable (A; Outlet 
reef) and thermally stable site (B; Wanlitung reef) exposed to a control (26°C; blue) or 
heated treatment (30°C; red) temperature over the 12-week study (March – June 2018). 
Shaded areas show 95% confidence intervals. 
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Figure B13: Survival of Porites lutea nubbins sourced from a thermally variable (A; 
Outlet reef) and thermally stable site (B; Wanlitung reef) exposed to a control (26°C; 
blue) or heated treatment (30°C; red) temperature over the 12-week study (March – 
June 2018). Shaded areas show 95% confidence intervals. 
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Table B1: In-situ water chemistry at the thermally stable (Wanlitung reef) and thermally 
variable (Outlet reef) coral collection sites from February-May 2018; 5-day biological 
oxygen demand (BOD5), nitrite (NO2-), nitrate (NO3-), ammonia (NH3), and phosphate 
(PO4-), and not detected (nd). 
 

Date Salinity 
(psu) 

pH BOD5 
(mg/L) 

NO3- 

(mg/L) 
NO2- 

(mg/L) 
PO4- 

(mg/L) 
NH3 

(mg/L) 
Wanlitung reef 

February 7 34.24 8.02 1.23 0.014 0.003 0.014 0.003 

March 16 34.81 7.99 0.80 0.007 0.001 nd 0.020 

April 24 35.04 8.14 1.10 0.009 0.002 0.023 0.010 

May 25 34.63 8.09 0.60 0.002 0.008 0.002 0.015 
Mean ± SD 34.68 ± 0.34 8.06 ± 0.07 0.93 ± 0.29 0.004 ± 0.003 0.004 ± 0.003 0.013 ± 0.011 0.012 ± 0.007 

Outlet reef 

February 7 34.38 8.09 1.39 0.022 0.002 0.011 0.004 

March 16 34.92 8.05 0.70 0.010 0.001 nd 0.023 

April 24 34.94 8.14 1.50 0.009 0.001 0.015 0.010 

May 25 34.84 8.11 0.60 0.002 0.006 0.003 0.010 
Mean ± SD 34.77 ± 0.26 8.10 ± 0.04 1.05 ± 0.46 0.011 ± 0.008 0.003 ± 0.002 0.010 ± 0.006 0.012 ± 0.008 
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Appendix C. 
 
Supplementary materials for Chapter 4  

 
 
Figure C1. Colony collection site (Outlet reef) and research center site (National 
Museum of Marine Biology & Aquarium; NMMBA) in southern Taiwan. 
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Figure C2. Temperature at Outlet reef from January 2017- January 2018; temperature 
recorded every 10 minutes (grey line), experimental treatment temperatures (blue: 
control; red: heated) and daily mean temperature (black line). 
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Figure C3. Mean temperature in the control (blue lines) and heated (red lines) 
treatments for the (a) parent colony tanks (heated: 29.7°C ± 0.3; control: 26.3°C ± 0.4), 
(b) April recruit recruitment tanks (heated: 29.7°C ± 0.3; control: 26.1°C ± 0.4), and (c) 
May recruit recruitment tanks (heated: 29.2°C ± 0.2; control: 26.7°C ± 0.4). No 
temperature data are available from 10-20 April for the parent colony tanks, and 13-19 
May in the May recruit tanks due technical issues.  
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Figure C4. Circular plots of reproductive timing of Pocillopora acuta across three 
reproductive cycles when held at either 26°C or 29.5°C from March to May 2017. 
Approximate cumulative duration of treatment exposure was 5 days (March), 30 days 
(April), and 60 days (May). Asterisks indicate significant differences between 
treatments (Watson’s tests, p<0.001). 

 

Figure C5: Relationship between total number of planulae released and colony 
diameter for adult Pocillopora acuta corals exposed to control (26°C; blue dots) and 
heated (29.5°C; red dots) treatments from March to May 2017.   



143 

Figure C6. Percentage of Pocillopora acuta planulae (mean ± SE) released that settled 
within control (26°C) and heated (29.5°C) recruitment tanks within the first 6 days post-
release. Planulae were sourced from colonies held within the control treatment (blue 
lines) and heated treatment (red lines); independent recruitment was conducted for the 
April and May planulation. 
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Table C1. Number of days of planula release by Pocillopora acuta from March to May 
2017 within treatments (control: 26°C; heated: 29.5°C), and proportion of release 
occurring in the 4 peak days each month. Lunar day 1 refers to the new moon. 
 

Treatment Number of reproductive 
days each month 

Proportion of reproduction 
within the 4 peak days 

March     
26°C 
29.5°C 

 8.75 ± 1.7  
 7.92 ± 1.3  

0.71 ± 0.14 
0.65 ± 0.07 

April 
 

 
26°C 
29.5°C 

10.45 ± 3.6  
  6.92 ± 2.1  

0.51 ± 0.24 
0.85 ± 0.10 

May     
26°C 
29.5°C 

  8.09 ± 3.0  
  7.75 ± 3.1  

0.75 ± 0.13 
0.84 ± 0.11 

 

 

 
 
Table C2. Results of Watson’s tests for homogeneity of Pocillopora acuta reproductive 
timing within parent treatments across three reproductive cycles (March to May 2017). 
 

Treatment N F  P 
Control (26°C)      
March vs. April 
April vs. May 
March vs. May 

12, 11 
11, 11 
12, 11 

0.30 
0.23 
0.06 

<0.01 
<0.05 
>0.10 

Heated (29.5°C)      
March vs. April 
April vs. May 
March vs. May 

12, 12 
12, 12 
12, 12 

0.52 
0.12 
0.58 

<0.001 
>0.10 
<0.001 
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Table C3. Effect of coral colony size and experimental temperature on the number of 
Pocillopora acuta planulae released per month from March to May 2017.  Parameters 
were obtained from a generalized linear model (with Poisson distribution). Experimental 
temperatures were 26°C (control) and 29.5°C (heated).  
 

Fixed effects Estimate Standard  
error 

z Lower  
CI 

Upper  
CI 

P 

March       
Intercept 
Treatment 
Colony size 

 5.204 
-0.116 
 0.084 

0.056 
0.018 
0.004 

92.866 
-6.586 
21.134 

 5.094 
-0.150 
 0.076 

5.314 
-0.081 
0.092 

<0.001 
<0.001 
<0.001 

April       
Intercept 
Treatment 
Colony size 

 5.685 
-0.531 
 0.097 

0.045 
0.014 
0.003 

127.244 
-36.852 
30.748 

 5.597 
-0.559 
 0.091 

 5.772 
-0.503 
 0.104 

<0.001 
<0.001 
<0.001 

May       
Intercept 
Treatment 
Colony size 

6.345 
0.178 
0.021 

0.047 
0.015 
0.003 

135.54 
12.237 
  6.258 

 6.253 
 0.150 
 0.014 

6.436 
0.207 
0.028 

<0.001 
<0.001 
<0.001 

May (outlier 
removed) 

      

Intercept 
Treatment 
Colony size 

 6.483 
-0.109 
 0.011 

0.052 
0.016 
0.004 

126.87 
-6.890 
 2.298 

 6.382 
-0.141 
 0.004 

 6.583 
-0.079 
 0.018 

<0.001 
<0.001 
  0.003 

Model: Reproductive abundance ~ treatment + colony size 
 

 

 

 
Table C4. The effect of experimental temperatures (26°C; control and 29.5°C; heated) 
on colony Fv/Fm over time. Parameters were obtained from a linear mixed effect model, 
with colony as a random effect. Measurements were taken at 43, 60, 74, and 90 days of 
treatment exposure; no earlier time points were included due to equipment malfunction. 
 

Fixed effects Estimate Standard  
error 

t Lower  
CI 

Upper  
CI 

P 

Intercept 
Treatment 
Time 

 0.676 
-0.031 
-0.048 

0.007 
0.010 
0.005 

97.647 
-3.067 
-9.367 

 0.663 
-0.050 
-0.058 

 0.690 
-0.011 
-0.038 

<0.001 
  0.006 
<0.001 

Model: Colony Fv/Fm ~ treatment + scale (time) + (1| colony) 
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Table C5. Linear mixed effect model output for Pocillopora acuta planulae length for 
March to May 2017; fixed effect was parent temperature, and random effect was parent 
colony (n = 12 colonies/treatment). The number of individual planulae measured each 
month were: March: n = 893, April: n = 761, and May: n = 734.  
 

Fixed effects Estimate Standard  
error 

t Lower  
CI 

Upper  
CI 

 P 

March       
Intercept 
Parent temp. 

  1.601 
 -0.002 

0.042 
0.060 

37.822 
-0.032 

 1.518 
 -0.119 

1.684 
0.115 

<0.001 
  0.975 

April         
Intercept 
Parent temp. 

 1.600 
-0.140 

0.037 
0.051 

43.435 
-2.765 

 1.525 
-0.239 

 1.670 
-0.041 

<0.001 
  0.013 

May       
Intercept 
Parent temp. 

 1.682 
-0.308 

0.038 
0.054 

44.365 
-5.711 

 1.608 
-0.414 

 1.757 
-0.202 

<0.001 
<0.001 

Model: Planulae length ~ parent treatment + (1| colony) 
 

 

 

 

Table C6. Generalized linear model output for Pocillopora acuta planulae Fv/Fm for April 
and May 2017 (no data available for March due to equipment malfunction).  
 

Fixed effects Estimate Standard  
error 

t Lower  
CI 

Upper  
CI 

 P 

April         
Intercept 
Parent temp. 

 0.715 
-0.019 

0.007 
0.010 

105.507 
-1.944 

 0.702 
-0.374 

0.729 
0.0002 

<0.001 
  0.057 

May       
Intercept 
Parent temp. 

0.738 
-0.001 

0.004 
0.006 

166.153 
-0.091 

0.730 
-0.013 

0.747 
0.012 

<0.001 
  0.927 

Model: Planulae Fv/Fm ~ parent treatment  
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Table C7. Linear mixed effect model output for the proportion of Pocillopora acuta 
planulae that settled after 6 days in April and May 2017. Fixed effects were parent 
temperature, recruitment temperature (and parent: recruitment temperature interaction). 
A random effect of tank was included; 12 tanks were used each month. 
 

Fixed effects Estimate Standard  
error 

t Lower  
CI 

Upper  
CI 

 P 

April       
 

Intercept 
Parent temp. 
Recruitment temp. 
Parent:Recruitment temp. 

 0.479 
 0.010 
-0.169 
 0.119 

0.051 
0.066 
0.072 
0.094 

 9.379 
 0.146 
-2.345 
 1.272 

 0.379 
-0.120 
-0.311 
-0.065 

 0.579 
 0.140 
-0.028 
0.303 

<0.001 
    0.88 
  0.026 
    0.21 

May        
Intercept 
Parent treatment 
Recruitment treatment 
Parent:Recruitment temp. 

 0.541 
-0.025 
-0.077 
 0.033 

0.045 
0.063 
0.063 
0.089 

12.088 
-0.395 
-1.219 
 0.373 

 0.453 
-0.149 
-0.201 
-0.142 

0.628 
0.100 
0.047 
0.209 

<0.001 
    0.69 
    0.22 
    0.71 

Model: Recruitment ~ parent treatment * recruitment treatment + (1| tank)  
 

 

 
Table C8. Cox mixed effects model output for the survival of Pocillopora acuta recruits in 
April and May 2017. Fixed effects were parent temperature, recruitment temperature 
(and parent: recruitment temperature interaction). Random effects of tile nested within 
tank was included; 96 tiles within 12 tanks were used each month. 
 

Fixed effects Coefficient Coefficient 
(Exponentiated) 

Coefficient 
(SE) 

z P 

April        
Parent temp. 
Recruitment temp. 
Parent:Recruitment temp. 

-0.39 
-0.11 
 0.57 

0.67 
0.98 
1.76 

0.22 
0.46 
0.31 

-1.81 
-0.25 
 1.82 

  0.07 
  0.80 
  0.07 

May       
Parent treatment 
Recruitment treatment 
Parent:Recruitment temp. 

-0.26 
-0.13 
 0.88 

0.77 
0.88 
2.42 

0.22 
0.36 
0.31 

-1.18 
-0.37 
 2.86 

  0.24 
  0.71 
<0.01 

Model: Survival ~ parent treatment * recruitment treatment + (1| tank) + (1| tile) 
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Table C9. Linear mixed-effect model output for diameter of Pocillopora acuta recruit in 
April and May 2017. Fixed effects were parent temperature, recruitment temperature 
(and parent: recruitment temperature interaction), and time. A random effect of tile 
nested within tank was included; 96 tiles within 12 tanks were used each month. The 
number of individual recruits measured across time points each month were: April: n 
=1275, and May: n = 1939. Data for week 9 in May was not included due to small 
sample size. 
 

Fixed effects Estimate Standard  
error 

    t Lower  
CI 

Upper  
CI 

 P 

April         
Intercept 
Parent temp. 
Recruitment temp. 
Parent:Recruitment temp. 
Time 

 1.938 
-0.163 
 0.017 
-0.004 
 0.072 

0.034 
0.032 
0.047 
0.047 
0.002 

57.070 
-5.081 
 0.364 
-0.090 
35.223 

 1.871 
-0.225 
-0.076 
-0.096 
 0.068 

 2.004 
-0.100 
 0.110 
 0.088 
 0.076 

<0.001 
<0.001 
    0.72 
    0.93 
<0.001 

May        
Intercept 
Parent treatment 
Recruitment treatment 
Parent:Recruitment temp. 
Time 

 2.253 
-0.502 
-0.039 
 0.142 
 0.042 

0.034 
0.035 
0.047 
0.050 
0.003 

 65.389 
-14.137 
  -0.821 
   2.832 
 16.005 

 2.185  
-0.571 
-0.132 
 0.044 
 0.037 

 2.320 
-0.432 
 0.054 
 0.241 
 0.037 

<0.001 
<0.001 
    0.42 
  0.006 
<0.001 

Model: Recruit diameter ~ parent treatment * recruitment treatment + time + (1| tank) + (1| tile) 
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Table C10. Linear mixed-effect model output for Fv/Fm of Pocillopora acuta recruits in 
April and May. Fixed effects were parent temperature, recruitment temperature (and 
parent: recruitment temperature interaction), and time. A random effect of tile nested 
within tank was included; 96 tiles within 12 tanks were used each month. The number of 
individual recruits measured across time points each month were: April: n = 1275, and 
May: n = 1939. Data for week 9 in May was not included due to small sample size. 
 

Fixed effects Estimate Standard  
error 

t-value Lower  
CI 

Upper  
CI 

 P-
value 

April         
Intercept 
Parent temp. 
Recruitment temp. 
Parent:Recruitment temp. 
Time 

 0.733 
-0.018 
-0.004 
-0.007 
-0.006 

0.005 
0.004 
0.007 
0.006 
0.0003 

149.516 
-4.229 
-0.569 
-1.031 
-19.971 

 0.724 
-0.027 
-0.017 
-0.019 
-0.007 

 0.743 
-0.010 
 0.010 
 0.006 
-0.006 

<0.001 
<0.001 
  0.577 
  0.306 
<0.001   

May        
Intercept 
Parent treatment 
Recruitment treatment 
Parent:Recruitment temp. 
Time 

 0.695 
-0.013 
-0.004 
-0.002 
-0.003 

0.004 
0.004 
0.005 
0.005 
0.0004 

191.323 
-3.646 
-0.893 
-0.420 
-9.983 

 0.688 
-0.020 
-0.014 
-0.012 
-0.004 

 0.702 
-0.006 
 0.005 
 0.008 
-0.003 

<0.001 
<0.001 
    0.38 
    0.68 
<0.001 

Model: Recruit Fv/Fm ~ parent treatment * recruitment treatment + time + (1| tank) + (1| tile) 
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Table C11: Linear model output of Pocillopora acuta colony Fv/Fm held under heated 
(29.5°C) or control (26°C) conditions as assessed at individual time points; 43, 60, 74 
and 90 days at treatment conditions. 
 

Fixed effects Estimate Standard  
error 

t-value Lower  
CI 

Upper  
CI 

 P 

Day 43       
Intercept 
Parent temp. 

 0.724 
-0.008 

0.008 
0.011 

 90.97 
-0.768 

 0.708 
-0.030 

0.739 
0.013 

<0.001 
    0.45 

Day 60       
Intercept 
Parent temp. 

 0.723 
-0.042 

0.010 
0.014 

73.185 
-3.077 

 0.704 
-0.069 

 0.742 
-0.015 

<0.001 
  0.006 

Day 74       
Intercept 
Parent temp. 

 0.649 
-0.060 

0.017 
0.024 

37.495 
-2.470 

 0.615 
-0.108 

 0.683 
-0.012 

<0.001 
  0.025 

Day 90       
Intercept 
Parent temp. 

0.609 
0.0002 

0.014 
0.022 

45.142 
  0.011 

 0.583 
-0.043 

0.636 
0.043 

<0.001 
    0.99 

Model for each timepoint: Colony Fv/Fm ~ treatment  
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Table C12: Linear mixed model output for Pocillopora acuta recruit size as assessed at 
each time point in our study for the recruits settled in April. 
 

Fixed effects Estimate Standard  
error 

t-value Lower  
CI 

Upper  
CI 

 P 

Week 1       
Intercept 
Parent temp. 
Recruitment temp. 
Parent:Recruitment temp. 

 1.867 
-0.136 
 0.061 
-0.007 

0.046 
0.047 
0.068 
0.070 

40.246 
-2.867 
 0.910 
-0.101 

 1.777 
-0.228 
-0.071 
-0.143 

 1.958 
-0.429 
0.194 
0.129 

<0.001 
  0.005 
    0.37 
    0.92 

Week 3       
Intercept 
Parent temp. 
Recruitment temp. 
Parent:Recruitment temp. 

 2.301 
-1.582 
 6.380 
-2.528 

0.033 
0.028 
0.049 
0.045 

69.954 
-5.700 
 1.296 
-0.001 

 2.236 
-0.213 
-0.033 
-0.088 

 2.365 
-0.104 
 0.160 
 0.088 

<0.001 
<0.001 
    0.21 
    0.99 

Week 7       
Intercept 
Parent temp. 
Recruitment temp. 
Parent:Recruitment temp. 

 2.463 
-0.167 
-0.015 
 0.054 

0.034 
0.038 
0.050 
0.057  

72.058 
-4.410 
-0.297 
 0.944 

 2.396 
-0.241 
-0.113 
-0.058 

 2.530 
-0.093 
 0.083 
 0.165 

<0.001 
<0.001 
    0.77 
    0.35 

Week 9       
Intercept 
Parent temp. 
Recruitment temp. 
Parent:Recruitment temp. 

 2.567 
-0.199 
-0.054 
 0.026 

0.053 
0.054 
0.074 
0.079 

48.826 
-3.692 
-0.729 
 0.329 

 2.464 
-0.305 
-0.198 
-0.129 

 2.970 
-0.093 
 0.091 
 0.181 

<0.001 
<0.001 
    0.46 
    0.74 

Model for each time point: Recruit diameter ~ parent treatment * recruitment treatment + (1| tank) + (1| 
tile) 
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Table C13. Linear mixed model output for Pocillopora acuta recruit size as assessed at 
each time point in our study for the recruits settled in May. 
 

Fixed effects Estimate Standard  
error 

t-value Lower  
CI 

Upper  
CI 

 P 

Week 1       
Intercept 
Parent temp. 
Recruitment temp. 
Parent:Recruitment temp. 

 2.233 
-0.513 
-0.027 
 0.171 

0.036 
0.041 
0.051 
0.058 

  62.247 
-12.647 
 -0.524 
   2.953 

  2.162 
-0.592 
-0.127 
 0.057 

 2.303 
-0.433 
 0.073 
 0.283 

<0.001 
<0.001 
    0.61 
  0.004 

Week 3       
Intercept 
Parent temp. 
Recruitment temp. 
Parent:Recruitment temp. 

  2.477 
-0.506 
-0.050 
 0.110 

0.041 
0.042 
0.058 
0.060 

  60.141 
-12.172 
  -0.857 
   1.842 

 2.396 
-0.587 
-0.165 
-0.007 

 2.558 
-0.425 
 0.064 
 0.228 

<0.001 
<0.001 
    0.40 
    0.07 

Week 7       
Intercept 
Parent temp. 
Recruitment temp. 
Parent:Recruitment temp. 

 2.481 
-0.482 
-0.010 
 0.097 

0.035 
0.040 
0.049 
0.060 

  70.952 
-12.007 
  -0.205 
   1.624 

0.069 
0.079 
0.096 
0.117 

 2.550 
-0.403 
 0.086 
 0.215 

<0.001 
<0.001 
    0.84 
    0.11 

Model for each time point: Recruit diameter ~ parent treatment * recruitment treatment + (1| tank) + (1| 
tile) 
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Table C14. Linear mixed model output for Pocillopora acuta recruit Fv/Fm as assessed 
at each time point in our study for the recruits settled in April. 
 

Fixed effects Estimate Standard  
error 

t-value Lower  
CI 

Upper  
CI 

 P 

Week 1       
Intercept 
Parent temp. 
Recruitment temp. 
Parent:Recruitment temp. 

 0.717 
-0.011 
 0.011 
-0.020 

0.008 
0.006 
0.011 
0.009 

14.161 
58.888 
15.944 
69.028 

 0.703 
-0.023 
-0.010 
-0.038 

  0.732 
0.0007 
  0.033 
 -0.002 

<0.001 
    0.07 
    0.33 
    0.03 

Week 3       
Intercept 
Parent temp. 
Recruitment temp. 
Parent:Recruitment temp. 

 0.719 
-0.011 
-0.020 
-0.004 

0.007 
0.010 
0.011 
0.016 

87.300 
-1.038 
-1.805 
-0.266 

 0.704 
-0.032 
-0.042 
-0.035 

0.735 
0.010 
0.002 
0.027 

<0.001 
    0.30 
    0.07 
    0.79 

Week 7       
Intercept 
Parent temp. 
Recruitment temp. 
Parent:Recruitment temp. 

 0.681 
-0.011 
 0.001 
-0.004 

0.008 
0.008 
0.012 
0.011 

84.637 
-1.377 
  0.081 
-0.325 

 0.666 
-0.026 
-0.022 
-0.026 

0.671 
0.005 
0.024 
0.019 

<0.001 
    0.17 
    0.94 
    0.75 

Week 9       
Intercept 
Parent temp. 
Recruitment temp. 
Parent:Recruitment temp. 

 0.699 
-0.055 
-0.118 
 0.010 

0.008 
0.009 
0.012 
0.013 

83.344 
-6.056 
-1.017 
 0.768 

 0.682 
-0.073 
-0.034 
-0.415 

 0.715 
-0.037 
 0.011 
 0.035 

<0.001 
<0.001 
    0.32 
    0.77 

Model for each time point: Recruit Fv/Fm~ parent treatment * recruitment treatment + (1| tank) + (1| tile) 
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Table C15. Linear mixed model output for Pocillopora acuta recruit Fv/Fm as assessed 
at each time point in our study for the recruits settled in May. 
 

Fixed effects Estimate Standard  
error 

t-value Lower  
CI 

Upper  
CI 

 P 

Week 1       
Intercept 
Parent temp. 
Recruitment temp. 
Parent:Recruitment temp. 

  0.675 
  0.013 
-0.006 
-0.012 

0.006 
0.006 
0.008 
0.009 

116.806 
    2.083 
   -0.771 
  -1.390 

  0.664 
  0.001 
-0.022 
-0.029 

0.686 
0.024 
0.010 
0.005 

<0.001 
    0.04 
    0.45 
    0.17 

Week 3       
Intercept 
Parent temp. 
Recruitment temp. 
Parent:Recruitment temp. 

  0.700 
-0.024 
-0.006 
 0.003 

0.005 
0.006 
0.007 
0.009 

151.202 
   -3.893 
   -0.886 
    0.286 

  0.691 
-0.036 
-0.017 
-0.015 

0.709 
-0.012 
0.007 
0.020 

<0.001 
<0.001 
    0.38 
    0.78 

Week 7       
Intercept 
Parent temp. 
Recruitment temp. 
Parent:Recruitment temp. 

 0.647 
-0.043 
 0.001 
 0.006 

0.005 
0.007 
0.007 
0.010 

127.544 
  -5.970 
   0.090 
   0.621 

 0.664 
0.057 
-0.014 
-0.014 

 0.685 
-0.029 
 0.015 
 0.027 

<0.001 
<0.001 
    0.93 
    0.54 

Model for each time point: Recruit Fv/Fm ~ parent treatment * recruitment treatment + (1| tank) + (1| tile) 
 

 

 

 

 

 

 

 

 
 
 
 


