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ABSTRACT 

Human activity since the Industrial Revolution has increased global greenhouse gas 

concentrations resulting in rapid climate change, which now threatens terrestrial and 

marine ecosystems. Tropical coral reefs, along with the biodiversity and communities they 

support, are particularly threatened by these changes in climate. Corals are a consortium of 

organisms, with the coral host along with its photosynthetic endosymbiont (Family 

Symbiodiniaceae) and diverse community of microorganisms (bacteria, archaea, fungi, and 

viruses) together forming the ‘coral holobiont’. However, the symbiosis between tropical 

corals and Symbiodiniaceae algae is sensitive to even small changes in temperature and 

‘coral bleaching’ events – the loss of symbiosis – are now occurring with increased 

frequency and severity. These bleaching events can result in coral mortality and loss of 

entire reefs if stressful conditions do not subside. While research efforts have increased our 

ability to understand and predict coral bleaching events, fundamental questions remain 

surrounding how genetic diversity of the coral holobiont and interactions with its 

environment can drive coral resilience or resistance under climate change. The overarching 

goal of my dissertation is to understand how various abiotic (i.e., stress duration, 
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spatiotemporal variation on the reef) and biotic (i.e., holobiont diversity, symbiosis) factors 

determine a coral’s response to environmental change at the level of phenotype and 

genotype. To achieve this goal, I first tested how environmental history and stress duration 

modulated the physiological responses of two reef-building corals under combined ocean 

warming and ocean acidification conditions. I found that one species was more stress-

resistant (Siderastrea siderea), but that both duration of stress exposure and environmental 

history (inshore vs. offshore reef origin) modulated coral physiology. Next, I investigated 

the importance of holobiont genetic identity and abiotic environment in driving phenotypic 

responses of S. siderea exposed to a diel temperature variability (DTV) and subsequent 

heat challenge experiment. I found that while DTV increased coral growth, cryptic host 

diversity and their unique pairings with algal symbiont strains were the strongest predictors 

of holobiont physiology and response to heat challenge. Lastly, I leveraged genome-wide 

gene expression profiling and the facultative symbiosis between the subtropical coral 

Oculina arbuscula and its symbiont Breviolum psygmophilum to disentangle the 

independent responses of both partners to heat and cold challenges in and out of symbiosis. 

I found that O. arbuscula host gene expression was more plastic under temperature 

challenges relative to B. psygmophilum when in symbiosis, and that symbionts exhibited 

more gene expression plasticity in culture compared to in symbiosis. Taken together, this 

dissertation provides valuable insights into the phenotypic and genotypic mechanisms that 

contribute to coral success in a changing climate. 
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 CHAPTER ONE: INTRODUCTION 

Climate change is causing dramatic alterations across terrestrial and marine 

landscapes, as a result of increasing concentrations of anthropogenic greenhouse gasses 

(particularly CO2) trapping heat in the atmosphere. In the ocean, this greenhouse effect has 

resulted in increasing temperatures (ocean warming) and decreasing pH (ocean 

acidification) (Pörtner et al. 2019). In 2021, ocean temperatures were the hottest ever 

recorded (Cheng et al. 2022), and this trend will only continue unless we dramatically 

reduce greenhouse gas emissions (Cooley et al. 2022). The effects of climate change are 

already apparent on organisms across the globe, and include overall declines in biodiversity 

(Harvey et al. 2022; Butchart et al. 2010), species range expansions (Hickling et al. 2006) 

and contractions (Parmesan 2006), and phenological shifts (Parmesan and Yohe 2003). The 

global extinction risk is predicted to accelerate with rising temperatures, and if we continue 

warming the planet under the “business as usual” scenario, it is estimated that one in six 

species will be threatened with extinction (Urban 2015). Such rapid environmental changes 

are affecting organisms across the tree of life, and it remains critical to understand the 

abiotic and biotic factors influencing these responses to enable predictions of species 

persistence in a changing world.  

Understanding how symbioses will be affected by rapid environmental change is 

even more challenging, as there is not just one organism to consider, but instead a 

‘holobiont’–the host and all associated microbiota. According to the hologenome theory, 

the holobiont (and its associated hologenome) serves as a distinct biological entity upon 

which selection can act (Rosenberg and Zilber-Rosenberg 2018). Symbiosis can alter an 
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organism’s response to heat stress, and have been shown to increase holobiont thermal 

tolerance through diverse mechanisms, including altering the expression of host stress-

response genes and producing protective metabolites (reviewed in Hector et al. 2022). In 

an interesting example of a vertebrate symbiosis, the microbiome has been shown to alter 

acute thermal tolerance under both heat and cold challenge in tadpoles, and additionally 

influenced survival over prolonged heat stress (Fontaine, Mineo, and Kohl 2022). It is 

therefore important to characterize the identity of all members of a holobiont, and to 

understand how unique combinations of hosts and symbionts interact to influence 

holobiont responses to climate change. 

The tropical coral holobiont, consisting of the coral host, its obligate photosynthetic 

dinoflagellate algae in the family Symbiodiniaceae, and its diverse community of 

microorganisms (bacteria, archaea, fungi, and viruses), is an iconic symbiosis that is 

severely threatened by climate change (Putnam et al. 2017). This symbiotic relationship, 

in which corals obtain the majority of their nutritional requirements as photosynthetic by-

products from Symbiodiniaceae algae (Muscatine 1990), allows corals to thrive in 

oligotrophic waters and build ecosystems that support an incredible diversity of marine 

ecosystem services valued at billions of dollars annually (Costanza et al. 2014). Tropical 

corals live close to their upper thermal limit, making them susceptible to even small 

increases in temperature (Berkelmans and Willis 1999; Baker, Glynn, and Riegl 2008). 

Such increasing temperatures can compromise the relationship between coral hosts and 

their Symbiodiniaceae algae, which can lead to dysbiosis in a process termed “coral 

bleaching” (Brown 1997; Glynn 1984). If the coral persists in its bleached (aposymbiotic) 
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state for long enough, it can result in starvation and eventual mortality (Brown 1997; 

Boilard et al. 2020). Coral bleaching events are now occurring with increasing frequency 

and severity, which is only projected to worsen as climate change continues (van Hooidonk 

et al. 2016). As a result, live coral cover has declined substantially over the last 50 years, 

leading to a concurrent decline in the ability of these ecosystems to provide the services on 

which millions of coastal Indigenous people and small-island developing states rely (T. D. 

Eddy et al. 2021). However, coral reefs are not changing homogeneously, and while our 

understanding of which reefs and species are more bleaching resistant is advancing (Safaie 

et al. 2018; Grottoli et al. 2014), predicting their future remains challenging due to 

complexities governing coral resilience, including environmental variation, host genetics, 

and associations with algal and microbial symbionts (reviewed by Bove, Ingersoll, and 

Davies 2022). 

Abiotic environmental conditions are known to vary greatly on coral reefs, both 

across small spatial scales and broad latitudinal gradients, which influences coral 

physiology and stress responses. One classic example of environmental gradients on coral 

reefs are reef zones, where offshore habitats tend to experience lower turbidity, less run-

off, higher water flow, and more stable temperatures compared to inshore habitats, which 

tend to have higher turbidity, less flow, and more variable temperatures (Kenkel et al. 2013; 

Morgan et al. 2017; Briand, Guzmán, and Sunday 2023). These environmental differences 

drive the community composition and functional characteristics of coral reefs (Briand, 

Guzmán, and Sunday 2023) and influence historical coral growth rates (Castillo et al. 

2012). Additionally, it is hypothesized that corals originating from these inshore 
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environments may be “primed” to withstand future stressors (Drury et al. 2022; Hackerott, 

Martell, and Eirin-Lopez 2021). Elevated thermotolerance of inshore corals has been linked 

specifically to high frequency temperature variability, also called diel temperature 

variability (DTV) (e.g., Kenkel, Almanza, and Matz 2015; Oliver and Palumbi 2011). 

While the role of DTV in mitigating coral bleaching has been recently highlighted on reefs 

spanning the globe (Safaie et al. 2018; Schoepf et al. 2020), it is not a cure-all, and 

temperature variability can also have negative impacts on corals (Schoepf, Sanderson, and 

Larcombe 2022). Therefore, it is critical to understand the environmental factors that 

enable coral holobionts to respond to and survive such diverse challenges. 

In addition to the role of environmental history, the physiological stress responses 

of coral holobionts can vary greatly across host species (Bove et al. 2019; Okazaki et al. 

2017), algal symbiont communities (Abrego et al. 2008), and microbiomes (Morrow, 

Muller, and Lesser 2018; Ziegler et al. 2017). For example, twelve species of Caribbean 

scleractinian corals exhibited diverse calcification responses when exposed to crossed 

ocean warming and acidification treatments, with positive, neutral, and negative 

calcification observed (Okazaki et al. 2017). The calcification response was also not 

consistent under warming and acidification stress, highlighting the importance of 

considering how corals respond not just to temperature, but also to other stressors that occur 

concurrently on reefs, including acidification (e.g., Okazaki et al. 2017; Horvath et al. 

2016; Edmunds, Brown, and Moriarty 2012). Disentangling the effects of multiple 

stressors on corals is only further complicated by the diversity of Symbiodiniaceae algae 

they can associate with, because unique combinations of coral hosts and algal symbionts 
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can greatly influence the coral holobiont’s response to stress. For example, the algal 

symbiont Durusdinium trenchii has been shown to confer thermal tolerance to their hosts, 

both through elevated photochemical efficiency (Fv/Fm) (Berkelmans and van Oppen 

2006) and lower bleaching prevalence (Manzello et al. 2019; reviewed in Stat and Gates 

2010). Alternatively, Acropora tenuis juveniles hosting Cladocopium sp. exhibited lower 

metabolic costs and higher tolerance to heat and light stress compared to those hosting 

Durusdinium sp. (Abrego et al. 2008). Coral holobionts have also been shown to shuffle 

their algal symbiont communities from less tolerant Symbiodiniaceae species to more 

tolerant ones following a bleaching event, which improved performance under a later heat 

stress event (Silverstein, Cunning, and Baker 2015). Similar to algal symbiont 

communities, microbial communities have also been associated with coral thermal 

resilience, and these communities can shift in response to distinct thermally variable 

habitats (Ziegler et al. 2017). Given that each of these symbiotic partners plays a role in 

coral resilience, it is critical to consider multiple members of the coral holobiont (i.e., host, 

algal symbiont, and microbiome) when evaluating coral responses to climate change 

stressors.  

Our understanding of coral responses to climate change has been additionally 

complicated by a growing appreciation for cryptic host diversity on coral reefs. Cryptic 

coral lineages are distinct genetic clusters that were previously characterized as a single 

species (Bickford et al. 2007), and have now been found to differ in their spatial 

distributions (Matias et al. 2022; Fifer et al. 2022) and bleaching tolerances (Gómez-

Corrales and Prada 2020). Cryptic lineages have also been shown to differ in their 
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associations with Symbiodiniaceae, and Rose et al. (2021) demonstrated that Acropora 

hyacinthus cryptic lineages differed in their associations with Durusdinium, and the most 

thermotolerant lineage hosted Durusdinium more often than the other lineages. Such 

cryptic diversity has the potential to play an important role in determining how reef 

communities will respond to future climate change conditions, and additionally in how we 

design more effective coral restoration efforts. 

The endosymbiosis between coral hosts and their algal symbionts allows them to 

persist in oligotrophic tropical waters, but also presents a distinct threat under increasing 

temperatures. It has been hypothesized that reactive oxygen species (ROS) produced by 

Symbiodiniaceae under stress can damage cellular components, cause photoinhibition, and 

trigger bleaching (reviewed in Szabó, Larkum, and Vass 2020). Therefore, coral hosts may 

benefit from controlling the environment of their algal symbionts to maintain conditions 

that are suitable for photosynthesis and nutrient sharing. For example, Barott et al. (2015) 

demonstrated that coral hosts acidify the symbiosome (i.e., organelle in which the algal 

symbiont is housed) via expression of V-type proton ATPases, which serves as a carbon 

concentrating mechanism and promotes photosynthesis. Additionally, cnidarian hosts have 

been shown to regulate symbiont cell densities by controlling nitrogen available to the 

symbiont through glutamine-dependent nitrogen cycling, both in corals (Rivera and Davies 

2021) and in anemones (Xiang et al. 2020; Cui et al. 2019). There is additional evidence 

that hints at host control of the symbiont’s microenvironment, particularly at the level of 

gene expression, where coral hosts exhibit many more differentially expressed genes than 

their photobionts under heat stress (e.g., Barshis et al. 2014; Bellantuono et al. 2019; S. W. 
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Davies et al. 2018; Leggat et al. 2011). However, few studies have directly compared the 

effects of temperature stress on algal symbionts both in and out of symbiosis (in hospite 

and ex hospite), which would be required to test for a host’s ability to buffer their algal 

symbionts.  

Despite a growing number of studies focused on understanding the response of 

corals to climate change, there are still many outstanding questions regarding what makes 

corals both resistant and resilient in the face of climate change. This dissertation takes an 

integrative approach to coral resilience from genes to populations, and leverages diverse 

experimental approaches to understand, at the level of phenotype and genotype, the role of 

stress duration, spatiotemporal variation on the reef, and symbiosis in determining a coral’s 

response to stress. This dissertation gives rise to valuable insights about the phenotypic and 

molecular mechanisms underlying symbiosis maintenance in corals, particularly under 

global climate change. 

In Chapter 2, I characterized the phenotypes of two major tropical reef-building 

coral species (Siderastrea siderea, Pseudodiploria strigosa) and their symbionts from two 

reef zones on the Belize Mesoamerican Barrier Reef System through time in a 95-day 

common garden exposure to warming (~28, 31°C), acidification (pCO2 ~ 343 [present 

day], ~663 [end of century], ~3109 [extreme] μatm), and their interaction. By tracking coral 

holobiont physiology (net calcification rate, host protein and carbohydrate, chlorophyll a, 

and symbiont density) every 30 days through the 95-day exposure, I showed species 

differences in physiological responses that were modulated by exposure duration. 

Siderastrea siderea was generally resistant to end of century pCO2 and temperature stress, 
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while P. strigosa holobiont physiology was negatively affected by elevated temperatures. 

While S. siderea calcification was negatively impacted by extreme pCO2 conditions 

initially, we demonstrated recovery through positive calcification rates by the end of the 

experiment, suggesting acclimation. Additionally, while P. strigosa physiology was 

negatively affected overall by elevated temperatures, nearshore corals maintained 

calcification under those conditions, providing evidence for local adaptation of this species 

to the warmer nearshore environment. This chapter illustrates the benefits of tracking 

holobiont physiology of multiple coral species throughout long-term experiments to reveal 

more nuanced responses to climate change stressors. 

In Chapter 3, I assessed the roles of abiotic environment and holobiont genetic 

identity in driving phenomic responses of Siderastrea siderea. Corals were sourced from 

six sites spanning an inshore to offshore gradient across Bocas del Toro, Panamá and 

exposed to a common garden exposure including 50 days of diel temperature variability 

(DTV) followed by a 15-day heat challenge and 16-day recovery. We found that DTV 

increased coral growth overall, but all other phenotypes were more strongly shaped by the 

presence of three cryptic host lineages that differed in their spatial distributions, phenomes, 

and algal associations. The lineage found predominantly at offshore sites was more likely 

to host Durusdinium trenchii algal symbionts, had elevated energetic reserves, exhibited 

higher growth, had smaller corallites, and greater resistance under heat challenge, 

highlighting the potential for ecological specialization of these cryptic lineages. 

Additionally, unique combinations of host-symbiont pairings resulted in differences in 

thermotolerance. These findings highlight the complexities associated with projecting 
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bleaching, the role of DTV in driving coral growth, and the need to better characterize 

cryptic diversity when evaluating responses of corals to global change.  

In Chapters 2 and 3, many of the factors contributing to how a coral holobiont 

responds to climate change stress are explored in tropical, reef-building corals. However, 

understanding the independent stress responses of each symbiotic partner in tropical corals 

is ultimately challenging because the symbiosis is obligate, and therefore any aposymbiotic 

host response is inherently coupled with nutritional stress. Therefore, in Chapter 4, I 

leveraged the facultatively symbiotic subtropical coral Oculina arbuscula and its symbiont 

Breviolum psygmophilum to disentangle the independent host and symbiont responses to 

temperature challenges. Previous work has shown that coral host transcriptomes respond 

more strongly to environmental stress compared to their algal symbionts at the level of 

gene expression, which suggests that coral hosts could be regulating their symbiont’s 

environment to buffer environmental stress. To explore this further, I used genome-wide 

gene expression profiling (TagSeq) to characterize the response of both O. arbuscula and 

B. psygmophilum in symbiosis (in hospite) and out of symbiosis (ex hospite) to thermal 

challenge using two separate experiments. First, the host and in hospite symbiont response 

was considered by exposing symbiotic and aposymbiotic fragments of O. arbuscula to 

three temperature treatments: 1) control (18°C), 2) heat challenge (32°C), and 3) cold 

challenge (6°C). This experimental design was replicated with B. psygmophilum cultured 

from O. arbuscula to characterize ex hospite photobiont response. I then identified 

orthologous genes and demonstrated that O. arbuscula hosts responded more to cold 

challenge compared to heat, and responded more overall than their in hospite symbiont. By 
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comparing B. psygmophilum gene expression across the two experiments, I observed a 

more plastic response to temperature challenge ex hospite. Additionally, while cold 

challenge negatively affected B. psygmophilum photosynthesis both in and ex hospite, a 

gene expression signature of oxidative stress was found ex hospite, but not in hospite. 

While future work will benefit from additional technologies, including proteomics, these 

findings presented in Chapter 4 suggest that O. arbuscula hosts buffer the environment of 

B. psygmophilum under thermal challenge. 
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 CHAPTER TWO: EXPOSURE DURATION MODULATES THE 

RESPONSE OF CARIBBEAN CORALS TO GLOBAL CHANGE 

STRESSORS 

 
This chapter is published, and the full citation is as follows: 

Aichelman, Hannah E., Colleen B. Bove, Karl D. Castillo, Jessica M. Boulton, Alyssa C. 
Knowlton, Olivia C. Nieves, Justin B. Ries, and Sarah W. Davies. 2021. “Exposure 
Duration Modulates the Response of Caribbean Corals to Global Change Stressors.” 
Limnology and Oceanography 66 (8): 3100–3115. https://doi.org/10.1002/lno.11863. 

 
2.1 Abstract 

Global change, including rising temperatures and acidification, threatens corals 

globally. Although bleaching events reveal fine-scale patterns of resilience, traits enabling 

persistence under global change remain elusive. We conducted a 95-d controlled-

laboratory experiment investigating how duration of exposure to warming (~28, 31°C), 

acidification (pCO2 ~ 343 [present day], ~663 [end of century], ~3109 [extreme] μatm), 

and their combination influences physiology of reef-building corals (Siderastrea siderea, 

Pseudodiploria strigosa) from two reef zones on the Belize Mesoamerican Barrier Reef 

System. Every 30 d, net calcification rate, host protein and carbohydrate, chlorophyll a, 

and symbiont density were quantified for the same coral individual to characterize 

acclimation potential under global change. Coral physiologies of the two species were 

differentially affected by stressors and exposure duration was found to modulate these 

responses. Siderastrea siderea exhibited resistance to end of century pCO2 and 

temperature stress, but calcification was negatively affected by extreme pCO2. However, S. 

siderea calcification rates remained positive after 95 d of extreme pCO2 conditions, 
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suggesting acclimation. In contrast, P. strigosa was more negatively influenced by 

elevated temperatures, which reduced most physiological parameters. An exception was 

nearshore P. strigosa, which maintained calcification rates under elevated temperature, 

suggesting local adaptation to the warmer environment of their natal reef zone. This work 

highlights how tracking coral physiology across various exposure durations can capture 

acclimatory responses to global change stressors. 

 

2.2 Introduction 

Since the Industrial Revolution, anthropogenic activities have increased the partial 

pressure of atmospheric carbon dioxide (pCO2), causing atmospheric warming of ~0.6°C 

(Pörtner et al. 2019). As atmospheric temperatures increase, so do sea surface temperatures 

(SSTs) (Pörtner et al. 2019). Increasing pCO2 has also caused surface ocean pH to decrease 

by 0.017 to 0.027 units per decade since the 1980s (Pörtner et al. 2019). Warming and 

acidification have impacted organisms across the globe, as thermal niches shift and habitats 

rapidly change (Morley et al. 2018; Pörtner et al. 2019). The negative effects of global 

climate change are predicted to strengthen and, under the Intergovernmental Panel on 

Climate Change’s (IPCC) most extreme emissions scenario (RCP8.5), oceans are expected 

to uptake 5 to 7 times more heat and decrease by 0.3 pH units by 2100 (van Vuuren et al. 

2011; Pörtner et al. 2019). 

Coral reefs are valuable economic and ecological resources (Costanza et al. 2014) 

that are vulnerable to ocean warming and acidification. The high biodiversity of coral reefs 

depends on the obligate symbiosis between corals and their symbiotic algae (LaJeunesse 
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et al. 2018). This symbiosis is sensitive to thermal anomalies and, because tropical reef-

building corals live within 1°C of their upper thermal limit, small SST increases can result 

in bleaching (breakdown of symbiosis) and ultimately mortality if symbionts fail to 

repopulate the coral host. These coral bleaching events are occurring with increasing 

frequency and severity as SSTs continue to rise (Hughes et al. 2017).  

Ocean acidification alters seawater carbonate chemistry (Doney et al. 2009) by 

reducing seawater pH, carbonate ion concentration ([CO32-]), and the saturation state of 

seawater with respect to aragonite (𝛺!"!#)—which can make it challenging for corals to 

build their aragonite skeletons (Doney et al. 2009). Laboratory experiments have shown 

that projected acidification conditions can have negative (Horvath et al. 2016; Hoegh-

Guldberg et al. 2007), neutral (Reynaud et al. 2003), threshold (Ries, Cohen, and McCorkle 

2010 [409-2856 µatm]), and parabolic (Castillo et al. 2014) impacts on coral calcification, 

while in situ manipulative field experiments have yielded more negative outcomes 

(Albright et al. 2018; Kline et al. 2019). The direction and magnitude of coral calcification 

responses to acidification are influenced by numerous factors, including species-level 

differences (Bove et al. 2019; Okazaki et al. 2017), differences in the ability to regulate 

calcifying fluid chemistry (Guillermic et al. 2021; Y.-W. Liu et al. 2020; Justin B. Ries 

2011), CO2-induced fertilization of photosynthesis (Castillo et al. 2014), gonochoric 

colony sex (Holcomb, Cohen, and McCorkle 2012), experimental duration (Kline et al. 

2019), co-occurring thermal stress (Kroeker et al. 2013), boundary layer limitation of 

proton flux (Jokiel 2011), heterotrophy (Towle, Enochs, and Langdon 2015), and biomass 

energy utilization (Wall et al. 2017). Calcification in response to temperature stress is 
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similarly complicated by a number of factors. For example, calcification rates of corals 

have been shown to respond parabolically to temperature, with trends varying across 

species (Edmunds 2005). Additional complexities have been linked to life history and 

seasonality (Kornder, Riegl, and Figueiredo 2018). Energetic reserves are critical to coral 

health and resistance to stressors, and have been associated with bleaching susceptibility 

(Anthony et al. 2009; Levas et al. 2018) and whether a bleaching event will lead to 

mortality (Anthony et al. 2009; Grottoli et al. 2014). Additionally, a coral’s response to 

thermal stress–like their response to acidification–can be mediated by heterotrophy 

(Aichelman et al. 2016; Grottoli, Rodrigues, and Palardy 2006). 

Fewer studies consider the interactions of temperature and acidification stress, and 

these studies have similarly produced variable results. Although some research finds 

stronger negative effects of elevated temperature compared to acidification on calcification 

(Anderson et al. 2019; Schoepf et al. 2013) and survivorship (Anderson et al. 2019), others 

have shown additive effects of the two stressors (Agostini et al. 2013; Edmunds, Brown, 

and Moriarty 2012; Horvath et al. 2016; Rodolfo-Metalpa et al. 2011). The response of the 

coral holobiont to environmental stress varies by stressor, and also by species. Such 

species-level differences have been observed in coral calcification under crossed 

temperature and acidification stress (Bove et al. 2019; Okazaki et al. 2017) and recovery 

of energetic reserves through time after bleaching (Levas et al. 2018). Additionally, spatial 

scale can play a role in response to environmental stress, with differential stress tolerance 

observed across populations along a reef system (Dixon et al. 2015), between reef zones 

(Castillo et al. 2012; Kenkel et al. 2013), and between tidal pools (Bay and Palumbi 2014), 
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illustrating that adaptation and/or acclimation to fine scale environmental differences can 

play a role in determining stress response. Therefore, a more complete understanding of 

the interactions of environmental stressors necessitates investigations of multiple species 

from different populations in response to multiple stressors across longer timescales with 

a focus on holobiont physiology. 

Considering how duration of stress exposure affects the coral holobiont is critical 

(McLachlan et al. 2020), but this pursuit is complicated by the difficulty of executing long-

term laboratory experiments. However, several studies have been conducted for ~90 days 

or more, revealing patterns of stress and resilience. For example, acidification (1,050 µatm 

pCO2) caused rapid, species-specific alterations of calcifying fluid chemistry in four coral 

and two calcifying algae species that remained for one year (Comeau et al. 2019). Castillo 

et al. (2014) showed calcification responses to elevated pCO2 varied with exposure 

duration, with S. siderea calcification under moderate pCO2 (604 µatm) increasing between 

0 and 60 days and decreasing between 60 and 90 days. Additionally, Levas et al. (2018) 

tracked corals for 11 months following experimental bleaching and found interspecific 

differences in recovery. Porites divaricata initially catabolized lipids and decreased 

calcification but recovered within 11 months, while P. astreoides recovered within 1.5 

months after increasing feeding and symbiont nitrogen uptake (Levas et al. 2018). In 

summary, tracking coral physiology through time provides valuable insights into how 

corals respond to short-, moderate-, and long-term stress.  

Here, two ecologically important reef-building coral species (Siderastrea siderea 

and Pseudodiploria strigosa) from two reef zones with distinct thermal environments 
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(Baumann et al. 2016) of the Belize Mesoamerican Barrier Reef System (MBRS) were 

maintained under a fully crossed pCO2 (~343 µatm [present day], ~663 µatm [end of 

century], ~3109 µatm [extreme]) and temperature (~28, 31°C) 95-day experiment. Control 

and elevated temperature treatments correspond to present-day mean annual temperature 

from the collection sites on the MBRS (Baumann et al. 2016; Castillo et al. 2012) and 

projected end of century annual mean temperature for this region (Stocker et al. 2013), 

respectively. End of century pCO2 is based on the RCP6 emissions scenario, and extreme 

pCO2 is a projection for the year 2500 under RCP8.5 (Stocker et al. 2013), and is intended 

to test a coral’s response to extreme acidification. To characterize the species’ responses 

to projected global change, holobiont physiology of each colony was monitored 

approximately every 30 days (exposure duration: 0-30 days=T0-T30=short-term, 30-60 

days=T30-T60=moderate-term, 60-95 days=T60-T95=long-term), including metrics for coral 

host (calcification rate, protein, carbohydrates) and algal symbiont (symbiont cell density, 

chlorophyll a). This work elucidates the impact of exposure duration on corals’ acclimatory 

response to global change stressors. 
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2.3 Materials and methods 

2.3.1 Coral collection and experimental design 

 The experiment presented here was run in parallel with that published by Bove et 

al. (2019); therefore, experimental design and culturing conditions are similar to those 

presented therein. However, our study used different coral colonies and only two species 

(instead of four). Experimental timing is staggered by 30 days between the two 

experiments; for comparison, T0 here corresponds to “pre-acclimation period” in Bove et 

al. (2019). This difference in timing is intentional because we wanted to observe the effects 

of the initial exposure period, while Bove et al. (2019) treated this as “pre-acclimation” 

and excluded this experimental interval. Methods specific to this experiment are presented 

below with additional details in Appendix 1.1.  

Three colonies of Siderastrea siderea and three colonies of Pseudodiploria strigosa 

were collected from a nearshore and forereef site along the southern Belize MBRS (Figure 

2-1, Appendix 1.1). All colonies were transported to Northeastern University’s Marine 

Science Center in Nahant, Massachusetts, USA and fragmented into 24 pieces. One 

forereef P. strigosa colony did not survive fragmentation, leaving 3 genotypes for 

nearshore and forereef S. siderea, 3 genotypes for nearshore P. strigosa, but only 2 

genotypes for forereef P. strigosa. We acknowledge that replication across reef zone is 

limited; however, sample size was restricted by permitting, space was limited within 

experimental tanks, as well as the large colony size and number of fragments needed to 

consider genet-level coral physiology through time. After fragmentation, corals recovered 

for 23 days in natural flow-through seawater (5 µm-filtered seawater obtained from 
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Massachusetts Bay) maintained at 28.2±0.5°C and ~500 µatm pCO2. Following recovery, 

temperature and pCO2 were incrementally adjusted over 20 days until target treatments 

were achieved. The six experimental treatments consisted of a full factorial design of two 

temperatures (target: 28, 31°C) and three pCO2 levels (target: 400, 700, 2800 µatm). In 

order to capture genotype-specific responses through time, four replicate coral fragments 

per genotype were represented in each of the six treatments, and each treatment was 

replicated in three 42 L acrylic tanks on a 10:14 h light:dark cycle (full spectrum LED 

lights; Euphotica, 120W, 20000K) with PAR of ~300 μmol photons m–2 s–1 (Castillo et al. 

2014). Coral fragments were fed a combination of ~6 g frozen adult Artemia sp. and 250 

mL newly hatched live Artemia sp. (500 mL–1) every other day and maintained in treatment 

conditions for 95 days or until preservation.  

Experimental conditions were maintained similarly to Bove et al. (2019). 

Temperature, salinity, and pH were measured in all tanks every few days (n=40 total) and 

water samples for total alkalinity (TA) and dissolved inorganic carbon (DIC) were 

collected a total of 7 times throughout the experimental period. TA and DIC were measured 

using a VINDTA 3C (Marianda Corporation, Kiel, Germany) calibrated with certified 

Dickson Laboratory standards for seawater CO2 measurements (Scripps Institution of 

Oceanography; San Diego, California, USA). Temperature, salinity, TA, and DIC were 

used to calculate all carbonate system parameters using CO2SYS (Pierrot et al. 2006) with 

Roy et al. (1993) carbonic acid constants K1 and K2, the Mucci (1983) value for the 

stoichiometric aragonite solubility product, and an atmospheric pressure of 1.015 atm. All 

measured and calculated seawater parameters are reported in Figures A1-1, A1-2, and 
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Tables A1-1, A1-2. Cumulative average (±SE) pCO2 and temperature throughout the 95-

day experimental period (n=20-21) were: 298±27 µatm, 28.0±0.04 °C (present day pCO2, 

28 °C); 388±25 µatm, 31.1±0.04 °C (present day pCO2, 31 °C); 663±13 µatm, 28.0±0.06 

°C (end of century pCO2, 28 °C); 662±28 µatm, 31.0±0.03 °C (end of century pCO2, 31 

°C); 2973±125 µatm, 28.1±0.02 °C (extreme pCO2, 28 °C); 3245±154 µatm, 30.7±0.06 

°C (extreme pCO2, 31 °C). 

 

 

 

Figure 2-1. 
(a) Map of forereef (SCMR=Sapodilla Cayes Marine Reserve) and nearshore (PHMR=Port 
Honduras Marine Reserve) coral collection sites on the Belize Mesoamerican Barrier Reef 
System. (b) Example of Siderastrea siderea (photo credit: K.D. Castillo). (c) Example of 
Pseudodiploria strigosa (photo credit: H.E. Aichelman).  
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2.3.2. Coral host and symbiont physiology  

Coral host and symbiont physiological measurements were taken at each of the four 

time points (T0, T30, T60, T95). Net calcification rates were estimated in triplicate for each 

fragment using the buoyant weight technique (S. Davies 1989) and normalized to surface 

area. A subset of fragments from both species were used to confirm the relationship 

between buoyant weight and dry weight (Bove et al. 2019). Growing surface area was 

quantified in triplicate from photos taken at each timepoint using ImageJ software (Rueden 

et al. 2017). The same surface area values of each coral fragment were used to normalize 

all host and symbiont physiological parameters within a time point. Additionally, at each 

time point, a fragment of each colony was removed from each treatment, flash frozen in 

liquid nitrogen, and stored at −80°C until processing, when fragments were airbrushed to 

remove host tissue and symbiont cells. Tissue slurries were homogenized and centrifuged 

to separate coral tissue and symbiont fractions for physiological assays. Fragments were 

frozen approximately every 30 days, but the actual number of days from T0 to sampling 

were 36 (T0 to T30), 63 (T0 to T60), and 92 (T0 to T95). Because corals were frozen on the 

same day for each time point, there was no need to correct for the number of days in 

experimental treatment for physiological metrics other than calcification rate. 

Total coral host protein content was quantified from host tissue slurry using a 

bicinchoninic acid protein assay following manufacturer’s instructions. Total host 

carbohydrates were quantified using the phenol-sulfuric acid method (Masuko et al. 2005), 

which measures all monosaccharides, including glucose—the major photosynthate 

translocated from symbiont to coral (Burriesci, Raab, and Pringle 2012). Symbiont cell 
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density was quantified using the hemocytometer method (Rodrigues and Grottoli 2007). 

Symbiont photosynthetic pigments (chlorophyll a, abbreviated Chl a) were quantified 

spectrophotometrically following Marchetti et al. (2012). See Appendix 1.1 for additional 

details. 

2.3.3. Statistical analyses 

Statistical differences between experimental treatments were tested using an 

ANOVA (aov) with fixed effects of temperature and pCO2, and post-hoc pairwise 

comparisons were assessed using Tukey’s HSD tests (reported in Table A1-7). 

Temperature and pCO2 data were log-transformed if necessary to meet assumptions of 

normality, which was assessed via a Shapiro-Wilk Test (shapiro.test). The results of 

statistical differences between treatments are reported in Table A1-7 as well as Figures A1-

1 and A1-2. Coral physiological data were assessed using a series of linear mixed effects 

models (lmer) for each species and individual physiological parameter (including fixed 

effects of time, temperature, pCO2, and reef zone) using a forward model selection method 

(Appendix 1.1). A random effect of genotype was included in all models to account for 

physiological variation across genotypes. Physiological data were transformed to meet 

assumptions of normality for ANOVAs when necessary, including several parameters for 

P. strigosa (symbiont density [cube root], Chl a [square root], carbohydrate [square root]) 

and S. siderea: symbiont density [log], Chl a [cube root], carbohydrates [square root]). 

Siderastrea siderea calcification rates did not meet assumptions of normality despite 

transformations; therefore, a generalized additive model for location scale and shape with 
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a Weibull distribution (Rigby and Stasinopoulos 2005) was fit using the same forward 

model selection method (Appendix 1.1). Model results are reported with summary statistics 

in Table A1-3. Significant post-hoc pairwise comparisons from linear mixed effects models 

were assessed using Tukey’s HSD tests implemented in the lsmeans function (reported in 

Table A1-4).  

Principal Components Analyses (PCA) were constructed using the FactoMineR 

package (Lê, Josse, and Husson 2008) to assess how overall physiologies were modulated 

through time for each species. Significance of each factor in the PCA was assessed using 

PERMANOVA, via the adonis function in the vegan package (Oksanen et al. 2022). 

Statistics for all adonis tests are reported in Table A1-5.  

Correlation matrices of all host and symbiont physiological parameters for both 

species through time were built using the corrplot function with a significance threshold 

of p=0.05. Impacts of temperature and pCO2 on host and symbiont physiology of only P. 

strigosa were assessed via linear regression modeling, as no noteworthy correlations were 

found for S. siderea. To estimate significance of predictors and their interactions, 

increasingly parsimonious, nested linear models (using lmer) were compared with 

likelihood ratio tests. Conditional R-squared values, accounting for both fixed and random 

effects, of regressions were determined using the r.squaredGLMM function in the MuMIn 

package. Summary statistics for all linear regressions are reported in Table A1-6. All raw 

data and code associated with analyses presented here are stored in a Github repository at 

the following link: https://github.com/hannahaichelman/TimeCourse_Physiology. All 

statistical analyses used R version 4.0.1 (R Core Team 2017).  
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2.4 Results 

2.4.1. Holobiont physiology through time 

Siderastrea siderea holobiont physiology (calcification rate, host protein and 

carbohydrate, chlorophyll a, symbiont density) clustered more strongly by pCO2 than by 

temperature (Figure 2-2a-c). There was an apparent, but not statistically significant, effect 

of pCO2 on holobiont physiology after short-term exposure (T30, p=0.054; Figure 2-2a), 

and this effect became significant through time (T95: p=0.002; Figure 2-2c). At T95, the 

interaction of pCO2 and temperature was also significant (p=0.001; Figure 2-5c). Principal 

components analyses loadings for calcification, symbiont density, and Chl a discriminate 

between clusters of fragments in extreme pCO2 and other acidification treatments (Figure 

2-2a-c). Comparing PCAs in Figure 2-2a-c with individual physiological results (Figures 

2-3a,c and 2-4a,c) demonstrates that pCO2 significantly reduced S. siderea calcification, 

symbiont density, and Chl a, but did not have a significant effect on host carbohydrates or 

protein. Reef zone did not have a significant effect on S. siderea holobiont physiology for 

any exposure duration (Figure 2-2a-c).  

Holobiont physiology of P. strigosa clustered more strongly by temperature than 

by pCO2, especially after long-term exposure (T95; Figure 2-2d-f). At T60, there was a 

significant effect of pCO2 on holobiont physiology (p=0.029; Figure 2-2e). However, at 

T95 pCO2 was no longer significant, and only temperature had a significant effect (p=0.045; 

Figure 2-2f). Additionally, the interaction of reef zone and temperature had a marginally 

significant effect on holobiont physiology after long-term exposure (T95; p=0.053; Figure 

2-2f). Comparing PCAs in Figure 2-2d-f with results from individual physiological 
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parameters (Figures 2-3b,d and 2-4b,d) shows that elevated temperature resulted in 

consistent negative effects on all physiological parameters.  

 

 

Figure 2-2. 
Influence of temperature, pCO2, and exposure duration on holobiont physiology. 
Principal components analyses of log-transformed holobiont physiological data, including 
total carbohydrate (carbs; mg cm-2), total protein (protein; mg cm-2), symbiont density 
(syms; cells cm-2), chlorophyll a (Chla; µg cm-2), and calcification (mg cm-2 day-1) for 
Siderastrea siderea (a-c) and Pseudodiploria strigosa (d-f). Colors represent pCO2 for S. 
siderea (a-c: green=present day, orange=end of century, purple=extreme) and temperature 
for P. strigosa (d-f: red=31°C, blue=28°C). Shapes represent temperature for S. siderea (a-
c: square=31°C, triangle=28°C) and pCO2 for P. strigosa (d-f: triangle=present day, 
square=end of century, circle=extreme). Points represent an individual coral fragment’s 
physiology at each time point (a,d=short-term [T30], b,e=moderate-term [T60], c,f=long-
term [T95]). Only individuals with data for all five parameters at each time point were 
included. The x- and y-axes indicate variance explained (%) by the first and second 
principal component, respectively. 
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2.4.2. Effects of temperature and pCO2 stress on calcification  

Siderastrea siderea net calcification rates were clearly influenced by pCO2, and 

were significantly reduced under extreme pCO2 relative to present day pCO2 (p=0.002; 

Figure 2-3a). However, end of century pCO2 did not significantly reduce S. siderea net 

calcification relative to present day pCO2 (p=0.4). Additionally, S. siderea net calcification 

was significantly reduced at T90 relative to T30 (p=0.02). Neither temperature treatment nor 

reef zone significantly altered net calcification rates. For this and all remaining individual 

physiological parameters, full model outputs (estimate, standard error, T-value, etc.) are 

reported in Table A1-3, and post-hoc pairwise comparisons are reported in Table A1-4.  

Pseudodiploria strigosa net calcification rates were significantly negatively 

affected by pCO2 (p<0.001; Figure 2-3b), and when compared to present day pCO2 

calcification rates were reduced under end of century (p=0.02) and extreme pCO2 

(p<0.001). Calcification rates were also reduced at elevated temperature (31°C) relative to 

control conditions (p<0.001), and nearshore corals exhibited higher net calcification rates 

than forereef corals (p=0.04). A significant interaction of temperature and experimental 

duration was detected for P. strigosa calcification rates (p<0.001), with calcification 

decreasing between T30 and T60 under control and elevated temperatures (p<0.05); 

however, these reductions were not detectable after moderate- and long-term exposure (T60 

and T95). When considering the full duration of the experiment (T0 to T95), P. strigosa net 

calcification rates were lower under elevated, but not control temperatures (Figure 2-3b). 

Additionally, a significant interaction between reef zone and temperature on P. strigosa 

calcification rate was detected (p=0.03), with elevated temperatures more negatively 
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influencing calcification of forereef corals than nearshore corals (p=0.02). Lastly, there 

was a significant interaction between temperature and pCO2 on P. strigosa calcification 

rates (p<0.001). Specifically, there were no significant differences in P. strigosa 

calcification rates amongst pCO2 treatments under elevated temperatures, but calcification 

rates in control temperatures were significantly reduced under extreme pCO2 compared to 

present day pCO2 (p<0.001). 

 

 
Figure 2-3. 
Siderastrea siderea (a) and Pseudodiploria strigosa (b) net calcification rate (mg cm-2 day-

1) at each experimental time point (short-term=T30; moderate-term=T60; long-term=T95). 
Facets represent the six treatments and are labeled with average pCO2 and temperature for 
the experiment duration (pCO2: present day [top row], end of century [middle row], 
extreme [bottom row]; temperature: control [left column], elevated [right column]). Within 
a facet, data are separated by reef zone (FR=forereef; NS=nearshore). Points represent 
mean calcification rates since the previous time point (i.e., T30 represents calcification 
between T0 and T30). Asterisks (*) indicate significant (p<0.05) differences in calcification 
rates between reef zones within a time point. Error bars represent standard error. For (a), 
each data point represents three colonies. For (b), each FR point represents 2 colonies and 
each NS point represents 3 colonies, except extreme pCO2/28°C treatment at T60 and T95, 
where one forereef colony is represented due to mortality. For both (a) and (b), n=1-3 
fragments/colony depending on time point (T30 n=3, T60 n=2, and T90 n=1). Although there 
are exceptions due to mortality, sample size for each point should therefore be: T30 n=9, 
T60 n=6, and T90 n=3 (degrees of freedom reported in Table A1-3).  
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2.4.3. Effects of temperature and pCO2 stress on host energy reserves  

Elevated temperatures significantly reduced S. siderea protein concentrations 

relative to corals in control temperatures (p=0.009; Figure 2-4a). Regardless of pCO2 and 

temperature treatments, S. siderea proteins increased through time, and at T95 corals had 

higher mean protein than T0 (p=0.03). Neither pCO2 nor reef zone significantly altered S. 

siderea protein concentrations. Similar to proteins, elevated temperatures significantly 

reduced S. siderea carbohydrate concentrations relative to control temperatures (Figure 2-

4c; p=0.004). Neither pCO2, reef zone, nor experiment duration significantly altered S. 

siderea carbohydrate concentrations. 

Temperature significantly influenced P. strigosa protein (p<0.001; Figure 2-4b), 

with reduced protein concentrations under elevated temperatures compared to controls 

(p<0.001). Neither pCO2, reef zone, nor experiment duration significantly altered P. 

strigosa protein concentrations. Similarly, P. strigosa total carbohydrate was reduced 

under elevated temperatures compared to control conditions (p<0.001; Figure 2-4d). 

Regardless of treatment, carbohydrates decreased between T0 and T60 (p<0.01). Under 

control temperatures, P. strigosa carbohydrates increased between T60 and T95 (p=0.004); 

however, under elevated temperatures, carbohydrates did not increase significantly 

between T60 and T95 (Figure 2-4d). Neither pCO2 nor reef zone significantly altered P. 

strigosa carbohydrate concentrations. 
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Figure 2-4. 
Host energy reserves (total protein [a,b] and total carbohydrate [c,d]) of Siderastrea 
siderea (a,c) and Pseudodiploria strigosa (b,d) across four experimental durations (day 
0=T0; day 30 [short-term]=T30; day 60 [moderate-term]=T60; day 95 [long-term]=T95). 
Within panels, results are faceted by temperature and colored by pCO2 (present day=green, 
end of century=orange, extreme=purple). Each point is an average of nearshore and 
forereef corals, with n=4-6 (S. siderea) and n=3-6 (P. strigosa) distinct fragments 
(n=1/genotype). Significant factors are indicated in each panel. Lines represent linear fits 
(using ggplot2 stat_smooth() method to visualize differences regardless of model) for each 
treatment through time, and error bars represent standard error. 
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2.4.4. Effects of temperature and pCO2 stress on symbiont physiology 

Siderastrea siderea symbiont densities decreased from T0 to T95 (p=0.0001), were 

reduced under elevated temperatures compared to control (p=0.001), and were reduced 

under extreme pCO2 relative to end of century (p=0.04; Figure 2-5a). Reef zone did not 

significantly alter S. siderea symbiont densities. In contrast to symbiont density, S. siderea 

Chl a increased from T0 to T95 (p<0.001; Figure 2-5c). Although corals under present day 

and end of century pCO2 treatments exhibited similar Chl a concentrations, corals under 

extreme pCO2 had significantly less Chl a compared to those under both present day 

(p=0.001) and end of century (p=0.03) pCO2. Neither reef zone nor temperature 

significantly altered S. siderea Chl a. 

Regardless of pCO2 treatment, P. strigosa had reduced symbiont densities under 

elevated temperatures compared to control temperatures (p<0.001; Figure 2-5b). 

Additionally, P. strigosa symbiont density was reduced at T95 relative to T0 (p<0.001). 

Neither pCO2 nor reef zone significantly altered P. strigosa symbiont densities. Similarly, 

P. strigosa exhibited reduced Chl a under elevated temperatures compared to controls, 

regardless of pCO2 treatment (p<0.001; Figure 2-5d). Additionally, P. strigosa Chl a was 

reduced under extreme pCO2 compared to present day pCO2 treatment regardless of 

temperature (p=0.02). Neither reef zone nor experiment duration significantly altered P. 

strigosa Chl a. 
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Figure 2-5. 
Symbiodiniaceae physiology (symbiont cell density [a,b] and Chl a concentration [c,d]) of 
Siderastrea siderea (a,c) and Pseudodiploria strigosa (b,d) across four experimental 
durations (day 0=T0; day 30 [short-term]=T30; day 60 [moderate-term]=T60; day 95 [long-
term]=T95). Within panels, results are faceted by temperature and colored by pCO2 (present 
day=green, end of century=orange, extreme=purple). Each point is an average of nearshore 
and forereef corals, with n=4-6 (S. siderea) and n=3-6 (P. strigosa) distinct fragments 
(n=1/genotype). Significant factors are indicated in each panel. Lines represent linear fits 
(using ggplot2 stat_smooth() method to visualize differences regardless of model) for each 
treatment through time, and error bars represent standard error. 
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2.4.5. Pseudodiploria strigosa physiological trait correlations 

Pseudodiploria strigosa calcification rates were significantly correlated with all 

other physiological parameters (p<0.05) after long-term exposure (T95; Figure A1-4), and 

temperature had a main effect on relationships between calcification and all other predictor 

variables (Figure 2-6). Under elevated temperatures at T95, P. strigosa fragments with 

higher protein (p=0.04) and symbiont densities (p=0.001) maintained faster calcification 

rates (Figure 2-6b,c). A similar trend was observed for carbohydrates (p=0.06; Figure 2-

6a). The interactive effect of temperature and the predictor variables on P. strigosa 

calcification rate was not significant until the end of the experiment (T95; Figure A1-5). 

Correlations for Pseudodiploria strigosa (Figure 2-6) are presented in terms of temperature 

because it had a significant main effect on P. strigosa holobiont physiology at T95 (Figure 

2-2f). Siderastrea siderea correlation matrix (Figure A1-4) and linear regression analyses 

did not reveal any significant interactions with treatment. 
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Figure 2-6. 
Correlations of Pseudodiploria strigosa calcification rate with carbohydrates (a), proteins 
(b), symbiont density (c), and chlorophyll a (d) after long-term exposure to experimental 
treatments (T95). Colors represent temperature treatment (red=31°C, blue=28°C), shapes 
represent pCO2 (circle=present day, triangle=end of century, square=extreme), and shape 
outline colors represent reef zone (gray=forereef [FR], black=nearshore [NS]). Points 
represent individual coral fragments. Significant factors are indicated within each panel. 
Lines represent linear models of measured parameters within treatment through time, fit 
using ggplot2’s stat_smooth() method with gray shading representing 95% confidence 
intervals for each temperature. Conditional R2 values (Nakagawa and Schielzeth 2013) are 
reported for the whole model (bottom right corner of each facet) and for each temperature 
(next to the line of best fit). 
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2.5. Discussion 

2.5.1. Divergent responses of coral species to warming and acidification 

Siderastrea siderea and P. strigosa exhibited divergent responses to two co-

occurring global change stressors—ocean warming and acidification—and these responses 

were modulated by exposure duration. Overall S. siderea physiological performance was 

more negatively affected by acidification through time, while temperature had a more 

negative effect on P. strigosa over time. Such species-specific responses to temperature 

and acidification are not uncommon in reef-building corals. For example, when testing how 

twelve Caribbean coral species responded to crossed temperature and acidification 

conditions, Okazaki et al. (2017) observed that some species exhibited no growth response 

to either stressor (including S. siderea and P. strigosa), while other, more abundant species 

(e.g., Orbicella faveolata and P. astreoides), decreased calcification under both stressors. 

The difference between our findings and Okazaki et al. (2017) may be due to experiment 

duration (>30 days longer than Okazaki et al. [2017]) or be the result of the more extreme 

treatments used here (31°C and ~3109 µatm compared to 30.3°C and 1300 µatm pCO2). It 

is also possible that S. siderea and P. strigosa populations in Florida (Okazaki et al. 2017) 

could be less susceptible to stress than populations from the Belize MBRS studied here. 

For example, according to the climate variability hypothesis (Stevens 1989), higher latitude 

populations (e.g., Florida) that experience more variable thermal regimes (i.e., stronger 

seasonality) are predicted to be more phenotypically flexible and exhibit a wider range of 

thermal tolerances compared to populations closer to the equator (e.g., MBRS). A meta-

analysis of Caribbean coral calcification responses to acidification, elevated temperature, 
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and their combination found similar regional differences in stress responses between corals 

from Florida and Belize (Bove, Umbanhowar, and Castillo 2020). While calcification of 

Florida corals did not clearly respond to acidification, elevated temperature, or their 

combination, elevated temperature reduced calcification rates in Belize corals (Bove, 

Umbanhowar, and Castillo 2020). While acknowledging differences in annual temperature 

variability, Bove et al. (2020) highlight differences in experimental treatment extremes as 

the main driver of calcification. Although consideration of treatment level is critical, such 

population-level differences in stress tolerance have been previously observed in corals 

(Dixon et al. 2015). Interestingly, such population-level differences—specifically with 

respect to thermal tolerance and coral bleaching—do not appear to be related to history of 

pCO2 exposure (Noonan and Fabricius 2016; Wall et al. 2018). Regardless, our results 

contribute to a growing body of literature supporting the resistance of S. siderea to elevated 

temperature and acidification (Banks and Foster 2016; Bove et al. 2019; Castillo et al. 

2014; S. W. Davies et al. 2016). 

Resistance of S. siderea to global change stressors was previously reported by 

Castillo et al. (2014), which found that only the most extreme temperature (32°C) and 

acidification (2553 µatm pCO2) treatments reduced calcification rates. Castillo et al. (2014) 

concluded that S. siderea will be more negatively impacted by elevated temperatures over 

the coming century, given the IPCC’s next-century acidification projections did not reduce 

calcification. Our findings are consistent with this work, as only extreme–but not end of 

century pCO2–reduced S. siderea calcification. Gene expression profiling of S. siderea 

from the Castillo et al. (2014) coral fragments revealed that thermal stress caused large-
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scale downregulation of gene expression, while acidification elicited upregulation of 

proton transport genes (S. W. Davies et al. 2016). This potentially offsets effects of 

acidification at the site of calcification (e.g., Justin B. Ries 2011), although this is 

potentially complicated by the electrochemical challenges of exporting H+ from the 

calcifying fluid under acidified conditions (proton flux hypothesis; Jokiel 2011). These 

findings provide further support for S. siderea’s ability to acclimate to acidification.  

Bove et al. (2019) investigated the combined effects of similar temperature and 

acidification treatments on four coral species: S. siderea, P. strigosa, P. astreoides, and 

Undaria tenuifolia. After 93 days, calcification declined in all species under increased 

pCO2. However, only P. strigosa reduced calcification under elevated temperature, which 

is consistent with results presented here and highlights that thermal stress more negatively 

impacts P. strigosa than S. siderea (Figure 2-2d-f). Additionally, Bove et al. (2019) found 

that S. siderea was the most resistant of the four species, and maintained positive 

calcification rates even in the most extreme acidification treatment (~3300 µatm pCO2) — 

findings that are also corroborated here (Figure 2-3a). By quantifying net calcification rates 

at 30-day increments, we show that S. siderea net calcification was negative under extreme 

pCO2 at T60, but that rates recovered by T95 (Figure 2-3a). This result is potentially due to 

acclimation to stressful conditions over time, perhaps through transcriptome plasticity, as 

previously proposed in S. siderea (S. W. Davies et al. 2016) and in P. astreoides (Kenkel 

and Matz 2016); however, without following these colonies for even longer time periods, 

it is impossible to know without follow-up experimental work. 
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2.5.2. Stress differentially modulates physiology across coral species 

Under thermal and acidification stress, corals can draw on energy reserves, 

including lipids, proteins, and carbohydrates, to maintain and/or produce tissue and 

skeleton (Anthony et al. 2009; Schoepf et al. 2013). In addition to using energetic reserves, 

heterotrophy (Aichelman et al. 2016; Towle, Enochs, and Langdon 2015) or enhanced 

productivity of Symbiodiniaceae owing to CO2 fertilization of photosynthesis (Brading et 

al. 2011) can augment energetic resources in zooxanthellate corals. Coral energetic 

reserves can therefore influence resistance to and recovery from thermal stress (Grottoli, 

Rodrigues, and Palardy 2006; Grottoli et al. 2014) as well as resistance to acidification 

(Wall et al. 2017).  

In this study, host energy reserves of S. siderea and P. strigosa responded to 

temperature and acidification stress in different ways. Between T0 and T60, P. strigosa 

exhibited reduced carbohydrates regardless of treatment, indicating catabolism of this 

energy reserve (Figure 2-4d). This was followed by restoration of carbohydrates 

(acclimation) at control temperatures at T95 (Figure 2-4d), which likely supported the 

positive calcification rates also observed under these conditions (Figure 2-6a, Figure A1-

5). Protein reserves did not emulate trends in carbohydrates (Figure 2-4b), potentially 

owing to P. strigosa catabolizing carbohydrates before proteins, which has been observed 

over shorter time scales in other scleractinian corals (Grottoli, Rodrigues, and Juarez 2004). 

This sequence of energy reserve catabolism is consistent with relative enthalpies of 

combustion: carbohydrates are considered a short-term energy source and have the lowest 

enthalpy of combustion, lipids are a longer-term energy source and have the highest 
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enthalpy of combustion, and proteins are intermediate (Gnaiger and Bitterlich 1984; 

Grottoli, Rodrigues, and Juarez 2004). Elevated protein reserves did predict faster 

calcification rates in P. strigosa under elevated temperatures, but only after long-term 

exposure (Figure 2-6b, Figure A1-5). As photosynthate translocated from symbionts is a 

major source of carbohydrates to coral hosts (Burriesci, Raab, and Pringle 2012), 

reductions in P. strigosa symbiont densities, Chl a, and carbohydrates at elevated 

temperature suggests that symbionts were translocating fewer resources to the host, which 

likely contributed to reductions in calcification under elevated temperatures, particularly 

after long-term exposure (T95; Figure 2-6, Figure A1-5). Total protein and carbohydrate of 

S. siderea, similar to P. strigosa, declined under elevated temperatures (Figure 2-4a,c)—

consistent with previous work highlighting upregulation of protein catabolism pathways in 

S. siderea exposed to long-term thermal stress (S. W. Davies et al. 2016). Grottoli et al. 

(2004) previously linked species-level differences in energy catabolism to differences in 

photosynthesis/respiration ratios, and while we did not explore these traits here, this would 

be a worthy pursuit for future studies to better contextualize energy reserve catabolism of 

S. siderea and P. strigosa under stress. Additionally, a limitation to the present study is that 

lipid content was not measured through time, thereby precluding evaluation of a potential 

contributor to energy reserve catabolism under stress, as Wall et al. (2017) observed for 

Pocillopora acuta.  

An overall trend in reduced symbiont density and increased Chl a through time was 

observed under most pCO2 and temperature conditions, except for P. strigosa under 

elevated temperature (Figure 2-5). Given that both species under most treatments exhibited 
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this pattern, it cannot be ruled out that these changes in symbiont physiology were 

influenced by other factors, including incomplete symbiont acclimation to experimental 

light environment (Roth 2014) and seasonal patterns in symbiont density and pigment 

concentration (Fitt et al. 2000)—which may have masked the symbiont response to thermal 

stress within S. siderea. In contrast, P. strigosa exhibited reduced symbiont density and 

Chl a under elevated temperature (Figure 2-5b,d), a pattern more consistent with thermally 

induced bleaching (Weis 2008) and further illustrating the susceptibility of this species to 

thermal stress. 

2.5.3. Nearshore P. strigosa are more resistant than forereef conspecifics 

Reef zone was a significant predictor of host physiology, particularly for P. 

strigosa, as nearshore corals exhibited greater net calcification (Figure 2-3b). Although 

reef zone differences in calcification were observed for S. siderea (particularly through 

time), corals from one reef zone did not clearly outperform the other. In contrast, reef zone-

specific calcification of P. strigosa may arise from local adaptation of the host to distinct 

temperature regimes. The Belize MBRS nearshore habitats have higher maximum 

temperatures, greater annual temperature range, and more days above the regional thermal 

bleaching threshold compared to forereef sites (Baumann et al. 2016). Local adaptation to 

distinct reef zones is not uncommon in corals, and has been previously shown to affect 

coral responses to thermal stress. For example, P. astreoides was locally adapted to distinct 

thermal regimes in Florida, with inshore corals exhibiting higher thermal tolerance, 

constitutively higher expression of specific metabolic genes, and greater gene expression 

plasticity compared to offshore conspecifics (Kenkel et al. 2013; Kenkel, Meyer, and Matz 
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2013; Kenkel and Matz 2016). A similar pattern of local adaptation was previously 

suggested for three Hawaiian coral species native to the warmer and more acidic Kāne‘ohe 

Bay, as corals were more tolerant to experimental temperature and pCO2 stress relative to 

conspecifics from a cooler and less acidic site (Jury and Toonen 2019).  

Pseudodiploria strigosa is a hermaphroditic broadcast spawning species, and 

previous work on the Flower Garden Banks population demonstrated that these larvae have 

short pelagic durations compared with other broadcast spawning scleractinian corals (e.g., 

Orbicella franksi), which could facilitate local adaptation as larvae are more likely to 

recruit locally (S. W. Davies et al. 2017). However, it is unknown if P. strigosa on the 

Belize MBRS have similarly short pelagic larval durations. We hypothesize that nearshore 

P. strigosa are locally adapted and/or acclimated to more variable and stressful nearshore 

conditions, allowing maintenance of higher calcification rates under thermal stress 

compared to their forereef counterparts. However, responses based on reef zone could be 

obscured by uneven sampling across sites, as forereef genotypes of P. strigosa were 

underrepresented in the experiment (2 genotypes vs. the standard 3) due to mortality of one 

forereef colony before the experiment began. We do acknowledge, however, that greater 

replication within each site may have yielded different effects of reef zone in other 

parameters of P. strigosa physiology due to the well documented additive genetic variation 

within coral populations (Dixon et al. 2015; Kavousi et al. 2016).  

 2.5.4. Time-course experiments reveal acclimation to thermal stress  

This study contributes to a growing body of literature demonstrating the value of 

assessing time-course physiology of corals under stress. Although studies investigating 
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independent effects of temperature and acidification on corals have yielded insight into the 

effects of global change (Albright et al. 2018; Jokiel and Coles 1990), combined effects of 

these stressors remain less explored—particularly in the context of how coral stress is 

modulated by stress duration. By characterizing host and symbiont physiology of the same 

colony through time, acclimatory responses were identified in two coral species, providing 

further evidence of the species-specific nature of coral acclimation. For example, under 

extreme pCO2 and elevated temperature, S. siderea net calcification appears to recover by 

the end of the experiment while P. strigosa calcification continues to decline with time, 

resulting in negative net calcification by T95. Notably, these results would not have been 

apparent in shorter-term exposures. Additionally, the exposure duration component of this 

study suggests that species will exhibit differential responses to ephemeral stress events. 

Local heat waves that raise SST and upwelling events that reduce pH–factors that already 

threaten coral populations–may threaten coral species in different ways in the future 

depending on the duration of these events. The lack of a statistical difference in pCO2 levels 

between several of the treatments at T0 (end of century pCO2 treatment at 31°C was lower 

than target pCO2; Figure A1-2) may have also affected the corals’ physiological response 

through time. It is possible that if corals in this end of century, 31°C treatment had been 

exposed to the target pCO2 for longer, additional physiological responses through time 

would have been observed. However, this does not negate the key findings that P. strigosa 

was most responsive to elevated temperature while S. siderea was most responsive to 

extreme pCO2. Additionally, the goal of this study was to characterize how corals acclimate 

to global change stressors through time, and the observed responses to treatments relevant 
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to predicted future ocean conditions – particularly P. strigosa in response to temperature – 

highlights that exposure to these conditions is likely not sustainable over the course of the 

lifespans of individuals of this species. Interestingly, our results suggest that such stress 

exposure could be more sustainable for S. siderea.  

Acclimation is an important mechanism by which corals can withstand changing 

environmental conditions, and transcriptome plasticity is one way that corals can acclimate 

to stress (S. W. Davies et al. 2016; Kenkel and Matz 2016; Rivera et al. 2021). For example, 

a coral reciprocal transplant experiment revealed that adaptive gene expression plasticity 

of stress response genes was associated with reduced susceptibility to bleaching (Kenkel 

and Matz 2016). In addition to plasticity providing a mechanism for acclimation within a 

generation, corals can rapidly adapt through selection on standing genetic variation in 

thermal tolerance traits (Dixon et al. 2015; Matz et al. 2018). However, recent declines in 

coral abundance, diversity, and health suggest rates of intra- and trans-generational 

adaptation to global change stressors within most coral populations are insufficient for 

mitigating deleterious impacts of global change (Thomas et al. 2018). Additionally, in 

contrast to the demonstrated importance of gene expression plasticity in acclimating to 

different temperature environments, Comeau et al. (2019) demonstrated that corals were 

unable to acclimatize to acidification conditions by altering calcifying fluid chemistry over 

the course of one year. Understanding the interplay of acclimation and adaptation in 

scleractinian corals is therefore essential for projecting how corals will fare in the higher-

CO2 future. Studies focusing on long-term acclimation capacities of corals will further 

elucidate mechanisms of resistance and resilience to global stressors.  
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 CHAPTER THREE: GENETIC DRIVERS OF CORAL RESPONSE TO 

DIEL TEMPERATURE VARIABILITY 

3.1 Abstract 

The persistence of reef-building corals in the Anthropocene is shaped by an 

interplay between their holobiont constituents (i.e., the coral animal and its microbial 

symbionts) and environment. Diel temperature variability (DTV) has been shown to 

promote thermal resistance, but the extent to which DTV may interact with different 

holobiont partners to determine this resistance remains unclear. We disentangled the 

relative contributions of DTV and holobiont genetics in shaping thermal resistance by 

exposing the coral Siderastrea siderea to different levels of DTV, followed by heat 

challenge and subsequent recovery periods. We uncovered three cryptic S. siderea lineages 

that associated with diverse algal partners, and while unique associations between cryptic 

lineages and algal partners were the primary driver of thermal resistance, high DTV 

consistently promoted growth. Our results highlight the potential for ecological 

specialization in cryptic lineages and showcase how unique host-symbiont pairings and 

environmental variability shape thermotolerance, with broad implications for reef 

restoration. 
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3.2 Introduction 

Climate change is altering environments at unprecedented rates, resulting in 

warmer and increasingly variable environments with more extreme events (Rahmstorf and 

Coumou 2011; Pörtner et al. 2019). An organism’s response to such rapid changes (e.g., 

through shifts in thermal limits; Somero 2010) is influenced by their environment, genetic 

background, and interactions between these two forces (GxE; Chevin, Lande, and Mace 

2010; Somero 2010; Josephs 2018). Understanding and predicting the relative importance 

of these factors on fitness is fundamental as environments continue to change, species 

ranges shift, and localized extinctions occur (Somero 2010; Parmesan and Yohe 2003). 

Coral reefs represent one of the most productive and economically valuable 

ecosystems (Costanza et al. 2014) threatened by global (i.e., warming, acidification) and 

local (i.e., nutrient pollution, overfishing) stressors (França et al. 2020; Klein et al. 2022). 

These stressors have increased the frequency and severity of coral bleaching – loss of the 

coral’s obligate symbiotic algae (Brown 1997) – which is projected to worsen under current 

emissions trajectories (van Hooidonk et al. 2016). However, reef environments are not 

changing homogeneously, and while our understanding of which reefs and species are more 

bleaching resistant is advancing (Safaie et al. 2018; Grottoli et al. 2014), predicting their 

future remains challenging due to complexities governing coral resilience, including 

environmental variation, host genetics, and associations with algal and microbial 

symbionts (reviewed in Bove, Ingersoll, and Davies 2022).  
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Environmental heterogeneity drives patterns of species distributions and 

thermotolerance (Buckley and Huey 2016; Sheldon and Dillon 2016). On coral reefs, a 

seminal example is reef zones, where corals occupying offshore habitats (generally lower 

turbidity, less run-off, higher flow, more stable temperatures) tend to be less thermotolerant 

than corals from inshore habitats (generally higher turbidity, less flow, more variable 

temperatures; Kenkel et al. 2013; Morgan et al. 2017; Castillo et al. 2012). Inshore coral 

thermotolerance has been linked to diel temperature variability (DTV; Safaie et al. 2018; 

Kenkel, Almanza, and Matz 2015; Oliver and Palumbi 2011), which is theorized to induce 

tolerance by “priming” (i.e., beneficial acclimation hypothesis; Massey et al. 2022) 

organisms to more effectively respond to future heat stress events (Drury et al. 2022; 

Hackerott, Martell, and Eirin-Lopez 2021; Hilker and Schmülling 2019). However, 

temperature variability alone fails to fully capture the heterogeneity in coral bleaching, and 

it remains unclear whether this variability facilitates thermotolerance via priming or by 

selecting for individuals with higher thermal limits. 

‘Coral holobionts’ encompass complex symbioses between coral hosts, algal 

symbionts (Symbiodiniaceae), and a diverse array of microorganisms, all interacting to 

shape aggregated holobiont phenotypes (i.e., phenomes). Each member of the holobiont 

contributes to coral bleaching heterogeneity, including host genetic variation (Dixon et al. 

2015; Fuller et al. 2020), algal symbiont communities (Berkelmans and van Oppen 2006; 

Manzello et al. 2019), and microbiomes (Morrow, Muller, and Lesser 2018; Ziegler et al. 

2017). Recent genomic studies have revealed a surprising level of cryptic diversity in 

corals, and cryptic lineages (i.e., distinct genetic clusters previously characterized as one 
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species; Bickford et al. 2007) differ in both their spatial distributions (Fifer et al. 2022; 

Matias et al. 2022; Rippe et al. 2021) and thermal tolerance (Rose et al. 2021; Gómez-

Corrales and Prada 2020). Cryptic host diversity can also interact with diversity in other 

holobiont members to produce distinct phenotypes; for example, the thermotolerant lineage 

in the Acropora hyacinthus species complex more frequently hosts the heat tolerant algae 

Durusdinium (Rose et al. 2021). To disentangle the relative roles of environment, host, and 

associated algal and microbial communities on coral phenomes and thermotolerance, we 

investigated the response of the reef-building coral Siderastrea siderea from three inshore 

and three offshore sites in the Bocas del Toro reef complex (BTRC), Panamá to a 50-day 

DTV experiment, followed by heat challenge and recovery. We hypothesized that DTV 

would play a dominant role in shaping coral phenomes and would prime corals to be 

resistant to heat challenge. 

3.3 Materials and methods 

3.3.1 Experimental design 

To disentangle the effects of environment, host, and associated algal and microbial 

communities on coral phenomes and thermotolerance, we exposed the reef-building coral 

Siderastrea siderea from three inshore (Punta Donato = PD, STRI Point = SP, Cristobal 

Island = CI) and three offshore (Bastimentos North = BN, Bastimentos South = BS, Cayo 

de Agua = CA) sites in the Bocas del Toro reef complex (BTRC), Panamá to a 50-day DTV 

experiment, followed by heat challenge and recovery. In situ temperature data were 

continuously collected every 15 minutes for one year prior to colony collection, with 
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HOBO ProV2 temperature loggers (Onset, Bourne, MA) deployed between 1 and 4 m 

depth at each of the six sites (Figure 3-1) from July 1, 2015 to June 30, 2016. Loggers were 

recovered from four sites, including three inshore (CI, PD, SP), and one offshore (CA). 

Differences in daily mean temperature and daily temperature range (reported in Table A2-

1) across sites were determined using a one-way ANOVA with Tukey’s HSD post-hoc 

tests (Figure 3-1b; Table A2-2). Four DTV treatments were designed based on in situ 

temperature data. The control treatment (no DTV) was maintained at 29.5℃, representing 

the overall daily mean of all sites (29.60 ± 0.02℃; Table A2-1). The three variability 

treatments had the same minimum temperature of 28.5℃ with daily increases of either 2°C 

(low variability; 28.5-30.5°C), 3°C (moderate variability; 28.5 - 31.5℃), or 4°C (high 

variability; 28.5 - 32.5℃). The low variability treatment was informed by the mean 

maximum daily DTV measured across all four sites (1.96°C), moderate variability by the 

highest in situ DTV observed (2.86℃ at CI), and high variability represented a 

physiological challenge with DTV outside of the range observed in in situ data (Figure 3-

1, Figure A2-8; Table A2-1).  
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Figure 3-1. 
Experimental overview. (a) Map indicating six sites across the Bocas del Toro Reef 
Complex in Panamá where Siderastrea siderea colonies were collected, including three 
inshore (brown shades: PD = Punta Donato, SP = STRI Point, CI = Cristobal Island) and 
three offshore (green shades: BN = Bastimentos North, BS = Bastimentos South, CA = 
Cayo de Agua) sites. Asterisks indicate sites where temperature loggers were recovered. 
(b) Daily mean temperature (left) and daily temperature range (right) for one year prior to 
coral collection (7/1/2015-6/30/2016). Distinct letters indicate significant differences in 
temperature parameters from ANOVA and Tukey’s HSD post-hoc tests (Table A2-2). (c) 
Timeline of ex situ diel temperature variability (DTV) experiment, including 15 days of 
acclimation, 50 days of DTV treatment, 15 days of heat challenge, and 16 days of recovery. 
Ex situ temperature data were obtained from HOBO loggers, which recorded temperature 
every 5 minutes. Squares indicate when fragments were flash frozen to measure coral and 
symbiont phenomic metrics. Triangles indicate when fragments were subsampled for 
DNA, before acclimation to determine host genetics and at the end of DTV to assess 
Symbiodiniaceae and microbiome communities. T0, T2, T3 indicate when corals were 
buoyant weighed to calculate growth. The inset illustrates temperatures over three days to 
highlight DTV treatments in more detail.    
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In August 2016, nine visually healthy S. siderea colonies (20-30 cm diameter) were 

collected from between 2.5 and 8 m deep at each of the six sites (54 colonies total, permit 

No. SE/A-36-16). Colonies were maintained in a flow-through seawater system at the 

Smithsonian Tropical Research Institute in BTRC prior to transport to the University of 

North Carolina at Chapel Hill. Upon return, each colony was sectioned into at least five 

fragments using a tile saw (RIDGID; Elyria OH, USA) and affixed to pre-labeled plastic 

petri dishes using cyanoacrylate glue. Fragments (N=18 genotypes per tank, 3 aquaria per 

treatment) were randomly distributed into treatment aquaria for 16 days at 28°C (recovery), 

followed by 15 days of acclimation to experimental conditions. Next, a 50-day DTV 

experiment was conducted followed by a 15-day heat challenge (32°C) and 16-day 

recovery period (Figure 3-1). Distinct treatments were maintained over the course of the 

50-day DTV treatment (Table A2-11; Figure A2-8). Light conditions were standardized to 

400 µmol photon m-2 s-1 on a 12 h:12 h light:dark cycle using full spectrum LED lights 

(Euphotica; 120W, 20000K) based on Rodas et al. (2020). For more detailed information 

on experimental specifics including water quality, see Appendix 2.1. Phenomic metrics of 

coral host and algal symbiont health were assessed by flash freezing fragments of each 

genotype at the start of acclimation and following final recovery. Coral DNA was also 

subsampled, preserved in 100% ethanol, and stored at -80°C during colony fragmentation 

and at the end of the 50-day DTV treatment to assess host genetics and Symbiodiniaceae 

and microbiome communities, respectively (Figure 3-1c). 
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3.3.2 2b-RAD-sequencing to identify cryptic lineages 

Holobiont DNA was extracted from tissue samples collected at the beginning of the 

experiment (pre-acclimation; N=54) using a modified phenol-chloroform method 

(Chomczynski and Sacchi 2006) as in Davies et al. (2013). DNA extracts were cleaned 

using Zymo Genomic DNA Clean and Concentrator kits and concentrations were assessed 

using a Quant-iT PicoGreen dsDNA assay kit (Thermo Fisher). Samples of sufficient 

concentration (51/54 putative genotypes) were prepared for 2b-RAD-sequencing (Wang et 

al. 2012), with 10 technical replicates to enable clone identification. A total of 61 samples 

were successfully sequenced across one lane of Illumina HiSeq 2500 using single-end 50 

bp sequencing at the Tufts University Core Facility (TUCF). 

Analysis of 2b-RADseq data generally followed the pipeline presented at 

https://github.com/z0on/2bRAD_denovo. Raw reads were trimmed and demultiplexed, 

cutadapt (Martin 2011) removed reads with Phred quality score less than 15 and reads <36 

bp in length. Because no S. siderea genome is available, a de novo reference was created. 

Following Rippe et al. (2021), Symbiodiniaceae contamination was removed by mapping 

reads to concatenated genomes from four Symbiodiniaceae genera: Symbiodinium (Aranda 

et al. 2016), Breviolum (Shoguchi et al. 2013), Cladocopium (H. Liu et al. 2018), and 

Durusdinium (Dougan 2020) using Bowtie2 v2.4.2 (Langmead and Salzberg 2012). 

Putative symbiont reads were removed and CD-HIT v4.7 (Fu et al. 2012) clustered and 

assembled remaining reads into a de novo reference consisting of 30 pseudochromosomes. 

Reads were mapped to the de novo reference using Bowtie2 v2.4.2 (Langmead and 

Salzberg 2012) with default parameters and ANGSD v0.935 (Korneliussen, Albrechtsen, 
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and Nielsen 2014) was used for genotyping (using likelihood estimates) and identifying 

single nucleotide polymorphisms (SNPs). Standard filters were used to retain loci, which 

included loci present in at least 80% of individuals, a depth of coverage >2 reads, a 

minimum mapping quality score of 20, a minimum quality score of 25, a strand bias p-

value >1 x 10-5, a heterozygosity bias >1 x 10-5, a SNP p-value of 1 x 10-5, a minimum 

minor allele frequency >0.05, excluded all triallelic sites, and removed reads with multiple 

best hits. To distinguish putative clones, a hierarchical clustering tree (hclust) was 

constructed based on pairwise identity by state (IBS) values across all samples. Clones 

were determined using the similarity of technical replicates as a cut-off, and only one pair 

of clones was detected at Punta Donato (PD; I4G and I4F; Figure A2-1a). The clone pair 

with lower total read count (I4G) was removed from the dataset for all further analyses. 

Population structure on the data set with the clone removed (8105 SNPs) was 

determined using three methods: 1) hierarchical clustering of pairwise IBS values, 2) 

principal component analysis (PCoA) based on IBS matrix, and 3) admixture proportions 

of individuals across sites. A height of 0.265 was used as the cut-off from the clustering 

dendrogram to distinguish three lineages (Figure A2-1b). PCoA was performed on the 

covariance matrix using capscale (with a null model) in the vegan package (Oksanen et al. 

2022), and was used in combination with the hierarchical clustering results to determine 

an optimal K of three. NgsAdmix v1.3.0 (Skotte, Korneliussen, and Albrechtsen 2013) 

with K=3 then determined the proportion of each individual’s ancestry that corresponded 

to each lineage. These three clusters are referred to as lineage 1 (L1), lineage 2 (L2), and 

lineage 3 (L3).  
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To estimate genetic differentiation, a different set of filters were used to retain loci, 

which included loci present in at least 80% of individuals, a minimum mapping quality 

score of 25, a minimum quality score of 30, a strand bias p-value >1 x 10-5, a heterozygosity 

bias >1 x 10-5, excluded all triallelic sites, removed reads with multiple best hits, and passed 

the lumped paralogs filter (770,398 SNPs). Genetic differentiation between lineages was 

estimated using ANGSD (Korneliussen, Albrechtsen, and Nielsen 2014) to find site allele 

frequency (SAF) for each lineage, after which realSFS determined the site frequency 

spectrum (SFS) for all lineage pairwise comparisons. Calculated SAFs and SFSs were then 

used to calculate global FST, reported as weighted global FST values. Pearson’s Chi-squared 

test was used to determine if the distribution of L1 and L2 was dependent on reef zone, 

excluding L3 individuals. 

3.3.3 Non-invasive phenomic assessments 

Coral growth rates were estimated using the buoyant weight method (Spencer 

Davies 1989) under standard conditions (28°C and 33 ppt) with a bottom-loading balance 

(precision=0.0001 g; Mettler-Toledo, Columbus, OH) at four time points: after acclimation 

(T0), during DTV (T1), at the end of DTV (T2), and at the end of recovery (T3). Growth 

was calculated as percent change in weight through DTV treatment (T2-T0/T0) as well as 

through heat stress and recovery (T3-T2/T2). Immediately after buoyant weighing, corals 

were imaged to quantify surface area for physiology standardization with a CoralWatch 

Health Chart (Siebeck et al. 2006) as a size standard. Distance between the camera and 

corals as well as lighting were standardized. Surface area measurements were obtained 
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using ImageJ (Schneider, Rasband, and Eliceiri 2012) and only live tissue was included in 

surface area normalizations. 

Photosynthetic efficiency of photosystem II (Fv/Fm) was measured in triplicate for 

each fragment using a Diving PAM (Walz) at seven time points: once at the end of DTV, 

three times during heat challenge, and three times during recovery. Measurements were 

made using a saturation pulse width of 0.6 s at full strength light intensity, electronic signal 

damping of 2, and gain of 4. 

3.3.4 Tissue processing and invasive physiological assays  

Flash frozen fragments were thawed, and a small sample (3-4 polyps) was removed 

via sterile razor blade for later DNA isolation. Remaining tissue was removed via airbrush 

and seawater, homogenized, and centrifuged to separate host and symbiont fractions, which 

were divided into four aliquots. One symbiont aliquot was used for symbiont cell counts 

and all other host and symbiont aliquots were disrupted using a bead mill homogenizer 

(Omni Bead Mill 24; GA, USA) with a high throughput hub at 6 m s-1 for 2 min for 

downstream phenomic assessments. 

Total host protein was quantified using the Bradford method (Bradford 1976) with 

absorbances read at 595 nm on a microplate reader (Biotek Synergy H1; CA, USA). Data 

were converted from absorbance to total protein concentrations (µg µL-1) using a standard 

curve of Bovine Albumin Serum (BSA). Total host and algal symbiont carbohydrates were 

quantified using the phenol-sulfuric acid method (Masuko et al. 2005) with absorbances 

read at 500 nm. Carbohydrate values (mg mL-1) were calculated from raw absorbance using 



	

	

54 

a D-glucose standard curve. This method measures all monosaccharides, which includes 

glucose, the main byproduct of photosynthesis that is translocated from symbiont to coral 

(Burriesci, Raab, and Pringle 2012). Symbiont cell density was quantified in triplicate 

using the hemocytometer method (Rodrigues and Grottoli 2007). Symbiont photosynthetic 

pigments (chlorophyll a = Chl a) were measured spectrophotometrically, read at 663 and 

630 nm, calculated following the equation below (Jeffrey and Haxo 1968), where A663 

and A630 represent blank-corrected absorbance values at 663 nm and 630 nm respectively, 

and then normalized to surface area. 

                                Chl a (µg mL-1) = 13.31 x A663 - 0.27 x A630                            

Tissue thickness (mm) for all T0 fragments was measured with calipers after tissue 

was removed and corallite surface area (mm2) was measured following methods presented 

by Conti-Jerpe et al. (2020). Briefly, the polygon tool in ImageJ (Schneider, Rasband, and 

Eliceiri 2012) measured the area of seven corallites from each fragment in pixels, which 

was converted to mm2 using a size standard in each photograph. 

3.3.5 Statistical analysis of physiological data  

The effect of DTV and host lineage on growth was assessed separately for two 

durations: 1) throughout the 50-day DTV treatment and 2) during the heat challenge and 

recovery periods. For both durations, linear models (lme4; Bates et al. 2015) were 

implemented with main effects of treatment and lineage with a random effect of genotype. 

Another linear model was implemented to assess the interactive effects of time, lineage, 

DTV treatment, and dominant symbiont type (with a random effect of genotype) on 
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photochemical efficiency (Fv/Fm) throughout the heat challenge and recovery periods. 

Models were selected based on a backwards selection method, where only significant 

interaction terms were maintained in the model. Assumptions and model fit were assessed 

visually using check_model (package=performance; Lüdecke et al. 2021) and pairwise 

comparisons were calculated with emmeans (Lenth et al. 2022).  

To characterize phenome-wide responses across factors of interest at the beginning 

and end of the experiment, all host and symbiont physiology metrics were log-transformed 

and combined in principal component analyses (PCAs) using FactoMineR (Lê, Josse, and 

Husson 2008). Significance of each factor (fixed effects of lineage and site of origin for 

baseline phenome, and fixed effects of DTV treatment, site of origin, cryptic lineage, and 

dominant ITS2 type for end of DTV treatment phenome) were assessed with 

PERMANOVAs, using the adonis function (package=vegan; Oksanen et al. 2022). Effect 

size of each factor was determined using partial Omega-squared (𝜔2) values calculated 

with adonis_OmegaSq (package=MicEco; Russel, Jakob 2021). 

3.3.6 Assessing prokaryotic and Symbiodiniaceae communities  

To identify Symbiodiniaceae and prokaryotic communities of corals following 

DTV treatment (N=184 coral fragments), metabarcoding libraries were generated using a 

series of PCR amplifications for the ITS2 region of Symbiodiniaceae ribosomal DNA (B. 

Hume et al. 2013; 2015) and the V4/V5 region of the bacterial 16S rRNA gene (Parada, 

Needham, and Fuhrman 2016; Apprill et al. 2015), respectively. Samples were sequenced 
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(paired-end 250 bp) on an Illumina Miseq at TUCF. For detailed information on library 

preparation, please refer to Appendix 2.1.2.  

ITS2 data were submitted to SymPortal (B. C. C. Hume et al. 2019) to identify ITS2 

type profiles. Successfully sequenced samples (N=172) were analyzed at two levels to 

consider differences across DTV treatments, host lineage, and site of origin: 1) majority 

ITS2 sequence and 2) defining intragenomic variants (DIVs). First, relative abundances of 

majority ITS2 sequences were compared with bar plots using phyloseq (McMurdie and 

Holmes 2013), and a Kruskal-Wallis test (kruskal.test) was used to test for differences in 

the proportion of D1 majority ITS2 sequences across lineages. Second, Bray-Curtis 

dissimilarity PCoAs were constructed on relative abundance DIVs using phyloseq 

(McMurdie and Holmes 2013) and vegan (Oksanen et al. 2022) determined community 

dissimilarity and dispersion. Additionally, pairwise.adonis (Trachsel, Julian, n.d.) 

compared ITS2 communities across levels of DTV treatment as well as sites of origin.  

16S sequencing data were analyzed using DADA2 (Callahan et al. 2016), which 

conducted quality filtering and identified 8619 amplicon sequence variants (ASVs) in 174 

successfully sequenced samples. ASVs matching mitochondrial, chloroplast, and non-

bacterial sequences were removed (785 ASVs) followed by an additional 154 ASVs 

identified in negative controls by decontam, leaving 7680 ASVs and 172 samples 

remaining. Taxonomy was assigned using the Silva v132 database (Quast et al. 2013) and 

by using blast+ against the NCBI nucleotide database (Camacho et al. 2009). ASVs were 

checked for eukaryotic contamination, but none was detected. MCMC.OTU (Green et al. 

2014) trimmed underrepresented ASVs (<0.01% of counts or identified in only one 
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sample), leaving 641 ASVs and 171 samples. Counts were then rarefied to 1000 reads per 

sample using vegan (Oksanen et al. 2022), leaving 641 ASVs and 165 samples remaining. 

Using cleaned data (contaminant ASVs removed, but not trimmed or rarefied), phyloseq 

(McMurdie and Holmes 2013) calculated ASV richness and Shannon and Simpson’s 

diversity indices. An ANOVA tested for differences in diversity metrics across fixed 

effects of DTV treatment and host lineage. Core and accessory microbiomes were 

identified from the trimmed and rarefied dataset using microbiome, with the core 

microbiome defined as ASVs present at greater than 0.1% relative abundance in more than 

50% of samples. Bray-Curtis dissimilarity principal coordinate analyses (PCoA) were 

conducted on core, accessory, and all ASVs (relative abundance of trimmed and rarefied 

dataset) using phyloseq (McMurdie and Holmes 2013). Vegan (Oksanen et al. 2022) and 

pairwise.adonis (Trachsel, Julian, n.d.) were implemented for statistical analyses of 

microbial community differences and dispersion as in ITS2 analyses. ANCOM (F. H. Lin 

2019) identified differentially abundant taxa across DTV treatments and lineages, and 

phylosmith (Smith 2019) plotted a heat map of log-transformed abundance data for those 

differentially abundant taxa. 16S analyses (including PCoA’s) were conducted on both 

rarefied and non-rarefied data, and the same patterns emerged regardless of the dataset, so 

only the trimmed and rarefied version is presented for brevity. 
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3.4 Results 

3.4.1. Presence of three lineages of Siderastrea siderea with distinct phenomes 

This study focused on the ubiquitous Caribbean reef-building coral, Siderastrea 

siderea, collected from six sites in the BTRC, Panamá across an inshore (Punta Donato = 

PD, STRI Point = SP, Cristobal Island = CI) to offshore (Bastimentos North = BN, 

Bastimentos South = BS, Cayo de Agua = CA) gradient (Figure 3-1, Table A2-1). 

Admixture ancestry of individuals across sites (Figure 3-2a), PCoA based on the identity 

by state (IBS) matrix (Figure 3-2b; Table A2-3), and hierarchical clustering of pairwise 

IBS values (Figure A2-1a,b) all support the presence of three distinct coral host genetic 

clusters (hereafter referred to as L1, L2, and L3) across BTRC. Pairwise global weighted 

FST values illustrate high divergence between these genetic clusters (L1 vs L2 = 0.17, L1 

vs L3 = 0.18, L2 vs L3 = 0.12; Figure 3-2b), suggesting they represent three cryptic 

lineages of a Siderastrea siderea species complex. Cryptic lineages differed in their spatial 

distributions across BTRC, with more L1 individuals sampled at offshore sites (83%; 24/29 

offshore/total L1 individuals) and more L2 individuals sampled at inshore sites (94%; 

17/18 inshore/total L2 individuals; X2=23.57, p<0.001). L3 was the least abundant lineage, 

with only three individuals observed at SP (Figure 3-2). CI is the only site where two 

lineages were sampled in equal proportion (n=4 L1, n=4 L2; Figure 3-2a,b). While 

admixture results at K=2 suggest that L3 individuals are of mixed ancestry between L1 and 

L2, L3 fully resolves as a distinct lineage when K=3 (Figure 3-2a). Cryptic lineages had 

low admixture, and the individual with the most admixture had <5% assigned to a second 
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ancestral population. Given the small sample size for L3, these individuals were excluded 

from downstream physiology analyses. 

Corals of L1 and L2 ancestry exhibited distinct holobiont phenomes at the start of 

acclimation (Figure 3-2c; ADONIS p<0.001, 𝜔2=0.32), while site of origin had no effect 

(ADONIS p=0.19, 𝜔2=0.04; Table A2-4). Lineages were distinguished by the first principal 

component (PC), with loadings for energy reserves (symbiont density, host and symbiont 

carbohydrate, chlorophyll a, and protein) positively correlated with L1 and tissue thickness 

positively correlated with L2 (Figure 3-2c). L1 corals had the smallest corallites, and 

corallite area was significantly larger in L2 compared to L1 (Tukey HSD p<0.0001) and in 

L3 compared to L2 (Tukey HSD p=0.015; Figure A2-1c; Table A2-5). This pattern was 

consistently observed at CI where L1 and L2 co-occur, with L2 (N=4) maintaining smaller 

corallites than L1 (N=4; Figure A2-1d; p=0.001; Table A2-5). 
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L1. DTV treatment also influenced holobiont phenomes, and control corals were 

distinguished from corals in the low, moderate, and high variability treatments along the 

second PC, with growth positively correlated with variability treatments (Figure 3-3b; 

ADONIS p=0.0009; 𝜔2=0.099; Table A2-4). 

3.4.3. Diel temperature variability increased growth, but not resistance to heat challenge 

Regardless of DTV treatment, L1 corals grew constitutively faster than L2 corals 

throughout the variability period (Figure 3-3c; p=0.04), as well as the heat challenge and 

recovery periods (Figure A2-2a; p<0.001; Table A2-6). Additionally, there was a clear 

effect of DTV treatment on growth, with corals in moderate and high DTV treatments 

growing more than control corals (Figure 3-3c; p=0.006 and p=0.008, respectively). 

However, this growth benefit of moderate and high variability was not sustained and no 

effect of DTV treatment on growth through heat challenge and recovery periods was 

observed (Figure A2-2a; p=0.58; Table A2-6).  
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Figure 3-3. 
Holobiont phenomes were shaped by diel temperature variability (DTV) and cryptic 
host lineage. (a,b) Principal component analysis (PCA) of log-transformed holobiont 
phenomes of corals following 50 days in DTV. Shapes represent site of origin (solid 
symbols = offshore, open symbols = inshore). Phenotypes include percent change in weight 
through 50 days in DTV (growth), total protein (prot; mg cm-2), host and symbiont 
carbohydrate (hcarb and scarb, respectively; mg cm-2), chlorophyll a (chlA; µg cm-2), 
symbiont density (syms; cells cm-2), and photochemical efficiency of photosystem II 
(pam). Only individuals with data for all phenotypes were included, and x- and y- axes 
represent the % variance explained by the first and second principal component, 
respectively. Colors represent lineage (a: L1 = dark purple, L2 = light purple) or DTV 
treatment (b: Control = gray, low variability [Low Var] = light red, moderate variability 
[Mod Var] = medium red, and high variability [High Var] = dark red) or. (c) Percent change 
in weight by host lineage throughout the DTV experiment, measured as % change in weight 
(y-axis) across DTV treatments (x-axis). Large points represent mean ± standard error of 
growth for each lineage across treatments, and smaller points represent an individual 
fragment’s growth. Sample sizes and summary statistics reported in Table A2-4 and Table 
A2-6. 

 

3.4.4. Cryptic host lineages associate with distinct Symbiodiniaceae communities and 

subtly different microbiomes 

Symbiodiniaceae communities were aggregated by the majority ITS2 sequence 

assigned by SymPortal for analysis and visualization. Nine Symbiodiniaceae ITS2 defining 

intragenomic variants (DIVs) matched the C1 majority ITS2 sequence (Cladocopium 
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goreaui), two DIVs matched C3, five DIVs matched D1 (Durusdinium trenchii), and one 

DIV matched each of the B19, C3af, and C15 majority ITS2 sequences. When data were 

summed based on the majority ITS2 sequence, after 50 days of DTV treatment, 

Symbiodiniaceae communities were differentiated based on cryptic host lineage (Figure 3-

4a; Figure A2-3). Specifically, L1 individuals had more D. trenchii reads than L2 

individuals, with 33% of L1 and 4.5% of L2 ITS2 reads assigned to D. trenchii (Figure 3-

4a). Additionally, significantly more L1 corals (52.6%) hosted >50% relative abundance 

of D. trenchii reads relative to L2 corals (14.8%) (kruskal-wallis test: X2=29.15, p<0.0001). 

When only considering corals from the site where an equal proportion of L1 and L2 

individuals were present (CI), differences in Symbiodiniaceae communities between 

lineages was no longer significant, with 7.7% of L1 individuals and 42.9% of L2 

individuals hosting >50% relative abundance of D. trenchii (kruskal-wallis test: X2=2.28, 

p=0.13), although this analysis is likely underpowered because of the limited number of 

individuals. Additionally, dominant symbiont type had no significant effect on holobiont 

phenomes (Figure A2-3b; ADONIS p=0.90; Table A2-4). 

No differences for any microbiome diversity metrics (ASV richness, Shannon’s 

index, Simpson's index, and evenness) were observed between cryptic host lineages 

(Figure A2-5a-d; Table A2-7), and there was no effect of host lineage on overall 

microbiome structure (Figure A2-6a; ADONIS p=0.06; Table A2-8). However, the 

accessory microbiome was more dispersed in L2 compared to L1 (Figure A2-6c; 

Pdis=0.012; Table A2-8) and there were two differentially abundant taxa across host 
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lineages (Dyella thiooxydans [Family Rhodanobacteraceae] and SAR11 Clade III; Figure 

A2-6d).  

3.4.5. Diel temperature variability did little to structure algal and microbial communities 

Bray-Curtis dissimilarity PCAs of all relative abundance ITS2 DIVs demonstrated 

that Symbiodiniaceae communities were structured by lineage (Figure A2-3d; ADONIS 

p=0.001) and site of origin (Figure A2-3b; ADONIS p=0.001), but not by DTV treatment 

(Figure A2-3c; ADONIS p=0.21; Table A2-9). No differences in the dispersion of 

Symbiodiniaceae communities was observed for lineage, site of origin, or DTV treatment 

(Pdis=0.76, Pdis=0.32, Pdis=0.70, respectively; Figure A2-3b-d; Table A2-9). No 

differences in microbiome diversity metrics were observed between DTV treatments 

(Figure A2-5e-h; Table A2-7). Bray-Curtis dissimilarity PCAs with all bacterial ASVs 

illustrated that community dispersion was not modulated by DTV treatment (Figure A2-

7a; Pdis=0.81); however, there was a significant effect of DTV on overall microbiome 

structure (Figure A2-7a; ADONIS p=0.035), and microbiomes of control corals were 

distinct from microbiomes of corals in all variability treatments (Figure A2-7a; ADONIS 

p=0.042 [low variability], ADONIS p=0.023 [moderate variability], ADONIS p=0.007 

[high variability]; Table A2-8). 

3.4.6. Unique host lineage and algal symbiont pairings exhibit distinct responses to heat 

challenge 

After a 50-day exposure to DTV, L1 corals exhibited higher photochemical 

efficiency (Fv/Fm) than L2 corals, and these higher values were maintained throughout 
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heat challenge and recovery (Figure 3-4b; p=0.006; Table A2-10). However, aggregating 

Fv/Fm data by lineage hides important complexity. When data are split by majority ITS2 

sequence, unique host lineage and algal symbiont partnerships influence response to heat 

challenge and recovery (Figure 3-4c; p=0.007; Table A2-10). These unique pairings 

between host lineage and majority ITS2 sequence were especially important for corals 

dominated by D. trenchii. L1 individuals hosting D. trenchii were able to maintain Fv/Fm 

values, consistent with resistance to heat challenge; however, L2 individuals hosting D. 

trenchii exhibited reduced Fv/Fm during heat challenge, and failed to recover, suggesting 

susceptibility (Figure 3-4c). In contrast, when hosting majority Cladocopium goreaui (C1), 

both lineages maintained relatively stable Fv/Fm, while C3af in L1 and C3 in L2 exhibited 

reduced Fv/Fm during heat challenge and subsequently recovery, showcasing thermal 

resilience. 
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Figure 3-4. 
Coral responses through heat challenge and recovery. (a) Relative abundance of 
Durusdinium trenchii (D1 majority ITS2 sequence) aggregated by lineage after 50-day 
DTV treatment. (b) Photochemical efficiency (Fv/Fm) across seven time points throughout 
the end of DTV treatment, heat stress (red shaded) and recovery (blue shaded) treatments. 
Points represent mean ± standard error in Fv/Fm for each lineage. (c) These same data as 
(b), but faceted by lineage (L1 left panel, L2 right panel), with colors and shapes 
representing majority ITS2 sequence (>50% relative read abundance) for each coral 
fragment (circle = C1, square = C3, diamond = C3af, triangle = D1). Background shading 
is as in (b). 
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3.5. Discussion 

Understanding how diversity is partitioned across the seascape is critical to 

predicting coral bleaching. Here, we identified three cryptic host lineages (L1, L2, L3) in 

a Siderastrea siderea species complex across BTRC that varied in phenotypes relevant to 

thermal tolerance. L1 corals maintained elevated energetic reserves and grew more 

throughout the 50-day DTV experiment and additionally maintained elevated 

photochemical efficiency and growth throughout heat challenge and recovery. This work 

builds on the growing evidence for widespread cryptic diversity in corals, which has been 

detected at larger archipelago-wide (Fifer et al. 2022) and range-wide scales (Ladner and 

Palumbi 2012; Matias et al. 2022), as well as at relatively small spatial scales, including 

within reefs in Puerto Rico (Prada and Hellberg 2021), the Florida Keys (Rippe et al. 2021), 

and American Samoa (Rose et al. 2021). Depth has emerged as a common driver of lineage 

differentiation in corals (Rippe et al. 2021; Prada and Hellberg 2021; Eckert, Studivan, and 

Voss 2019), with relevant abiotic factors including temperature, light (Rippe et al. 2021), 

and small-scale current patterns (Eckert, Studivan, and Voss 2019). Across larger scales, 

only one of three Acropora hyacinthus cryptic lineages was able to occupy habitat along a 

range expansion front in Japan, which was attributed to outlier loci associated with 

adaptation to temperate, seasonally fluctuating environments (Fifer et al. 2022). 

Temperature variability has also been associated with the differential distribution of A. 

hyacinthus cryptic lineages in American Samoa (Rose et al. 2018; 2021), and experimental 

work has found differences in bleaching susceptibility among these lineages (Gómez-

Corrales and Prada 2020; Rose et al. 2021). Similarly, we find that cryptic lineages, which 
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vary in ecologically relevant phenomes (i.e., energetic reserves and growth), differ in their 

thermal tolerance.  

The cryptic host lineages identified here were largely structured across an inshore 

to offshore gradient in BTRC, with L2 and L3 more prevalent inside Bahia Almirante 

(inshore), and L1 more prevalent outside of the bay (offshore). Inshore BTRC sites are 

characterized by limited influence from the open ocean, riverine inputs that deliver 

nutrients, agricultural run-off, and sewage to the bay, and most recently hypoxic events 

that have altered coral communities (Altieri et al. 2017; Briand, Guzmán, and Sunday 

2023). We find evidence that lineages exhibit unique features that could contribute to 

success in these distinct local environments. Lineages more common at inshore sites (L2 

and L3) had larger corallites compared to offshore L1 individuals, and this difference 

persisted even when lineages co-existed in the same environment (CI). This suggests a 

genetic basis for this trait, but this pattern could also be the result of developmental 

plasticity (West-Eberhard 2005). Recent work supports the hypothesis that corals with 

smaller corallites maintain more autotrophic lifestyles than larger corallite corals, which 

rely more on heterotrophy (Conti-Jerpe et al. 2020). L2 and L3 may have adapted to the 

low light-high nutrient environments of inshore BTRC in part with larger corallites to 

facilitate heterotrophy, while L1 adapted to clear offshore waters with smaller corallites to 

maximize autotrophy. Future explorations of this system would benefit from stable isotope 

analyses to confirm correlations between corallite size and trophic level (Conti-Jerpe et al. 

2020). Additionally, reciprocal transplant experiments would disentangle the relative roles 

of adaptation and acclimation in the observed phenotypes between lineages, followed by 
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coral bleaching assays to establish whether environmental acclimation led to shifts in 

bleaching resistance within lineages. Finally, a more thorough characterization of 

environmental conditions at these sites (e.g., irradiance, nutrient concentrations, and 

dissolved oxygen) is needed, as sites where L1 and L2 are sympatric suggest other 

environmental characteristics could be driving differentiation and distributions of S. 

siderea cryptic lineages.  

We initially hypothesized that DTV would shape coral phenomes to increase 

thermal resilience (following Drury et al. 2022; Oliver and Palumbi 2011; Schoepf et al. 

2020; Thomas et al. 2018; DeMerlis et al. 2022; Barshis et al. 2018). While an effect of 

experimental DTV on holobiont phenomes was observed, this was overshadowed by the 

strong influence of cryptic lineage that persisted from collection through heat challenge 

and recovery. DTV did increase growth, and both L1 and L2 corals in moderate and high 

variability treatments grew more than control corals, suggesting that DTV represents a 

promising coral restoration tool to improve growth in nursery settings (as in DeMerlis et 

al. 2022). However, we did not observe improved performance under heat challenge after 

experimental exposure to DTV. It is possible that the DTV treatments used here were 

insufficient to “prime” corals (reviewed in Hackerott, Martell, and Eirin-Lopez 2021). 

Indeed, unique temperature variability treatments have resulted in variable phenotypic 

outcomes in thermal tolerance of the coral Montipora capitata (Drury et al. 2022) and 

growth and developmental rate in insects (Kingsolver, Higgins, and Augustine 2015; 

Worner 1992). In Manduca sexta, the mean temperature around which variability occurred 

altered growth rates, with positive effects observed around low mean temperatures and 
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negative effects around higher mean temperatures (Kingsolver, Higgins, and Augustine 

2015). This phenomenon is due to Jensen’s Inequality (Ruel and Ayres 1999), and 

highlights the importance of designing treatment temperatures with knowledge of an 

organism’s thermal performance curve to determine whether DTV places an individual 

above their thermal optimum. While DTV was distinct across all treatments here, it was 

confounded by differences in mean temperatures, which may have influenced the effects 

of DTV observed, especially under low variability where mean temperatures were lower 

than control conditions. Future work should aim to disentangle the relative effects of mean 

temperature and variability on performance by designing treatments based on knowledge 

of an organism’s thermal performance curve. 

While L1 exhibited higher resistance to heat challenge than L2, this pattern was 

confounded by L1 hosting higher proportions of D. trenchii than L2 corals. Durusdinium 

trenchii has been shown to confer thermal tolerance to their hosts through elevated Fv/Fm 

(Silverstein, Cunning, and Baker 2015; Berkelmans and van Oppen 2006) and reduced 

bleaching prevalence (Manzello et al. 2019). Rose et al. (2021) also demonstrated that a 

more bleaching resistant Acropora hyacinthus cryptic lineage hosted greater proportions 

of D. trenchii. Additionally, D. trenchii proportions significantly improved the model 

accuracy for predicting bleaching responses in A. millepora (Fuller et al. 2020). Here, 

hosting D. trenchii failed to confer tolerance equally across S. siderea cryptic lineages. 

Instead, unique host lineage and algal symbiont pairings exhibited distinct responses to 

heat challenge with L1-D. trenchii out-performing L2-D. trenchii corals under thermal 

challenge. In addition, L2 corals were dominated by D. trenchii only when they originated 
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from sites where both cryptic lineages were sampled (CI and BS). It is therefore possible 

that, although L2 recruits arriving to these environments have D. trenchii available to them, 

it is ultimately not the most adaptive host-symbiont pairing for coping with acute heat 

challenge in this lineage. Future work characterizing the environmental pools of 

Symbiodiniaceae available across sites would be a worthy endeavor. 

Despite cryptic lineages hosting distinct Symbiodiniaceae communities across 

different environments, only subtle microbiome differences were detected between the two 

dominant host lineages, even after 50 days of DTV treatment. This microbiome stability 

suggests that S. siderea in BTRC are “microbiome regulators” with conserved microbial 

functions (Ziegler et al. 2019). This finding is in contrast to previous work in S. siderea, 

which observed variation in core microbiomes across sites in Belize that differed in 

temperature variability (Speare et al. 2020). It is therefore possible that this stability is due 

to microbiome acclimation to lab conditions and that distinct communities between cryptic 

lineages may be detected if S. siderea were sampled in situ (Galand et al. 2018).  

Siderastrea siderea is a horizontally transmitting, gonochoric broadcast spawning 

coral, with colonies of separate sexes spawning gametes to produce aposymbiotic larvae 

that spend time in the water column before settling, leading to the potential for broad 

population connectivity across great distances (up to 1200 km, Nunes, Norris, and 

Knowlton 2011). While much more work is warranted, we propose that in BTRC, the semi-

lagoonal nature of Bahia Almirante and physical characteristics of the archipelago 

(Guzmán et al. 2005; Dominici-Arosemena and Wolff 2005) maintain a barrier to dispersal 



	

	

72 

between inshore or offshore larvae, with some exceptions due to their time as pelagic 

larvae. Because few sites were found to host multiple lineages and no site hosted all three, 

we posit that once recruits settle, even if larvae are dispersed to new reefs, this limited 

migration coupled with spatially varying selection leads to a dominance of one lineage in 

each environment. As was previously demonstrated by Quigley et al. (2017), it is also likely 

that environmental pools of algae are much more diverse than communities hosted by adult 

corals, and therefore once recruits begin establishing symbiosis, algal symbionts likely 

compete through a “winnowing” process with dominance depending on local 

environmental conditions (i.e., light, depth) that are further shaped by coral colony 

morphology (Enríquez et al. 2017). Surviving recruits of distinct lineages then develop 

associations with specific Symbiodiniaceae in environments that differ in temperature, 

light, and nutrients, likely resulting in further acclimation to local conditions. Together, 

these genetic and environmental factors interact to determine the patterns of responses 

observed here, where unique combinations of host-symbiont pairings shape the variation 

in bleaching observed across reefs and between individuals on a reef. This work highlights 

the importance of understanding cryptic coral diversity when determining species 

responses to future climate change and in conservation planning. 
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 CHAPTER FOUR: SYMBIOSIS MODULATES GENE EXPRESSION OF 

PHOTOBIONTS, BUT NOT HOSTS, UNDER THERMAL CHALLENGE  

4.1 Abstract 

Anthropogenic changes in ocean temperature are causing dysbiosis of coral hosts 

and their photobionts. Previous work suggests that coral host gene expression varies more 

strongly in response to environmental stress compared to that of their intracellular 

photobionts; however, questions remain as to the causes and consequences of this 

phenomenon. We hypothesized that photobionts are less responsive because hosts 

modulate their symbiont’s environment to buffer stress. To test this hypothesis we 

capitalized on the facultative symbiosis between the subtropical scleractinian coral Oculina 

arbuscula and its photobiont Breviolum psygmophilum to characterize gene expression 

responses of both symbiotic partners in and ex hospite in response to thermal challenges. 

First, to characterize the host and in hospite photobiont responses, symbiotic and 

aposymbiotic O. arbuscula were exposed to three temperatures: 1) control (18°C), 2) heat 

(32°C), and 3) cold (6°C). This design was replicated with B. psygmophilum cultured from 

O. arbuscula to characterize ex hospite photobiont responses. By comparing symbiotic and 

aposymbiotic host gene expression, orthologous gene expression of hosts and photobionts 

in hospite, and gene expression of in and ex hospite B. psygmophilum, we tested the 

influence of symbiosis on O. arbuscula hosts and photobiont gene expression under 

temperature challenges. We found that both thermal challenges elicited classic 

environmental stress responses in O. arbuscula regardless of symbiotic state, and both 

symbiotic and aposymbiotic hosts responded more strongly to cold challenge compared to 
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heat. Hosts also exhibited stronger overall responses than their in hospite photobionts. 

When comparing gene expression of in and ex hospite B. psygmophilum, both exhibited 

downregulation of genes associated with photosynthesis under thermal challenge; 

however, ex hospite photobionts exhibited greater gene expression plasticity and 

differential expression of genes associated with environmental stress response. Taken 

together, these findings suggest that O. arbuscula hosts buffer the environment of B. 

psygmophilum photobionts; however, future work would benefit from exploring a broader 

repertoire of cellular components. 

4.2 Introduction 

Endosymbioses — associations where one organism lives within the cells of its host 

(Sagan 1967) — have driven evolutionary innovations and allowed species to access 

resources and environments that would otherwise be unavailable (Wernegreen 2012; Melo 

Clavijo et al. 2018). Endosymbioses span the tree of life and include exemplary innovations 

including tubeworms (Riftia pachyptila) living at deep-sea hydrothermal vents that rely on 

chemosynthetic bacterial endosymbionts (e.g., Robidart et al. 2008) and salamanders 

(Ambystoma maculatum) benefiting from photosynthetic endosymbionts (Oophila 

amblystomatis) as embryos (e.g., Burns et al. 2017). Endosymbionts often live within a 

host compartment, such as a vacuole or membrane, which facilitates the exchange of 

materials (i.e., nutrients, metabolites) and serves as the backbone for the relationship 

between host and symbiont (Dean et al. 2016; Wernegreen 2012). 

Corals are one of the most iconic examples of endosymbiosis, and their symbiosis 

with single celled photobionts (dinoflagellate algae in the family Symbiodiniaceae; 
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LaJeunesse et al. 2018) enables diverse tropical reef ecosystems to thrive in oligotrophic 

waters (Melo Clavijo et al. 2018). Symbiodiniaceae live in coral gastrodermal cells in 

specialized vacuoles called symbiosomes (Davy, Allemand, and Weis 2012; Wernegreen 

2012). This endosymbiosis facilitates the transfer of materials between host and symbiont, 

where Symbiodiniaceae share photosynthetically-derived carbon sugars and in return 

receive inorganic compounds from the coral’s metabolic waste in addition to protection 

(Muscatine 1990; Muscatine, R. McCloskey, and E. Marian 1981). Once symbiosis is 

established, hosts can actively modulate photobiont physiology by manipulating the 

environment of the symbiosome. For example, photobiont photosynthesis is highly 

dependent on nitrogen availability, and host-mediated nitrogen limitation enables 

maintenance of primary production and control of photobiont growth (Falkowski et al. 

1993; Rädecker et al. 2015). Additionally, coral hosts acidify the symbiosome via 

expression of V-type proton ATPases, which can facilitate increased photosynthesis 

(Barott et al. 2015). 

Tropical corals live close to their upper thermal limits, making them particularly 

susceptible to temperature changes (Berkelmans and Willis 1999; Baker, Glynn, and Riegl 

2008). Increases in anthropogenic carbon dioxide levels are elevating global ocean 

temperatures and leading to extreme regional ocean warming (i.e., marine heatwaves; 

Smale et al. 2019), which threatens corals globally (Frieler et al. 2013). Specifically, 

temperature increases lead to a breakdown of the coral-algal symbiosis in a process called 

‘coral bleaching’, and extended periods of dysbiosis can lead to coral starvation and 

eventual mortality (Brown 1997). It is theorized that reactive oxygen species (ROS) 
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generated by Symbiodiniaceae under temperature stress can damage cellular components, 

cause photoinhibition, and trigger coral bleaching (reviewed in Szabó, Larkum, and Vass 

2020). However, even though both symbiotic partners exhibit a wide array of stress 

responses, photobionts are assumed to initiate symbiosis breakdown due to ROS 

production (e.g., Berkelmans and van Oppen 2006; Stat, Carter, and Hoegh-Guldberg 

2006; Stat and Gates 2010). In contrast to these physiological responses, several lines of 

evidence demonstrate that hosts exhibit strong stress responses at the transcriptional level 

(e.g., S. W. Davies et al. 2016; DeSalvo et al. 2010; Meyer, Aglyamova, and Matz 2011; 

reviewed in Dixon, Abbott, and Matz 2020), while the photobiont’s transcriptional 

response is muted (e.g., Barshis et al. 2014; Baumgarten et al. 2013; Leggat et al. 2011). 

This lack of an algal transcriptional response may suggest that coral hosts regulate their 

symbiont’s environment to buffer the algae from stress; however, an alternative 

explanation might be that the photobiont’s transcriptome is less responsive to stress 

regardless of symbiotic state. 

Understanding the independent and interactive roles of coral hosts and 

Symbiodiniaceae algae in holobiont (i.e., assemblage of coral host and associated algal and 

microbial symbionts) resilience is difficult in a tropical coral system (reviewed in Bove, 

Ingersoll, and Davies 2022). Namely, it is impossible to disentangle the host’s 

aposymbiotic state from stress and nutrient limitation given tropical coral reliance on 

Symbiodiniaceae-derived carbon. Facultative symbioses have emerged as tractable 

systems in which to ask fundamental questions about coral symbiosis (Puntin et al. 2022). 

Here, we leveraged genome-wide gene expression profiling in the facultatively symbiotic 
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coral Oculina arbuscula and its photobiont Breviolum psygmophilum to address two main 

questions. First, what is the consequence of symbiosis for coral hosts under thermal 

challenge? We hypothesized that, compared to aposymbiotic corals, symbiotic corals under 

thermal challenge would exhibit patterns of gene expression consistent with environmental 

stress responses of tropical corals because of symbiont-derived ROS produced under 

thermal stress. Second, we asked how symbiosis modulates photobiont responses to 

thermal challenges? Based on previous work documenting a lack of gene expression 

response in in hospite photobionts, we predicted greater responses of symbiotic hosts 

compared to photobionts in hospite in addition to a muted response of photobionts in 

hospite compared to ex hospite, consistent with coral hosts modulating the environment of 

their photobionts. To address these two questions, we replicated identical temperature 

challenge assays in two independent experiments and characterized host and photobiont 

responses via whole genome gene expression profiling. 
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Figure 4-1. 
Experimental overview. (a) Map showing collection site (Radio Island, North Carolina) 
of Oculina arbuscula colonies used in the holobiont thermal challenge experiment (N=8 
symbiotic, N=8 aposymbiotic putative genotypes). Breviolum psygmophilum photobionts 
used in the culture thermal challenge experiment were isolated from symbiotic O. 
arbuscula tissue. Purple shading indicates the subtropical range of O. arbuscula (based on 
Thornhill et al. 2008). (b) Water temperatures (black line) recorded every 6 minutes at the 
NOAA buoy closest to Radio Island collection site (Station BFTN7; minimum temperature 
recorded = 3°C, maximum temperature recorded = 28.5°C) for the year prior to coral 
collection (January 1, 2017 - December 31, 2017). Thermal challenge treatments (heat = 
32°C, control = 18°C, cold = 6°C) are overlaid annual temperature data. (c) Temperatures 
recorded during holobiont thermal challenge experiment, using NIST-calibrated glass 
thermometer. (d) Temperatures recorded during culture thermal challenge experiment, 
using HOBO loggers in each of the three incubators. Coral photos are courtesy of C. 
Tramonte, symbiont shapes were created by G. Puntin, and culture icons were created with 
BioRender.com.  
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4.3 Materials and methods 

4.3.1. Experiment I. Oculina arbuscula and Breviolum psygmophilum holobiont 

responses to temperature challenges in symbiosis 

To test the prediction that symbiotic hosts would be more stressed under thermal 

challenge compared to aposymbiotic hosts, we exposed symbiotic and aposymbiotic 

fragments of Oculina arbuscula to three temperature treatments: 1) control (18°C), 2) heat 

challenge (temperature increased 1°C day-1 from 18°C to 32°C), and 3) cold challenge 

(temperature decreased 1°C day-1 from 18°C to 6°C). 

4.3.1.1. Coral collection and experimental design 

In June 2018, 16 colonies of the subtropical scleractinian coral Oculina arbuscula 

(N=8 symbiotic, N=8 aposymbiotic) were collected from Radio Island, North Carolina 

(NC) (34.712590°N, -76.684308°W) under NC Division of Marine Fisheries permits 

#706481 and #1627488 (Figure 4-1a). Colonies were shipped overnight to Boston 

University, fragmented, attached to petri dishes using cyanoacrylate glue, and maintained 

at ambient conditions (18°C, 33-35 PSU) for approximately 5 months. Experimental 

temperatures were informed in part by in situ temperature data recorded the year prior to 

collection by the NOAA buoy closest to the collection site (Figure 4-1b). On November 1, 

2018, one fragment from each colony was placed in one of three treatments: 1) control 

(18°C), 2) heat challenge (target: 32°C), and 3) cold challenge (target: 6°C) (N=48 

fragments total). Temperatures in the control treatment remained at 18°C for the duration 

of the 15-day study. Temperatures in the heat challenge treatment started at 18°C and 
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increased daily by 1°C with a final target temperature of 32℃. Temperatures in the cold 

challenge treatment started at 18°C and decreased daily by 1℃ with a final target 

temperature of 6℃ (lower temperatures were restricted by aquaria chillers) (Figure 4-1c). 

Temperatures were controlled using Aqua Logic digital temperature controllers. 

Each temperature treatment consisted of three 15-gallon aquaria connected to one 

sump. All aquaria had a powerhead for water circulation, and each sump was equipped 

with a filter sock and protein skimmer for filtration. Water quality was tested daily in each 

tank by measuring temperature using a NIST-calibrated thermometer (Figure 4-1c) and 

salinity with a YSI meter. Target salinity of 33-34 PSU was maintained by mixing DI water 

with Instant Ocean Sea Salt, and mean (± SE) salinity was 33.94 ± 0.025 in control, 33.87 

± 0.015 in cold challenge, 34.15 ± 0.024 in heat challenge. A 50% water change was 

performed on day nine. Light exposure was monitored to ensure corals received equal light 

(50 µmol photons m2 sec-1) and remained on a 12:12 hour, light:dark schedule throughout 

the experiment. Coral fragments were rotated daily to ensure even light exposure. Each 

aquaria was fed ¼ tsp of reconstituted powdered brine shrimp daily, and feeding occurred 

for one hour before recirculating flow was resumed. 

4.3.1.2. In hospite photobiont physiology 

Pulse Amplitude Modulation (PAM) fluorometry was used to measure the dark-

acclimated photochemical efficiency of photosystem II (Fv/Fm) using a Junior PAM 

approximately every three days throughout the experiment. Corals were given 8 hours of 

dark acclimation before Fv/Fm was measured in triplicate for all symbiotic coral fragments 

between the hours of 0800 and 1200. The effect of temperature challenge and experiment 
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duration on photobiont Fv/Fm was analyzed using a linear mixed effects model (lmer), 

with the interactions of fixed effects of treatment and day plus a random effect of genotype 

(to account for the lack of independence among measures from the same genet). Pairwise 

comparisons of the model output were compared using emmeans (Lenth et al. 2022). All 

analyses were performed in the R v4.2.0 statistical environment (R Core Team 2022). 

4.3.1.3. Oculina arbuscula holobiont gene expression profiling 

 Following completion of the thermal challenge experiment (day 15, when 

temperature treatments were most divergent), tissue from all O. arbuscula fragments 

(N=48) was sampled using sterilized bone cutters, immediately placed into 200 proof 

ethanol, and maintained at -80°C. Total RNA was extracted using an RNAqueous kit 

(ThermoFisher Scientific) following manufacturer’s instructions, but including an 

additional step of homogenizing samples with lysis buffer and glass beads for 1 minute at 

5 m s-1. Following extraction, DNA contamination was removed via DNAse1 Digestion 

for 30 minutes at 37°C. TagSeq libraries were prepared using 1.5 𝜇g of input RNA 

(following Meyer, Aglyamova, and Matz 2011) with necessary adaptations for Illumina 

HiSeq sequencing (Lohman, Weber, and Bolnick 2016). Successfully prepared libraries 

(N=47) were sent to the Tufts University Core Facility and sequenced on the Illumina 

Hiseq 2500 using single-end 50 bp sequencing. Analysis of TagSeq data generally followed 

the pipeline presented here: https://github.com/z0on/tag-based_RNAseq. Raw reads were 

quality filtered using a custom perl script (tagseq_clipper.pl) to remove Illumina adapters, 

poly-A sequences, PCR duplicates, reads less than 20 bp long, and reads with a quality 

score less than 33. 
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4.3.1.4. Putative coral clone identification 

Because many of our analyses are ordination based and gene expression has been 

shown to be highly heritable in corals and can drive global gene expression patterns (i.e., 

Dixon et al. 2015), we tested for the presence of clones in our dataset. Following methods 

presented in Bove et al. (2023), putative O. arbuscula clones were identified and removed 

from downstream analyses by mapping quality filtered reads to concatenated O. arbuscula 

and B. psygmophilum transcriptomes (available at http://sites.bu.edu/davieslab/data-code/) 

using Bowtie2 (Langmead and Salzberg 2012). Single nucleotide polymorphisms (SNPs) 

were identified using the local mode (--local) with seed substring alignment length of 16 

(-L 16), suppressing records for unaligned reads (--no-unal), and a minimum alignment 

score function of f(x) = 16 + x, where x is read length (--score-min L,16,1). Symbiont reads 

were then removed from the dataset, and genotyping and identification of host SNPs was 

performed using ANGSD (Korneliussen, Albrechtsen, and Nielsen 2014). Loci were 

filtered to include those that were present in at least 80% of individuals, with a minimum 

mapping score of 20, a minimum quality score of 25, a strand bias p-value >1 x 10-5, a 

heterozygosity bias >1 x 10-5, a minimum minor allele frequency >0.05, a p-value >1 x 10-

5, and all triallelic sites were excluded as well as those with multiple best hits. Putative 

clones were distinguished using a hierarchical clustering tree (hclust) based on pairwise 

identity by state (IBS) distances calculated in ANGSD (Figure A3-1a). One genotype (A) 

was removed from downstream analyses because its replicate fragments failed to cluster 

together, suggesting sequencing failure, and the hierarchical clustering tree was re-made 

without that genotype (Figure A3-1b). This tree identified three sets of putative clones: 1) 
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aposymbiotic putative clonal group of genotypes N, O, and P, 2) aposymbiotic putative 

clonal group of genotypes H and K, and 3) symbiotic putative clonal group of M and L 

(Figure A3-1b). The genotype within each putative clonal group with the highest depth of 

coverage was maintained in downstream analyses (N, M, and H) and all others were 

removed leaving a total of 33 samples (N=7 putative symbiotic genotypes, N=4 putative 

aposymbiotic genotypes). 

4.3.1.5. Oculina arbuscula and in hospite B. psygmophilum gene expression analyses 

Quality filtered reads were mapped to the same concatenated transcriptome 

described above using Bowtie2 (Langmead and Salzberg 2012), but with different 

parameters (-k mode, with k=5, in addition to the flags --no-hd and --no-sq). Oculina 

arbuscula host and B. psygmophilum photobiont reads were then separated and 

independent runs of DESeq2 (Love, Huber, and Anders 2014) identified differentially 

expressed genes (DEGs) in response to heat and cold thermal challenge relative to the 

control separately for host and photobiont datasets using Wald’s tests. 

 Host and photobiont gene expression data were rlog-transformed and used as input 

for separate principal component analyses (PCAs) using plotPCA (package=DESeq2) to 

determine the effect of temperature on gene expression profiles using PERMANOVAs via 

the adonis2 function (package=vegan; Oksanen et al. 2022). Gene expression plasticity 

was calculated from host and photobiont PCAs using a custom function (Bove 2022), and 

was defined as the distance in PC space between an individual’s expression profile and the 

average expression of all samples in the control treatment (as in Bove et al. 2023). 

Differences in gene expression plasticity between treatments were tested using an ANOVA 
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(aov) followed by a Tukey’s HSD post-hoc test (TukeyHSD) for multiple test correction. 

Assumptions of these models were assessed visually using check_model 

(package=performance; Lüdecke et al. 2021). 

GO enrichment analyses were performed using Mann-Whitney U tests 

(GO_MWU) based on the ranking of signed log p-values (Wright et al. 2015) for both the 

host and photobiont datasets. Results were visualized in dendrograms, which indicate the 

amount of gene sharing between significant GO categories and the direction of change 

relative to the control treatment. Results from the GO enrichment analyses were used for 

two functional analyses, detailed below. 

First, following Wuitchik et al. (2021), GO delta ranks were used to compare O. 

arbuscula host response under thermal challenge relative to the stress responses of tropical 

reef-building corals. To accomplish this, functional enrichment results of the O. arbuscula 

host under cold and heat challenge were contrasted with a meta-analysis from Dixon et al. 

(2020) that characterized the transcriptomic signatures of stress in the coral genus 

Acropora. This meta-analysis identified two classes of coral stress responses: “type A”, 

which was positively correlated across projects and functionally consistent with the general 

coral environmental stress response (ESR), and “type B”, which was the opposite to the 

type A response and indicated lower intensity stress. We plotted these delta-ranks of the 

host GO-MWU results against the ESR genes in the Biological Processes (BP) GO 

category identified by Dixon et al. (2020) (termed the “red module”) and determined 

whether the slopes of these correlations were positive (type A) or negative (type B).  
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Second, for B. psygmophilum photobiont data, GO results identified several terms 

related to photosynthesis as significantly underrepresented under cold challenge. To further 

explore genes in these GO categories, a heatmap of genes with an unadjusted p-value <0.10 

that had GO annotations related to these underrepresented photosynthesis terms were 

plotted using pheatmap. 

4.3.1.6. Checking identity of Breviolum psygmophilum in hospite 

The species identity of the algal symbionts in symbiosis with O. arbuscula used in 

the holobiont thermal challenge experiment was confirmed using metabarcoding of the 

Symbiodiniaceae ITS2 region. DNA was extracted from N=39/48 coral fragments that had 

sufficient sample remaining using a modified phenol-chloroform extraction, described in 

detail by Davies et al. (2013). Because aposymbiotic corals can still host a small amount 

of photobionts, both symbiotic and aposymbiotic fragments were included in these 

extractions. The ITS2 region was targeted using forward primer ITS-DINO (5’ - 

TCGTCGGCAGCGTC AGATGTGTATAAGAGACAG NNNN 

GTGAATTGCAGAACTCCGTG - 3’) (Pochon et al. 2001) and reverse primer 

ITS2Rev2 (5’ - GTCTCGTGGGCTCGG AGATGTGTATAAGAGACAG NNNN 

CCTCCGCTTACTTATAGCTT 3’) (Stat et al. 2009). Underlined bases denote adapter 

linker, bold bases are primer sequences, and the middle bases are spacer sequences. The 

reactions totaled 20 μl and included 20 ng of template DNA, 10 μM forward primer, 10 

μM reverse primer, 0.2 mM dNTP, 1X ExTaq buffer (Takara), 0.025 U ExTaq enzyme 

(Takara), and the remaining Milli-Q H20 (Millipore). The PCR profile was 95°C for 40 

seconds, 59°C for 120 seconds, and 72°C for 60 seconds for 35 cycles with a final 
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elongation step of 72°C for 7 minutes. PCR products were purified using Ampure XP 

Reagent for PCR Purification (Beckman Coulter) and eluted in 28 µL. Each PCR product 

was barcoded with a unique Illumina barcoded adapter using five PCR cycles and 

visualized on a 1% agarose gel to assess relative band intensity. Samples were normalized 

and pooled and 25 µl of the pooled library was run on a 1% SYBR Green (Invitrogen) 

stained gel. The target band was excised and incubated with 30 µl of Milli-Q water 

overnight at 4˚C. This library was quantified using a Quant-iT PicoGreen dsDNA assay kit 

(Thermo Fisher) and submitted for paired-end 250bp sequencing on an Illumina Miseq at 

Tufts University Core Facility (TUCF). 

 Raw ITS2 data were submitted to SymPortal (B. C. C. Hume et al. 2019) to identify 

ITS2 type profiles. All samples were successfully sequenced and were analyzed at the level 

of defining intragenomic variant (DIV) to confirm that all symbiotic corals hosted B. 

psygmophilum. Relative abundance of DIVs across O. arbuscula fragments were compared 

using a bar plot constructed with phyloseq (McMurdie and Holmes 2013). 

4.3.1.7. Comparing orthologous genes in Oculina arbuscula and Breviolum 

psygmophilum in symbiosis 

To compare O. arbuscula host (both symbiotic and aposymbiotic) and B. 

psygmophilum in hospite responses to temperature challenges, independent gene 

expression analyses were completed on orthologous genes. This analysis allowed us to test 

two predictions, first that symbiotic hosts would respond more to temperature challenge 

than aposymbiotic hosts, and second that symbiotic hosts would respond more than their 

photobionts in hospite. Orthologous genes were identified following methods presented in 
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Dixon and Kenkel (2019) with additional specifics for Symbiodiniaceae described here: 

https://github.com/grovesdixon/symbiodinium_orthologs. Briefly, cd-hit (W. Li and 

Godzik 2006) clustered sequences in O. arbuscula and B. psygmophilum reference 

transcriptomes with a sequence identity threshold of 0.98, alignment coverage of the longer 

and shorter sequence of at least 0.3, and only the longest sequence was retained. 

Transdecoder v5.5.0 (Haas et al. 2013) predicted protein coding sequences in the clustered 

references based on open reading frames (ORFs) and homology to known proteins. Only 

the longest ORFs (minimum amino acid length=50 bp) were retained and then annotated 

using a blastp alignment against the Swissprot database and protein domains were 

identified with scanHmm in HMMER v3.2.1 (S. R. Eddy 2011). FastOrtho assigned these 

predicted coding sequences to orthologous groups with an e-value cut-off of 1 x 10-10 (L. 

Li, Stoeckert, and Roos 2003). Paralogs (N=9727 groups) were removed, leaving 1951 

orthologous groups. Protein sequences for these orthologs were aligned using the multiple 

sequence alignment program MAFFT (Katoh and Standley 2013) and gene trees were built 

with FastTree (Price, Dehal, and Arkin 2009), which infers approximately-maximum-

likelihood phylogenetic trees from protein sequences. These constructed trees were pruned 

using the biopython module Phylo (Talevich et al. 2012), which facilitated the inclusion of 

additional orthologous groups as single copy orthologs, for a total of 1962 single-copy 

orthologs. 

 Seqtk (https://github.com/lh3/seqtk) subsetted O. arbuscula and B. psygmophilum 

reference transcriptome fasta files to include only single copy orthologs. These single copy 

ortholog reference transcriptomes were then concatenated and quality filtered TagSeq 
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reads were mapped to this ortholog reference using Bowtie2 (-k mode, with k=5, in 

addition to the flags --no-hd and --no-sq). For each partner, only orthologs with a mean 

count >2 across samples were retained, leaving 1381 host orthologs and 250 photobiont 

orthologs. The low number of photobiont counts led to a total of only 185/1962 shared 

orthologs with high-quality mapped reads across both the host and symbiont ortholog 

dataset. To directly compare responses to temperature treatment of symbiotic hosts, 

aposymbiotic hosts, and photobionts in hospite, O. arbuscula and B. psygmophilum count 

data for these 185 orthologs were included in the same DESeq2 model, which modeled a 

main effect of the aggregate factor of temperature treatment (cold challenge, heat 

challenge, or control) and sample type (symbiotic host, aposymbiotic host, or photobiont 

in hospite). Response of the three sample types (symbiotic host, aposymbiotic host, or 

photobiont in hospite) to heat challenge and cold challenge relative to the control was 

quantified as the number of differentially expressed orthologs with an adjusted p-value 

<0.1. A two-proportions z-test (prop.test) tested for differences in the proportion of 

differentially expressed orthologs across sample types. Comparisons included symbiotic 

host vs. aposymbiotic host under heat and cold challenge, symbiotic host vs. in hospite 

photobiont under heat and cold challenge, and aposymbiotic host vs. in hospite photobiont 

under heat and cold challenge. 
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4.3.2. Experiment II. Breviolum psygmophilum response in culture - ex hospite 

4.3.2.1. Photobiont cell culture maintenance 

To isolate the response of Breviolum psygmophilum to temperature challenge ex 

hospite, the thermal challenge experiment detailed above in O. arbuscula holobionts was 

replicated on cultured B. psygmophilum (Figure 4-1d). Symbiont cultures used for this 

experiment were B. psygmophilum cells isolated from O. arbuscula from Radio Island, NC 

on June 29, 2018. Symbiodiniaceae cells were isolated from the host by serially diluting 

host tissue removed via airbrush into sterile F/2 media (Bigelow NCMA, East Boothbay, 

ME, USA). The “ancestral culture” was maintained in F/2 media based on artificial 

seawater (Instant Ocean), with monthly transfers to fresh media, in a Percival incubator 

(model AL-30L2) at a temperature of 26°C and irradiance of 30 𝜇mol photons m-2 sec-1 on 

a 14:10 hour light:dark cycle. In preparation for the culture experiment, on October 18, 

2019, this long-term acclimated ancestral culture was split into three new flasks, each with 

100 mL of F/2 media and 0.5 mL of dense cells. On October 26, 2019, these three “daughter 

cultures” were acclimated to 18°C by decreasing temperatures at a rate of 1°C day-1 over a 

span of nine days, and reached 18°C on November 5, 2019. 

4.3.2.2. Semi-continuous culture methodology 

 Daughter cultures were acclimated to 18°C for 11 weeks, after which new “test 

cultures” were created from the daughter cultures (one from each), which were used in a 

preliminary experiment to determine the timing of when cultures reached the stationary 

growth phase (Figure A3-3a). This information was leveraged to maintain cultures in 
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exponential growth phase throughout the temperature challenge experiments. Each test 

culture initially had a cell density of 10,000 cells mL-1 in a total volume of 100 mL F/2 

media. Test cultures were maintained at 18°C under a 14:10 hour light:dark cycle when 

determining timing of exponential and stationary growth phases. Triplicate hemocytometer 

cell counts were conducted every other day on each flask and were used to calculate cell 

densities to establish timing of when the stationary growth phase was reached, which was 

approximately ten days after initial transfer.  

4.3.2.3. Checking identity of Breviolum psygmophilum ex hospite 

Ex hospite photobiont species identity was confirmed prior to thermal challenge 

experiments. Daughter cultures were sub-sampled one week before the start of the 

experiment, on October 23, 2020. DNA was extracted using the DNeasy Plant Mini Kit 

(Qiagen) following manufacturer’s instructions. The ITS2 region was targeted using the 

same forward and reverse primers and PCR profiles described above: ITS-DINO (Pochon 

et al. 2001) and ITS2Rev2 (Stat et al. 2009). Amplified samples were sent to Eton 

Biosciences, where they were purified and sequenced using Sanger sequencing. Sequence 

quality was checked using 4Peaks, and sequence identity was confirmed using NCBI 

Nucleotide BLAST with default parameters. 

4.3.2.4. Thermal challenge experiment 

 Breviolum psygmophilum cultures were exposed to three thermal challenge 

treatments, which mirrored treatments described for the holobiont O. arbuscula experiment 

detailed in part I (Figure 4-1d). The ex hospite photobiont thermal challenge experiment 
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began on October 30, 2020, after a total acclimation of 51 weeks at 18°C. Experimental 

cultures (N=4 flasks per treatment) were established from the long-term acclimated 

daughter flasks, with an initial cell density of 200,000 cells mL-1 in 100 mL of F/2 media. 

At the start of the experiment, all heat and cold challenge flasks were placed in 

separate Percival incubators (model AL-30L2), and control flasks were maintained in a 

temperature-controlled room (Harris Environmental Systems, Andover, MA). Both 

incubators and the temperature control room started at 18°C and followed a 14:10 hour 

light:dark cycle at ~50 umol photons m-2 sec-1. Temperatures were changed in the heat and 

cold challenge treatments approximately 20 hours after the experimental cultures were 

created. Each temperature increase in successive days occurred during the dark phase of 

the light cycle at the same time each day (11:30). All experimental cultures were sub-

sampled every other day for hemocytometer counts to track cell growth through time. 

Experimental cultures were grown semi-continuously, with the timing of transfers 

determined using the preliminary experiment described above (Figure A3-3). Specifically, 

on day 7, all cultures were homogenized, half of their volume (50 mL) was transferred to 

a sterile flask, and an equivalent volume of F/2 media was added. This doubled the number 

of experimental flasks, from N=12 to N=24 (N=8 replicate flasks per treatment). The 15-

day culture experiment mirrored the holobiont experiment and final sample collection and 

processing was completed on November 13, 2020. 

4.3.2.5. Sample processing, RNA extraction, and sequencing 

 At the end of the experiment (day 15), all cultures were thoroughly mixed by 

vortexing, poured into two 50 mL conical tubes and centrifuged at 5000 RPM for 7 
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minutes. After the supernatant was removed, samples were flash frozen in liquid nitrogen 

and stored at -80°C until RNA extraction. 

 To obtain sufficient RNA for TagSeq, replicate cultures in the cold challenge 

treatment were pooled, such that there were four pooled replicates extracted separately. 

The limited cell density in the cold challenge was the result of reduced growth under cold 

challenge (Figure A3-3). The heat challenge and control flasks had sufficient cell density 

to conduct independent RNA extractions on each of the eight replicate flasks. To extract 

RNA, flash frozen pellets were ground for three minutes in a mortar and pestle that was 

pre-chilled with liquid nitrogen. Additional liquid nitrogen was added as needed to keep 

the cell pellet frozen. Ground cells were then transferred to a 1.5 mL tube, and RNA was 

extracted using RNAqueous-micro kits (ThermoFisher Scientific) following 

manufacturer’s instructions, except final extracts were eluted in 15 𝜇L. DNA was removed 

via DNA-free DNA Removal Kit (ThermoFisher Scientific) and RNA quality was visually 

checked using gel electrophoresis. RNA concentrations were quantified using a Quant-iT 

PicoGreen dsDNA Assay (ThermoFisher Scientific). Total RNA was sent to the University 

of Texas at Austin Genome Sequencing and Analysis Facility (GSAF), where it was 

prepared for TagSeq following Meyer et al. (2011). Samples were sequenced across two 

lanes of the NovaSeq 6000 machine with single-end 100 bp sequencing. 

4.3.2.6. Gene expression analyses on ex hospite Breviolum psygmophilum 

 The generation of ex hospite B. psygmophilum TagSeq count data followed 

methods detailed in part I for the holobiont analyses, except samples were mapped to the 

B. psygmophilum reference transcriptome alone. Principal component analysis (PCAs), 
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gene expression plasticity, and GO-enrichment analyses were conducted on the culture 

dataset as detailed in part I. A heat-map of genes with GO annotations related to 

photosynthesis were conducted on the culture dataset similar to the method in part I, except 

an unadjusted p-value <0.01 was used to restrict the number of genes included in the heat 

map. In addition, the same method was used to generate a heatmap of genes with GO 

annotations related to oxidative stress, as these terms were consistently enriched in ex 

hospite GO analyses. 

4.3.3. III. Comparing Breviolum psygmophilum response in and ex hospite 

To compare the gene expression responses of B. psygmophilum to temperature 

challenge in and ex hospite, the in hospite photobiont TagSeq data from the holobiont 

experiment (part I) and the ex hospite photobiont experiment (part II) were analyzed 

together. This analysis allowed us to test the prediction that photobionts would respond 

more to temperature challenge ex hospite compared to in hospite. First, a batch effect 

correction was conducted on combined raw count data for both experiments using ComBat-

seq (Y. Zhang, Parmigiani, and Johnson 2020), with a specified batch of experiment type 

(in hospite or ex hospite) and temperature treatment (heat challenge, cold challenge, or 

control) as the biological treatment of interest. To directly compare B. psygmophilum 

response to temperature treatment in and ex hospite, batch-corrected data were included in 

the same DESeq2 (Love, Huber, and Anders 2014) model, which modeled a main effect of 

the aggregate factor of temperature treatment (cold challenge, heat challenge, or control) 

and sample type (in hospite or ex hospite). Genes were only retained in the analysis if they 
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were present in at least 80% of samples (33/41 samples) at a mean count of 2 or higher, 

which left 1885 genes for downstream analyses. 

 Following PCAs detailed in part I above, the combined photobiont count data were 

rlog-transformed and used as input for a PCA to test the effect of the aggregate factor of 

temperature treatment and sample type on gene expression. Significance was assessed with 

PERMANOVA, using the adonis2 function (package=vegan; Oksanen et al. 2022). Gene 

expression plasticity was also calculated following methods detailed above. 

4.4 Results 

4.4.1. Independent responses of Oculina arbuscula and Breviolum psygmophilum to 

temperature challenges in symbiosis 

4.4.1.1. Oculina arbuscula hosts exhibit stronger gene expression responses to cold 

challenge than heat challenge regardless of symbiotic state 

The aggregate factor of temperature treatment and symbiotic state had a significant 

effect on O. arbuscula host gene expression patterns (Figure 4-2a; ADONIS p=0.001). In 

both symbiotic (Tukey HSD p=0.013) and aposymbiotic (Tukey HSD p<0.001) hosts, cold 

challenge elicited significantly higher gene expression plasticity compared to heat 

challenge (Figure 4-2b; p<0.001). However, symbiotic state did not influence gene 

expression plasticity within temperature treatments (cold challenge, Tukey HSD p=0.218; 

heat challenge, Tukey HSD p=0.992; Figure 4-2b). 

 When comparing GO delta ranks of the red ESR module from the meta-analysis of 

Acropora coral stress responses (Dixon, Abbott, and Matz 2020) to symbiotic and 
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aposymbiotic O. arbuscula host delta ranks from the heat and cold challenges, positive 

relationships were observed for GO terms belonging to the biological processes category 

for all comparisons (Figure 4-2c). These positive relationships with the red ESR module 

align with the type “A” response reported in Acropora (Figure 4-2c). 

 

 

Figure 4-2. 
Symbiotic and aposymbiotic Oculina arbuscula host gene expression responses to 
temperature challenges. (a) Principal component (PC) analysis of gene expression of 
symbiotic (solid point and line) and aposymbiotic (open points, dashed line) coral hosts 
under control (grey), cold (blue), and heat (red) temperature challenge assessed on day 15. 
The x- and y-axes represent the % variance explained by the first and second PC, 
respectively. (b) Gene expression plasticity of symbiotic and aposymbiotic coral hosts 
under cold (blue) and heat (red) challenges. Each point in the boxplot represents the 
distance in PC space (in panel a) between each coral fragment and the average location of 
control fragments. (c) Relationship between gene ontology (GO) delta ranks from 
biological processes of symbiotic (left) and aposymbiotic (right) coral hosts under heat 
(top) and cold (bottom) challenge with GO delta ranks from the “red ESR module” from 
Dixon et al. (2020). The positive slope in all panels represents a “type A” environmental 
stress response. Coral photos are courtesy of C. Tramonte. 
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4.4.1.2. Cold challenge induces negative effects on Breviolum psygmophilum 

photosynthetic function 

ITS2 metabarcoding confirmed that all O. arbuscula genotypes hosted a majority 

of defining intragenomic variants (DIVs) associated with B. psygmophilum (Figure A3-2). 

All but one individual hosted 100% B. psygmophilum, and all symbiotic O. arbuscula 

fragments hosted the same DIV of B. psygmophilum (Figure A3-2). Photosynthetic 

efficiency (Fv/Fm) of in hospite B. psygmophilum was significantly reduced by the 

interaction of temperature challenge and time (Figure 4-3a; p<0.001). By day 8, when 

target temperatures were 11°C in cold challenge and 25°C in heat challenge, Fv/Fm had 

significantly declined in the cold challenge relative to control (p=0.02), but not in heat 

challenge relative to control (p=0.09). For the remainder of the experiment, Fv/Fm was 

significantly reduced in both cold and heat challenge relative to the control (Figure 4-3a; 

p<0.001 for all comparisons). Fv/Fm in cold challenge corals was more dramatically 

reduced than those under heat challenge, with fixed effect parameter estimates on day 14 

of -0.065 in heat challenge and -0.24 in cold challenge relative to control (Figure 4-3a). 

 Temperature challenge treatments had a significant effect on gene expression 

profiles of in hospite B. psygmophilum (Figure 4-3b; ADONIS p=0.001). However, in 

contrast to patterns observed in the coral host, there were no differences in gene expression 

plasticity between photobionts in cold and heat challenge (Figure 4-3c; Tukey HSD 

p=0.62). In line with the negative effects of cold challenge on B. psygmophilum Fv/Fm 

(Figure 4-3a), six GO terms related to photosynthetic processes were significantly 

underrepresented under cold challenge relative to control conditions (photosystem 
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[GO:0009521], photosynthesis, light harvesting [GO:0009765], chlorophyll binding 

[GO:0016168], protein-chromophore linkage [GO:0018298], thylakoid membrane 

[GO:0042651], and tetrapyrrole binding [GO:0046906]). Six annotated genes assigned to 

these photosynthetic GO terms were differentially expressed under cold challenge 

(unadjusted p-value<0.10) relative to control conditions and these genes showcased down-

regulation of light-harvesting complex (LHC) and chloroplast under cold challenge relative 

to both control and heat treatments (Figure 4-3d). 
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Figure 4-3. 
In hospite photobiont physiology and gene expression responses to temperature 
challenges. (a) Photochemical efficiency (Fv/Fm, top panel) of in hospite photobionts 
through time as temperatures diverged (bottom panel). Top: Large points represent mean 
Fv/Fm ± standard error across temperature challenge treatments with smaller transparent 
points representing an individual coral fragment’s average Fv/Fm at each time point. The 
gray bar indicates the time point immediately prior to sampling for gene expression. (b) 
Principal component (PC) analysis of gene expression of in hospite photobionts under 
control (brown), cold (green), and heat (orange) temperature challenge on day 15. The x- 
and y-axes represent the % variance explained by the first and second PC, respectively. (c) 
Gene expression plasticity of in hospite photobionts under cold (green) and heat (orange) 
challenge. Each point in the boxplot represents the distance in PC space (in panel b) 
between each coral fragment and the average location of control fragments. Gene 
expression plasticity was not significantly different between cold and heat challenge 
(Tukey HSD p=0.62). (d) Heatmap showing differentially expressed genes (DEGs; 
unadjusted p-value<0.1) with annotations associated with photosynthesis gene ontology 
(GO) terms, where each row is a gene and each column is a sample. The color scale 
represents log2 fold change relative to the gene’s mean, where pink represents up-
regulation and teal represents down-regulation. Colored blocks above heatmaps indicate 
temperature challenge treatments. Coral photo is courtesy of C. Tramonte and symbiont 
shapes were created by G. Puntin. 
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4.4.2. Comparing response of Oculina arbuscula and Breviolum psygmophilum in 

symbiosis using orthologous genes 

The number of differentially expressed orthologs was significantly greater in 

symbiotic hosts compared to aposymbiotic hosts under cold challenge (X2 = 7.27; 

p=0.004), but not heat challenge (Figure 4-4; X2 = 1.82; p=0.09). Similarly, the number of 

differentially expressed orthologs was significantly greater in aposymbiotic O. arbuscula 

hosts compared to in hospite B. psygmophilum photobionts under cold challenge (X2 = 

68.50; p<0.0001), but not heat challenge (Figure 4-4; X2 = 1.82; p=0.09). Additionally, 

aposymbiotic O. arbuscula hosts also exhibited more differentially expressed orthologs 

compared to in hospite B. psygmophilum under cold challenge (X2 = 35.17; p<0.0001), but 

not heat challenge (Figure 4-4; X2 = 0; p=0.5). 
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Figure 4-4. 
Coral hosts exhibit more differentially expressed orthologs than in hospite 
photobionts under thermal challenges. Bar plots representing the number of 
differentially expressed orthologous genes (positive values = up-regulated, negative values 
= down-regulated) in response to temperature challenges (indicated on x-axis) in 
aposymbiotic hosts (left), symbiotic hosts (middle), and in hospite photobionts (right). 
Symbiotic O. arbuscula had significantly more differentially expressed orthologs than in 
hospite B. psygmophilum under cold challenge (p<0.0001), but not heat challenge 
(p=0.09). Aposymbiotic O. arbuscula had significantly more differentially expressed 
orthologs than in hospite B. psygmophilum under cold challenge (p<0.0001), but not heat 
challenge (p=0.5). Symbiotic O. arbuscula had significantly more differentially expressed 
orthologs than aposymbiotic O. arbuscula under cold challenge (p=0.004), but not heat 
challenge (p=0.09). Coral photos are courtesy of C. Tramonte and symbiont shapes were 
created by G. Puntin. 
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4.4.3. Breviolum psygmophilum response to temperature challenge out of symbiosis - ex 

hospite 

 Sanger sequencing confirmed that all parent cultures matched B. psygmophilum 

(GenBank Accession ID LK934671.1) with 100% percent identity and 53-87% query 

coverage. Breviolum psygmophilum cultures in all temperature treatments were maintained 

in exponential growth phase throughout the experiment (Figure A3-3b,c). Temperature 

treatment had a significant effect on gene expression patterns of ex hospite B. 

psygmophilum (Figure 4-5a; ADONIS p=0.001). Additionally, gene expression plasticity 

was greater in ex hospite B. psygmophilum under cold challenge relative to heat challenge 

(Figure 4-5b; Tukey HSD p=0.008), whereas no significant effect was observed in hospite 

(Figure 4-3c). 
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Figure 4-5. 
Ex hospite photobiont gene expression responses to temperature challenges. (a) 
Principal component (PC) analysis of gene expression of ex hospite photobionts under 
control (brown), cold (green), and heat (orange) temperature challenges. The x- and y-axes 
represent the % variance explained by the first and second PC, respectively. (b) Gene 
expression plasticity of photobionts ex hospite under cold (green) and heat (orange) 
challenge. Each point in the boxplot represents the distance in PC space (in panel a) 
between each culture replicate and the average location of control cultures. Gene 
expression plasticity was significantly greater under cold challenge compared to heat 
challenge (Tukey HSD p=0.008). Symbiont shapes were created by G. Puntin and culture 
icon was created with BioRender.com. 
 
 

A total of eight GO terms related to photosynthetic processes were significantly 

underrepresented in ex hospite B. psygmophilum under cold challenge (photosystem 

[GO:0009521], photosynthesis, light harvesting [GO:0009765], chloroplast-nucleus 

signaling pathway [GO:0010019], photosynthesis [GO:0015979], chlorophyll binding 

[GO:0016168], protein-chromophore linkage [GO:0018298], thylakoid membrane 

[GO:0042651], and tetrapyrrole binding [GO:0046906]). A heat map of 59 DEGs 
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(unadjusted p-value<0.01) under cold challenge belonging to these eight GO terms 

showcased a small group of up-regulated genes and a larger group of down-regulated genes 

in response to cold challenge (Figure 4-6a). Up-regulated photosynthesis-related genes 

included “Pentatricopeptide repeat-containing proteins”, which are involved in RNA 

editing events in chloroplasts (Barkan and Small 2014). Similar to B. psygmophilum in 

symbiosis (Figure 4-3c), genes involved in the LHC were down-regulated under cold 

challenge (Figure 4-6a). 

 Additionally, a total of 5 GO terms commonly associated with stress were 

differentially enriched in ex hospite B. psygmophilum under cold challenge treatment 

relative to control conditions (protein folding [GO:0006457], cellular response to oxidative 

stress [GO:0034599], hydrogen peroxide metabolic process [GO:0042743], unfolded 

protein binding [GO:0051082], cellular response to chemical stress [GO:0062197]). 

Similar to photosynthesis-related genes, a heat map of 69 DEGs under cold challenge 

(unadjusted p-value<0.01) assigned to these five stress GO terms and revealed two groups 

of genes, one down-regulated and one up-regulated under cold challenge relative to control 

and heat challenge cultures (Figure 4-6b).  
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Figure 4-6. 
Ex hospite photobionts exhibit differential expression of photosynthesis and stress-
related genes under temperature challenges. Heatmap showing differentially expressed 
genes (DEGs; unadjusted p-value<0.01) belonging to photosynthesis (a) and stress (b) 
gene ontology (GO) terms, where each row is a gene and each column is a sample. The 
color scale represents log2 fold change relative to the gene’s mean, where pink represents 
up-regulation and teal represents down-regulation. Colored blocks above heatmaps 
indicate temperature challenge treatments. Symbiont shapes were created by G. Puntin and 
culture icons were created with BioRender.com.  
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4.4.4. Comparing responses of in and ex hospite Breviolum psygmophilum 

 When analyzing in hospite and ex hospite B. psygmophilum in the same DESeq2 

model, a significant effect of the aggregate factor of temperature treatment and symbiotic 

state was observed (Figure 4-7a; ADONIS p=0.001). Temperature and symbiotic state also 

had a significant effect on gene expression plasticity (Figure 4-7b; p<0.0001) with ex 

hospite B. psygmophilum having significantly higher gene expression plasticity compared 

to in hospite B. psygmophilum, both under cold challenge (Tukey HSD p<0.0001) and heat 

challenge (Figure 4-7b; Tukey HSD p=0.0001). 
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Figure 4-7. 
Ex hospite photobionts respond more strongly to thermal challenges than in hospite 
photobionts. (a) Principal component (PC) analysis of gene expression of ex hospite (open 
circles, dashed lines) and in hospite (solid points and lines) photobionts under control 
(brown), cold (green), and heat (orange) temperatures. The x- and y-axes represent the % 
variance explained by the first and second PC, respectively. (b) Gene expression plasticity 
of ex hospite and in hospite photobionts under cold (green) and heat (orange) challenge. 
Each point in the boxplot represents the distance in PC space (in panel a) between each 
sample and the average location of the respective control treatment (i.e., either ex hospite 
or in hospite controls). Gene expression plasticity was significantly greater in ex hospite 
photobionts compared to in hospite photobionts under both cold challenge (Tukey HSD 
p<0.0001) and heat challenge (Tukey HSD p=0.0001). Coral photos are courtesy of C. 
Tramonte, symbiont shapes were created by G. Puntin, and culture icons were created with 
BioRender.com. 
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4.5. Discussion 

4.5.1. Both aposymbiotic and symbiotic coral hosts exhibit classic environmental 

stress responses to temperature challenges 

Here, we leveraged genome-wide gene expression profiling of in and ex hospite 

facultative coral hosts (Oculina arbuscula) and their algal photobionts (Breviolum 

psygmophilum) to disentangle the independent responses of hosts and symbionts to 

divergent thermal challenges across different symbiotic states. In contrast to our prediction 

that symbiosis would alter the response of corals to thermal challenge, we found that both 

heat and cold challenges elicited general ESRs (type A; Dixon, Abbott, and Matz 2020) 

regardless of symbiotic state. Additionally, both symbiotic and aposymbiotic hosts 

exhibited greater gene expression plasticity in response to cold challenge compared to heat 

challenge. This strong response to cold challenge aligns with previous work on the 

facultatively symbiotic coral, Astrangia poculata, when exposed to similar temperature 

challenges (Wuitchik et al. 2021). Wuitchik et al. (2021) found that aposymbiotic A. 

poculata exposed to cold challenge (6°C) exhibited five times as many DEGs compared to 

heat challenge (31°C), which corroborates our higher gene expression plasticity and higher 

number of differentially expressed orthologs observed in corals under cold challenge. 

Wuitchik et al. (2021) also found that cold challenge elicited a more severe ESR response 

(type A; Dixon, Abbott, and Matz 2020) while heat challenge elicited a type B response, 

which contrasts our results where both heat and cold challenge elicited type A responses 

across both symbiotic states. This suggests that, even though O. arbuscula exhibited higher 
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gene expression plasticity under cold challenge, corals in both temperature challenges were 

exhibiting stress responses consistent with a tropical coral’s ESR. 

It is possible that the more consistently severe response in O. arbuscula compared 

to A. poculata is due to species differences in thermal breadths, which is consistent with 

the climate variability hypothesis. The climate variability hypothesis proposes that the 

greater climatic variability associated with increased latitude selects for organisms with 

wider thermal tolerances (i.e., greater thermal breadth as you move away from the equator) 

(Chan et al. 2016; Spicer and Gaston 1999). While A. poculata’s range extends from the 

Gulf of Mexico north to Cape Cod, O. arbuscula has a restricted, subtropical range only 

extending to North Carolina (Thornhill et al. 2008). As Wuitchik et al. (2021) studied A. 

poculata collected from its northern range edge in Woods Hole, MA, and O. arbuscula 

were collected from NC, it is possible that A. poculata has a wider thermal breadth and was 

therefore less negatively affected by similar temperature challenges. 

The type A response presented in Dixon et al. (2020) is characterized by functional 

enrichment of processes that characterize the coral ESR, including downregulation of cell 

division and upregulation of cell death, response to ROS, protein degradation, NF-κB 

signaling, immune response, and protein folding. Specifically, every type A dataset in the 

tropical coral Acropora showcased upregulation of ROS and protein folding (Dixon, 

Abbott, and Matz 2020). This informed our hypothesis that temperature challenge would 

result in an ESR-like response, akin to a type A response, in symbiotic O. arbuscula but 

not in aposymbiotic individuals. Instead, we observed that both symbiotic and 

aposymbiotic O. arbuscula exhibited type A responses under heat and cold challenge, 
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although the strength of this relationship was weaker under cold challenge. This pattern 

could be the result of small numbers of background symbionts in aposymbiotic corals (as 

previously observed in aposymbiotic Astrangia poculata; Dimond and Carrington 2008) 

producing ROS and resulting in the observed type A response. Alternatively, it is possible 

that aposymbiotic corals were light-stressed as aposymbiotic individuals lack shading from 

symbionts (e.g., Scheufen, Iglesias-Prieto, and Enríquez 2017). Additionally, the 

temperature challenges applied here were relatively short (15 days), and it is possible that 

symbiotic and aposymbiotic O. arbuscula would have exhibited differential responses if 

the challenges had been more extreme or lasted longer (McLachlan et al. 2020). In general, 

facultatively symbiotic corals are understudied, and future work should explore the 

responses of symbiotic and aposymbiotic corals under different stressors (i.e., light, 

nutrients) and for longer time course experiments (as in Aichelman et al. 2021). 

4.5.2. Evidence of host buffering in O. arbuscula holobionts 

Here, we present three forms of evidence suggesting that O. arbuscula hosts are 

buffering their algal photobionts under thermal extremes: 1. The coral host exhibited 

greater differential ortholog expression than its photobiont under cold challenge, 2. Stress-

related genes were differentially expressed in photobionts ex hospite but not in hospite, and 

3. Ex hospite photobionts exhibited higher gene expression plasticity in response to 

temperature challenges than in hospite photobionts. The higher magnitude of differential 

expression in coral hosts compared to photobionts in symbiosis aligns with previous 

evidence suggesting that cnidarian hosts and their algal photobionts exhibit strong 

differences in the magnitude of gene expression responses under environmental challenges. 
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For example, Davies et al. (2018) reported that when the tropical coral Siderastrea siderea 

was exposed to a 95-day temperature and acidification challenge, coral hosts consistently 

exhibited greater differential expression of highly conserved genes compared to their 

photobiont Cladocopium goreaui. Barshis et al. (2014) also found no changes in gene 

expression in either heat-susceptible Cladocopium (type C3K) or heat-tolerant 

Durusdinium (type D2) in symbiosis with Acropora hyacinthus following three days of 

high temperature exposure, which contrasted strong gene expression responses in the coral 

host (Barshis et al. 2013). Consistent with these patterns, Leggat et al. (2011) also observed 

that Symbiodiniaceae algae (Cladocopium C3) exhibited little change in expression of six 

stress and metabolic genes compared to their hosts (Acropora aspera). 

In addition to differences between symbiotic partners while in symbiosis, symbiosis 

itself has been observed to alter gene expression patterns and physiology in 

Symbiodiniaceae algae. Here, we observed differential regulation of stress-related GO 

categories under cold challenge ex hospite, and within those GO categories included up-

regulation of a heat shock protein (heat shock protein STI1) and a ubiquitin-related gene 

(RING-type E3 ubiquitin-protein ligase PPIL2). These genes are both classic signatures of 

the tropical coral ESR (Dixon, Abbott, and Matz 2020) and their differential regulation 

highlights the potential benefits of a symbiotic lifestyle for Symbiodiniaceae. Examples of 

symbiosis mitigating Symbiodiniaceae stress responses have been previously characterized 

using gene expression studies. For example, gene expression of ex hospite Durusdinium 

trenchii maintained at 28°C exhibited enrichment for the GO term “response to temperature 

stimulus” relative to in hospite D. trenchii in Exaiptasia pallida, which was attributed to 
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the protective microenvironment of the symbiosome (Bellantuono et al. 2019). 

Additionally, Maor-Landaw et al. (2020) compared gene expression of Breviolum minutum 

in culture to B. minutum freshly isolated from Exaiptasia diaphana and observed a 

signature of down-regulation of genes indicative of the protected and stress-reduced 

environment of the symbiosome. Specifically, pentatricopeptide repeats (PPR), which have 

been previously associated with Symbiodiniaceae RNA processing in response to 

environmental stress and were included in the repertoire of “stress responsive genes'' in 

Fugacium kawagutii (S. Lin, Yu, and Zhang 2019), were down-regulated in freshly isolated 

B. minutum (Maor-Landaw, van Oppen, and McFadden 2020). These findings support our 

third piece of evidence for host buffering, which is the higher magnitude of gene expression 

responses (i.e., gene expression plasticity) in ex hospite photobionts compared to in 

hospite. This suggests that in hospite photobionts responded less at the level of gene 

expression to cope with temperature challenges compared to ex hospite photobionts. Taken 

together, our results provide further evidence that cnidarian hosts exert control over the 

symbiont’s micro-environment under environmental stress. However, one important caveat 

to the work presented here is that the lower depth of coverage of in hospite B. 

psygmophilum sequencing data could have limited our ability to detect differential 

expression of stress-related genes. Therefore, future work should implement RNA 

extraction methods that prioritize obtaining and sequencing equal amounts of genetic 

material of both host and photobiont. 
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4.5.3. Cold challenge elicited negative effects on photosynthesis of ex hospite and in 

hospite Breviolum psygmophilum 

Although responses of B. psygmophilum in hospite were muted (i.e., fewer 

differentially expressed genes and orthologs) under temperature challenges compared to 

its response ex hospite, we still observed negative effects on photosynthesis at the level of 

phenotype (in hospite Fv/Fm) and gene expression (both in hospite and ex hospite), 

particularly under cold challenge. Ex hospite B. psygmophilum exhibited differential 

expression of numerous genes related to photosynthesis and stress, including down-

regulation of genes related to the light harvesting complex (LHC) under cold challenge. 

This aligns with previous work investigating how symbiosis affects Symbiodiniaceae 

photosynthesis. For example, Bellantuono et al. (2019) found that photosynthetic processes 

were modified in D. trenchii living in hospite compared to ex hospite. Specifically, GO 

terms related to photosynthesis (i.e., photosynthesis, photosystem II repair, and light 

harvesting) were positively enriched in hospite compared to ex hospite, which the authors 

proposed may be the result of coral host carbon concentrating mechanisms increasing the 

availability of CO2 in hospite. In addition to overall down-regulation of genes related to 

the LHC under cold challenge in hospite, we observed reduced Fv/Fm of in hospite B. 

psygmophilum. This physiological effect of cold challenge aligns with previous work 

demonstrating reduced Fv/Fm in cultured B. psygmophilum exposed to simulated seasonal 

temperature declines (cooled from 26°C to 10°C and maintained for two weeks before 

returning to 26°C) (Thornhill et al. 2008). In that study, B. psygmophilum Fv/Fm recovered 

to pre-challenge values once temperatures were returned to control conditions (26°C), 
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while other Symbiodiniaceae species that typically associate with tropical coral species 

failed to regain Fv/Fm following cold challenge (Thornhill et al. 2008). This difference 

was attributed to B. psygmophilum’s symbiosis with corals in temperate/subtropical areas 

where they experience exposure to large annual temperature variation, aligning with a 

recent report of its wide thermal breadth (16.15°C) compared to six other Symbiodiniaceae 

isolates (Dilernia et al. 2023). Therefore, Fv/Fm declines and down-regulation of genes 

related to photosynthesis could be representative of seasonal responses of B. psygmophilum 

to low temperatures, and if the cultures were returned to control condition, they may have 

recovered. 

While we observed strong phenotypic and gene expression responses of B. 

psygmophilum under cold challenge but not heat challenge, links between photosynthetic 

disruption and transcriptional regulation of photosynthetic machinery found here align with 

previous work of Symbiodiniaceae under heat stress. This includes evidence that heat stress 

can inhibit the synthesis and resulting mRNA pool of an antenna protein of the light 

harvesting complex (acpPC) in Symbiodiniaceae (Takahashi et al. 2008). Additionally, 

temperature anomalies have been shown to alter thylakoid membrane fluidity, resulting in 

a decoupling of light harvesting and photochemistry, thereby suppressing NADPH and 

ATP synthesis, resulting in increased reactive oxygen species (ROS) in Symbiodiniaceae 

(Tchernov et al. 2004). In addition to transferring absorbed light energy to the 

photosynthetic reaction center, LHCs play an important role in photoprotection and have 

been linked to thermal sensitivity in Symbiodiniaceae (Takahashi et al. 2008). It has been 

proposed that decreasing the number of peripheral LHCs may serve as a photoprotective 
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mechanism under heat stress, as it ultimately decreases the light reaching photosynthetic 

reaction centers and reduces the risk of damage to D1 reaction center proteins (Hill and 

Ralph 2006). It is possible that the down-regulation of LHC-related genes observed here 

may be representative of a photoprotective mechanism in B. psygmophilum under any 

thermal stress. While we were unable to find published work investigating the effects of 

cold challenge on Symbiodiniaceae gene expression, there is evidence that cold challenge 

induces similar photophysiology responses as heat challenge in Symbiodiniaceae (e.g., 

Marangoni, Rottier, and Ferrier-Pagès 2021; Saxby, Dennison, and Hoegh-Guldberg 2003; 

Kemp et al. 2011; Thornhill et al. 2008; Roth, Goericke, and Deheyn 2012). It is therefore 

possible that the heat challenge here was not extreme enough or long enough to elicit a 

similarly negative response as cold challenge. Indeed, Fv/Fm of in hospite B. 

psygmophilum under heat challenge was declining, but still significantly higher than cold 

challenge at the end of the experiment. This aligns with the findings of Roth et al. (2012), 

where cold challenge was more immediately harmful for Acropora yongei symbiosis, but 

heat stress was more harmful in the long term. Although ex hospite B. psygmophilum 

Fv/Fm was not quantified here, the differential regulation of many photosynthesis and 

stress-related genes discussed above suggests an even more negative impact of cold stress 

on photosynthesis ex hospite. Altogether, future work would benefit from longer and more 

extreme temperature challenges to ensure that the entire thermal performance curve is 

investigated. Lastly, future studies quantifying additional phenotypes in both in and ex 

hospite B. psygmophilum to determine if such a convergent response to temperature 

challenge exists are warranted. 



	

	

116 

4.5.4. Alternative hypotheses for “host buffering”  

It is important to acknowledge that transcriptional regulation is just one component 

of the molecular processes involved in responding to thermal stress. Mounting evidence 

suggests that a lack of differentially expressed genes under environmental challenges could 

be the result of post-transcriptional and/or post-translational mechanisms in 

Symbiodiniaceae. This includes evidence of microRNA (miRNA)-based gene regulatory 

mechanisms in Symbiodiniaceae (S. Lin et al. 2015; Baumgarten et al. 2013), which aligns 

with the genomic evidence that dinoflagellates may be more capable of translational rather 

than transcriptional regulation (S. Lin 2011). Additionally, a study of Symbiodinium 

microadriaticum highlighted that an apparent lack of common transcription factors and 

few differentially expressed genes could be attributed to small RNA (smRNA) post-

transcriptional gene regulatory mechanisms (Baumgarten et al. 2013). It has also been 

proposed that the lack of transcriptional differences in Symbiodiniaceae could be due to 

gene duplication as a mechanism to increase transcript and protein levels of genes (Aranda 

et al. 2016). It is therefore possible that the lack of in hospite photobiont response to thermal 

challenges found here is not evidence of ‘host buffering’, but instead important post-

transcriptional or post-translational regulation is occurring in Symbiodiniaceae and these 

processes were not quantified here. Another unique aspect of Symbiodiniaceae genomes is 

trans-splicing of spliced leader sequences, which converts polycistronic mRNAs (code for 

multiple proteins) into monocistronic mRNAs (code for one protein) and potentially 

regulates gene expression (Bayer et al. 2012; H. Zhang et al. 2007). TagSeq cannot account 

for splice variation (Meyer, Aglyamova, and Matz 2011), preventing us from considering 
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splice variant differences. Finally, comparing algae in culture to algae in symbiosis 

inherently includes a confounding variable of nutritional status, as algae in culture exist in 

nutrient replete conditions (Maruyama and Weis 2021). For future studies, including 

nutrient controls (ex hospite Symbiodiniaceae in nutrient-depleted media) would be useful 

to incorporate, in addition to leveraging proteomic and gene expression profiling in parallel 

(e.g., Camp et al. 2022). 

4.5.5. Implications of the current study 

The experiments presented here support a scenario in which coral hosts modulate 

the environment of in hospite Symbiodiniaceae algae to buffer their responses to 

temperature challenges. While understanding the response of subtropical corals to thermal 

extremes is valuable in its own right, the facultative symbiosis, calcifying nature, and 

available genomic resources of O. arbuscula make it a unique model for linking these 

results back to tropical coral responses as climate change progresses (Rivera and Davies 

2021). If coral hosts are able to regulate the environments of their photobionts, and this 

regulation in turn can serve to limit stress in the holobiont and ultimately reduce coral 

bleaching, then this phenotype can be used to identify coral-algal pairings that will be more 

or less resilient under future global change conditions. 
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 CHAPTER FIVE: CONCLUSIONS 

Since the first documentation of mass coral bleaching events in the literature (Glynn 

1984), studies of the causes and consequences of this phenomena have expanded 

dramatically (Sully et al. 2019). Research efforts have spanned many levels of inquiry, 

ranging from broad-scale ecosystem influences of mass coral bleaching events (e.g., Stuart-

Smith et al. 2018) down to research that requires microsensors to consider the effects of 

heat stress at the cellular scale (e.g., Wangpraseurt et al. 2017). Despite this vast body of 

important work, there remains many outstanding questions surrounding what makes a coral 

resistant or resilient in the face of anthropogenic climate change stressors, including 

temperature extremes and ocean acidification. Specifically, our understanding of how 

interactions between diverse members of the coral holobiont drive responses and how these 

interactions depend upon variability in the abiotic environment across space and time 

remain unclear. Answering these questions is of critical importance, as climate change 

continues to threaten the health and functioning of coral reef ecosystems, which in turn 

threatens the communities that depend upon the resources that these reefs provide (T. D. 

Eddy et al. 2021). 

The aim of this dissertation was to use an integrative approach to address how the 

role of stress duration, species diversity, reef-scale spatiotemporal variation, and symbiosis 

influence a coral’s response to stress. Broadly, I found species differences in responses to 

climate change stressors, which were modulated by duration of the exposure as well as 

thermal history of the corals’ natal reef (Chapter 2). In addition to these broad species-level 

differences found in Chapter 2, Chapter 3 highlighted the importance of cryptic host 
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diversity, and specifically how unique holobiont pairings (i.e., combination of cryptic host 

lineage, algal symbiont species, and microbiome) drive physiology and stress responses. 

Lastly, I took a more mechanistic approach to understanding the independent responses of 

the coral host and its symbiotic algae by characterizing how these partners responded to 

temperature challenges in and out of symbiosis, and I found evidence of host modulation 

of the symbiont’s environment (Chapter 4). 

The research presented in this dissertation highlights the need for follow-up studies 

that would clarify the broad-scale applicability of the findings presented here. Specifically, 

the work described in Chapter 2 would have benefitted from measuring the broad sense 

heritability (H2) of the coral responses to temperature and ocean acidification stress 

(following Singh, Ceccarelli, and Hamblin 1993). Measurements of heritability would 

allow for the estimation of the evolutionary potential and adaptive capacity of coral 

populations, which would greatly aid in effective management strategies (e.g., Jury, 

Delano, and Toonen 2019). Future studies incorporating estimates of heritability–either 

broad sense or narrow sense–into characterizing species-specific responses to climate 

change stressors are warranted and will be required before effective management plans for 

coral populations can be implemented. 

The experimental design of Chapter 3 left me unable to determine whether the three 

cryptic lineages of S. siderea distributed across the Bocas del Toro archipelago were locally 

adapted to the distinct environments in which they were sampled. If future work conducted 

a reciprocal transplant experiment between cryptic lineages across the inshore and offshore 

environments they inhabit, this would allow us to distinguish whether these lineages are 
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locally adapted, and would more directly link environmental selection to the lineage 

distributions (Kawecki and Ebert 2004). Additionally, a deeper understanding of thermal 

performance curves (TPCs) of S. siderea cryptic lineages would place the differences in 

lineage thermal tolerance observed in Chapter 3 in the context of the coral’s thermal limits. 

If TPCs were coupled with a reciprocal transplant experiment, we would also uncover 

whether cryptic lineages have the capacity for plasticity in thermal limits following 

transplantation, which would provide additional context for the roles of adaptation and 

acclimation in these cryptic lineages and ultimately improve understanding of their ability 

to persist under future climate change conditions. If evidence of local adaptation of the 

cryptic lineages is found in future work, whole genome sequencing to uncover the loci 

driving adaptation to the distinct inshore and offshore environments would be informative, 

and would have broad-scale applications in identifying the molecular underpinnings that 

shape coral resilience.  

Lastly, the experiments presented in Chapter 4 are confounded by the distinct 

nutrient environments of photobionts in hospite vs. ex hospite (Maruyama and Weis 2021), 

and future work would benefit from including additional nutrient controls to confirm the 

observed host buffering pattern. Additionally, the global gene expression method leveraged 

in Chapter 4 ignores the role of post-transcriptional processes in driving response to 

temperature challenge, which are thought to be prevalent in Symbiodiniaceae (e.g., 

Baumgarten et al. 2013). Future work integrating proteomics and RNA sequencing to better 

characterize the role of post-transcriptional and post-translational modifications of 

Symbiodiniaceae both in hospite and ex hospite is warranted. Additionally, incorporating 
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other coral species in these experiments or corals from different locations will determine if 

the observed ‘host buffering’ pattern is conserved between species or varies between 

populations. 

The findings of this dissertation improve our understanding of the phenotypic and 

genotypic characteristics that enable corals to persist under challenging environmental 

conditions. For example, I found that some species (Siderastrea siderea) are more resistant 

to temperature and acidification stressors than others (Pseudodiploria strigosa), and that 

local adaptation to more stressful environments can modulate within-species responses 

(Chapter 2). Additionally, I uncovered that specific cryptic host lineage and algal symbiont 

species pairings are particularly resistant to heat challenge (Chapter 3). These findings have 

relevant implications to conservation, and protecting these more tolerant lineages are likely 

to improve reef restoration outcomes under warming oceans. Additionally, uncovering the 

host’s ability to modulate the environment of its symbiont (Chapter 4) opens up a new 

avenue of inquiry, and understanding whether certain coral hosts are better at protecting 

their symbionts from environmental stress could have additional implications in identifying 

corals that are better prepared to withstand future stressful conditions.  

 

 



	

	

123 

 APPENDIX 1: CHAPTER 2 SUPPLEMENT 

A1.1. Supplementary materials and methods 

A1.1.1. Coral collection and experimental design 

All coral colonies were collected from the Belize Mesoamerican Barrier Reef 

System (MBRS) in June 2015, and totaled n=3/species/site (3 colonies x 2 reef zones x 2 

species = 12 putative genotypes). The nearshore (NS) site was Port Honduras Marine 

Reserve (PHMR; 16°11’23.5314”N, 88°34’21.9360”W) and the forereef (FR) site was 

Sapodilla Cayes Marine Reserve (SCMR; 16°07’00.0114”N, 88°15’41.1834”W). Colonies 

were separated by at least 5 m to maximize the likelihood of obtaining genetically distinct 

individuals. 

Following fragmentation at Northeastern University, corals recovered for 23 days 

in natural flow-through seawater from Massachusetts Bay with salinity and temperature 

(±SD) of 30.7±0.8 and 28.2±0.5°C, respectively. Following this, temperatures of the 

elevated temperature treatments were increased by 0.4°C every 3 days and pCO2 was 

adjusted by 0 µatm (present day), +30 µatm (end of century), and +240 µatm (extreme) 

every 3 days to achieve target treatment conditions. 

 Coral fragments were maintained in treatment conditions for a total of 95 days (9 

August 2015 – 12 November 2015). Fragments were frozen approximately every 30 days, 

but actual number of days from the start of the experiment to sampling were 36 (T0 to T30), 

63 (T0 to T60), and 92 (T0 to T95). Temperatures were maintained via 50W glass aquarium 

heaters within each tank and a 75W heater in each sump. Desired pCO2 levels were 

achieved using high-precision digital solenoid-valve mass flow controllers (Aalborg 
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Instruments and Controls; Orangeburg, NY, USA) to bubble gas into each tank and sump 

with either air alone (present day pCO2, 31°C), air in combination with CO2-free air 

(present day pCO2, 28°C) or air with CO2 gas (end of century and extreme pCO2 treatments 

at both 28 and 31°C). Experimental gas mixtures were measured using Qubit S151 (range 

0-2000 μatm; accuracy ± 1 μatm) and S153 (range 0-10%; accuracy ± 0.3%) infrared pCO2 

analyzers (Qubit Systems; Kingston, Ontario, Canada) calibrated with certified air-CO2 gas 

standards. Temperatures were measured using a partial-immersion glass thermometer 

(precision ±0.3%; accuracy ±0.4%), salinity was measured with a YSI 3200 conductivity 

meter (10.0 cm-2 cell; Yellow Spring, Ohio, USA), and pH was measured with an AccuFet 

Solid-State pH probe (Fisher Scientific; Waltham, Massachusetts, USA) calibrated with 

4.01, 7.00, and 10.01 NBS buffers maintained at experimental temperatures. In the event 

of mortality that yielded insufficient coral fragments for sampling at all time points, corals 

were preferentially sampled at the end of the experiment (long-term exposure: T95) instead 

of after moderate-term exposure (T60). Sample sizes are therefore lower for both species at 

T60 compared to the other time points. 

A1.1.2. Coral host and symbiont physiology  

The buoyant weight and dry weight measurements were correlated for both species 

(S. siderea R2=0.90, p<0.001; P. strigosa R2=0.81, p<0.001), indicating that change in 

buoyant weight should reflect a proportionate change in dry weight. Fragments of S. 

siderea (n=69) and P. strigosa (n=97) from both this study and Bove et al. (2019) were 

used to establish this relationship. Equations used to calculate dry weight from buoyant 

weight are shown below. Dry weight was converted from g to mg, corrected to surface area 
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of each fragment and to number of days in experimental treatment to calculate calcification 

rate (mg cm-2 day-1).  

S. siderea: Dry weight (g) = 1.95 × BW (g) + 3.60, R2 = 0.90 

P. strigosa: Dry weight (g) = 1.63 × BW (g) + 6.96, R2 = 0.81 

For the total coral host protein content bicinchoninic acid (BCA) protein assay, host 

tissue slurry was vortexed with glass beads for 15 minutes and then centrifuged for 3 

minutes at 4000 RPM. Next, 15 µL of the centrifuged sample was added to 235 µL artificial 

seawater along with 250 µL of Bradford reagent. After samples were mixed, absorbance 

was measured in a BioSpectrometer (Eppendorf, Hauppauge, NY, USA) at 562 nm. Coral 

protein concentrations were calculated using a standard curve of bovine serum albumin 

ranging from 0 to 1000 µg mL-1 and normalized to living coral surface area. 

For the total coral host carbohydrates phenol-sulfuric acid method (following 

Masuko et al. 2005), an aliquot of coral host tissue was diluted to 50 µL with artificial 

seawater (Instant Ocean Sea Salt), to which 150 µL of sulfuric acid and 30 µL of 5% phenol 

were added. Following a 5-minute incubation at 90°C and another 5-minute incubation at 

room temperature, absorbance at 490 nm was measured in a spectrophotometer (Synergy 

H1 Microplate Reader; BioTek Instruments; VT, USA). Carbohydrate concentrations were 

calculated using a standard curve of D-glucose solutions ranging from 0.039 to 2 mg mL-1 

and normalized to living coral surface area. 

For the symbiont density hemocytometer count method (following Rodrigues and 

Grottoli 2007), after vortexing the symbiont pellet, a 1:1 Lugol’s iodine and formalin 

solution was added for contrast and cell preservation. Triplicate 10 µL subsamples were 
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counted on a hemocytometer using a light microscope, averaged, and normalized to slurry 

volume and live coral tissue surface area. 

For the chlorophyll a pigment density method (following Marchetti et al. 2012), 40 

mL of 90% acetone was added to the symbiont pellet, homogenized, then stored in the dark 

for 24 hours. 100 µL of each sample was then diluted in 7.9 mL of 90% acetone. A 10AU 

Field and Laboratory Fluorometer (Turner Designs, San Jose, CA) was used to measure 

the initial concentration (Rb), then 2 drops of 10% HCl was added to the sample tube, after 

which a second fluorometer reading was taken (Ra). Total Chl a content (µg L-1) was 

calculated using the equation below, where 0.548 is a calibration constant specific to the 

fluorometer used, 40 mL is the volume of acetone left overnight, and 80 is the dilution 

factor. Total Chl a was then normalized to live coral surface area to get units of µg Chl a 

cm-2. 

Chl a &µg L-1' = 0.548 × (Rb	- Ra) × 40 mL × 80 

A1.1.3. Statistical analyses 

For individual physiology parameter linear mixed effects models (except S. siderea 

calcification), the best fit model was derived by starting with the intercept-only model and 

then using forward-selection to incorporate additional parameters, starting with the most 

significant parameter, until further addition of parameters did not significantly improve the 

model fit. Additional parameters were retained in the model if they were significant 

(p<0.05) and produced smaller AIC values (Akaike 1974). Parameter interactions were 

only considered if those two parameters were already significant and included in the model. 

For net calcification rate data, multiple fragments of each genotype were represented at 
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each time point. Because genotype is included in the model as a random effect, multiple 

fragment numbers do not artificially increase the sample size and instead only increase the 

precision of the rate measurement for that colony. 

Because S. siderea calcification data did not meet assumptions of normality even 

with transformation, a generalized additive model for location scale and shape with a 

Weibull distribution was implemented (gamlss; Rigby and Stasinopoulos 2005). 

Calcification data were transformed by adding 1.5 to each value so that all rates were 

positive for model fitting. The descdist function (package fitdistrplus, version 1.1-3) was 

used to identify appropriate distributions for the data and the Weibull distribution was 

selected based on AIC (fitdist). The best fit model structure was then determined using 

forward-selection (stepGAIC), with the full model defined as the interactions of 

temperature, pCO2, time, and reef zone, with a random effect of genotype.   

For the Principal Components Analysis (PCA), all physiology parameters were log-

transformed, and calcification rates were x+2 log-transformed. Only individual coral 

fragments for which all physiology parameters were present were included in this analysis, 

which was run with 10,000 permutations using the model below.  

Adonis(scores ~ reef zone * pCO2 * temperature + genotype) 

A1.2. Supplementary Results 

A1.2.1. Experimental treatments 

At all timepoints, cumulative temperatures were significantly different between all 

28 °C and 31 °C treatments (p<0.05, Figure A1-1, Table A1-7). At T0, pCO2 conditions 

were not significantly different between the end of century pCO2, 31 °C and present day 
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pCO2, 31 °C treatments (p=0.99) or between end of century pCO2, 31 °C and present day 

pCO2, 28 °C treatments (p=0.97; Figure A1-2, Table A1-7). This lack of difference in pCO2 

at T0, in addition to limited sampling of water quality between T0 and T30, drove a lack of 

significant difference between the same treatments at T30, despite these treatments being 

distinct when considering only T30 data (all p<0.05). Additionally, pCO2 at the remaining 

time points was significantly different between treatment levels, as was cumulative pCO2 

over the 95-day experiment duration (Figure A1-2, Table A1-7). 

A1.2.2. Combined species holobiont physiology 

Siderastrea siderea and P. strigosa had distinct holobiont physiologies at all 

experimental durations (Adonis pspecies<0.001 for short-term [T30], moderate-term [T60], 

and long-term [T95]; Figure A1-3; Table A1-5). Although species had a significant main 

effect on combined physiology through time, S. siderea and P. strigosa exhibit the most 

divergent physiologies at T30, and then converge to be entirely overlapping at T60 and T95 

(Figure A1-3). There were also significant independent effects of temperature and pCO2 

on the combined physiology for both species at each time point (Adonis p<0.05 for all time 

points; Figure A1-3, Table A1-5).  
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Figure A1-3. 
Principal Components Analysis (PCA) of Siderastrea siderea and Pseudodiploria strigosa 
log-transformed physiology data, including carbohydrate (carbs; mg cm-2), protein 
(protein; mg cm-2), symbiont density (syms; cells cm-2), chlorophyll a (ChlA; µg cm-2), and 
calcification rate (mg cm-2 day-1). Colors represent species (S. siderea=S=orange, P. 
strigosa=P=blue) and shapes represent reef zone (triangle=forereef [FR], square=nearshore 
[NS]). Points represent an individual coral fragment’s combined physiology after each 
experimental duration (a=short-term [T30], b=moderate-term [T60], c=long-term [T95]). 
Individuals were only included if they had a measure for each of the five parameters at that 
time point. The x- and y-axes indicate the variance explained (%) by first and second 
principal components, respectively. 
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Figure A1-5. 
Correlations of Pseudodiploria strigosa calcification with carbohydrates (a-c), proteins (d-
f), and symbiont density (g-i). Points represent an individual coral fragment at each time 
point (a,d,g=short-term [T30], b,e,h=moderate-term [T60], c,f,i=long-term [T95]). Colors 
represent temperature treatment (red=31°C, blue=28°C) and shapes represent reef zone 
(square=forereef [FR], triangle=nearshore [NS]). Significant factors are indicated within 
each panel. Lines represent linear fits between the physiology parameters by temperature 
(using ggplot2’s stat_smooth() method) with gray shading representing 95% confidence 
intervals for each temperature. Conditional R2 values are reported. 
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A1.4. Supplementary Tables 
Table A1-1. 
Measured water quality parameters. Average cumulative measured parameters for all 
experimental treatments: salinity (Sal), temperature (Temp), measured pH (pHM), total 
alkalinity (TA), and dissolved inorganic carbon (DIC). All values are displayed as average 
± standard error, and cumulative sample sizes are indicated under each value. Note that 
the increase in TA throughout the experiment is a result of using natural seawater in the 
flow-through system and differences in seawater chemistry across seasons. 

Treatment Duration Temp (°C) Sal (psu) TA (𝝁M) pHM-NBS DIC (𝝁M) 
Present Day 
pCO2, 28°C 

T0 27.8 ±0.03 
(n=3) 

32.1 ±0.0 
(n=3) 

1889±0 
(n=3) 

8.14±0.005 
(n=3) 

1688±1 
(n=3) 

T30 28.0 ±0.07 
(n=40) 

31.4 ±0.06 
(n=39) 

1930 ±19 
(n=6) 

8.20±0.018 
(n=44) 

1692±4 
(n=6) 

T60 27.0 ±0.07 
(n=67) 

31.4 ±0.03 
(n=66) 

1969±16 
(n=12) 

8.24±0.015 
(n=71) 

1644±17 
(n=12) 

T95 28.0±0.04 
(n=106) 

31.5 ±0.03 
(n=105) 

2008±15 
(n=20) 

8.27±0.012 
(n=110) 

1660±11 
(n=20) 

Present Day 
pCO2, 31°C 

T0 30.8 ±0.03 
(n=3) 

32.4 ±0.09 
(n=3) 

1880±0 
(n=3) 

8.29±0.002 
(n=3) 

1642±4 
(n=3) 

T30 30.9 ±0.04 
(n=40) 

31.3 ±0.07 
(n=38) 

1949±31 
(n=6) 

8.19±0.022 
(n=44) 

1670±13 
(n=6) 

T60 31.2 ±0.06 
(n=67) 

31.4 ±0.04 
(n=65) 

1998±21 
(n=12) 

8.22±0.016 
(n=71) 

1677±13 
(n=12) 

T95 31.1 ±0.04 
(n=106) 

31.5 ±0.04 
(n=104) 

2039±16 
(n=21) 

8.21±0.012 
(n=110) 

1716±16 
(n=21) 

End of Century 
pCO2, 28°C 

T0 27.4±0.03 
(n=3) 

31.8 ±0.04 
(n=3) 

1874±0 
(n=3) 

7.98±0.002 
(n=3) 

1718±1 
(n=3) 

T30 27.7 ±0.06 
(n=40) 

31.3 ±0.05 
(n=39) 

1948±33 
(n=6) 

7.91±0.030 
(n=44) 

1783±29 
(n=6) 

T60 28.0±0.09 
(n=67) 

31.3 ±0.03 
(n=66) 

1999±22 
(n=12) 

7.94±0.020 
(n=71) 

1809±16 
(n=12) 

T95 28.0 ±0.02 
(n=106) 

31.5 ±0.03 
(n=105) 

2045±17 
(n=21) 

7.95±0.0133 
(n=110) 

1852±14 
(n=21) 

End of Century 
pCO2, 31°C 

T0 30.4 ±0.03 
(n=3) 

32.0 ±0.02 
(n=3) 

1936±0 
(n=3) 

8.21±0.004 
(n=3) 

1695±1 
(n=3) 

T30 30.8 ±0.06 
(n=40) 

31.2 ±0.06 
(n=36) 

1982±21 
(n=6) 

7.95±0.038 
(n=44) 

1765±32 
(n=6) 

T60 30.9±0.05 
(n=67) 

31.3 ±0.03 
(n=63) 

2013±14 
(n=12) 

7.96±0.025 
(n=71) 

1795±22 
(n=12) 

T95 31.0 ±0.03 
(n=106) 

31.5 ±0.03 
(n=102) 

2042±11 
(n=21) 

7.96±0.016 
(n=110) 

1828±15 
(n=21) 

Extreme pCO2, 
28°C 

T0 28.0 ±0.03 
(n=3) 

32.0 ±0.01 
(n=3) 

1952±0 
(n=3) 

7.63±0.002 
(n=3) 

1915±1 
(n=3) 

T30 28.0±0.03 
(n=40) 

31.2 ±0.13 
(n=39) 

2020±31 
(n=6) 

7.41±0.034 
(n=44) 

2003±40 
(n=6) 

T60 28.0 ±0.02 
(n=67) 

31.3 ±0.08 
(n=66) 

2061±19 
(n=12) 

7.34±0.024 
(n=71) 

2069±28 
(n=12) 

T95 28.1 ±0.02 
(n=106) 

31.5 ±0.06 
(n=105) 

2092±13 
(n=21) 

7.33±0.016 
(n=110) 

2103±18 
(n=21) 

T0 29.4±0.06 32.3 ±0.01 1751±0 7.63±0.002 1719±2 
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Extreme pCO2, 
31°C 

(n=3) (n=3) (n=3) (n=3) (n=3) 
T30 30.4 ±0.08 

(n=40) 
31.3 ±0.1 

(n=38) 
1915±73 

(n=6) 
7.40±0.037 

(n=44) 
1906±84 

(n=6) 
T60 30.6 ±0.09 

(n=67) 
31.4 ±0.06 

(n=65) 
2013±46 
(n=12) 

7.32±0.026 
(n=71) 

2027±55 
(n=12) 

T95 30.7 ±0.06 
(n=106) 

31.5 ±0.04 
(n=104) 

2062±29 
(n=21) 

7.30±0.017 
(n=110) 

2075±33 
(n=21) 
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Table A1-2. 
Calculated water quality parameters. Average cumulative calculated parameters for all 
treatments: pCO2 of the mixed gases in equilibrium with seawaters (pCO2(gas-e)); calculated 
pH (pHc); carbonate ion concentration ([CO32‒]); bicarbonate ion concentration ([HCO3‒]); 
dissolved carbon dioxide ([CO2](SW)), and aragonite saturation state (ΩA). All values are 
displayed as average ± standard error, and cumulative sample sizes are indicated under 
each value.  

Treatment Duration pCO2(gas-e) 
(𝝁atm-v) 

pHc-NBS [CO32-] 
(𝝁M) 

[HCO3-] 
(𝝁M) 

[CO2](SW

) (𝝁M) 
𝛀A 

Present 
Day pCO2,  
28°C 

T0 530±19 
(n=3) 

8.03±0.01 
(n=3) 

143±1 
(n=3) 

1531±1 
(n=3) 

14±0.2 
(n=3) 

2.3±0.02 
(n=3) 

T30 460±34 
(n=6) 

8.09±0.03 
(n=6) 

169±12 
(n=6) 

1511±10 
(n=6) 

12±1 
(n=6) 

2.8±0.2 
(n=6) 

T60 332±42 
(n=12) 

8.24±0.05 
(n=12) 

226±18 
(n=12) 

1410±33 
(n=12) 

9±1 
(n=12) 

3.7±0.3 
(n=12) 

T95 298±27 
(n=20) 

8.28±0.03 
(n=20) 

242±12 
(n=20) 

1409±19 
(n=21) 

8±0.7 
(n=20) 

4.0±0.2 
(n=20) 

Present 
Day pCO2, 
31°C 

T0 496±12 
(n=3) 

8.06±0.008 
(n=3) 

167±2 
(n=3) 

1463±5 
(n=3) 

12±0.3 
(n=3) 

2.8±0.04 
(n=3) 

T30 429±31 
(n=6) 

8.13±0.03 
(n=6) 

196±13 
 (n=6) 

1463±4 
(n=6) 

10±0.7 
(n=6) 

3.3±0.2 
(n=6) 

T60 374±27 
(n=12) 

8.19±0.03 
(n=12) 

225±12 
(n=12) 

1443±18 
(n=12) 

9±0.6 
(n=12) 

3.8±0.2 
(n=12) 

T95 388±25 
(n=21) 

8.19±0.03 
(n=21) 

228±9 
(n=21) 

1479±20 
(n=21) 

9±0.6 
(n=21) 

3.8±0.1 
(n=21) 

End of 
Century 
pCO2, 
28°C 

T0 724±9 
(n=3) 

7.92±0.005 
(n=3) 

116±1 
(n=3) 

1585±1.8 
(n=3) 

19±0.2 
(n=3) 

1.9±0.01 
(n=3) 

T30 714±9 
(n=6) 

7.94±0.01 
(n=6) 

125±4 
(n=6) 

1640±25 
(n=6) 

18±0.2 
(n=6) 

2.0±0.06 
(n=6) 

T60 647±21 
(n=12) 

7.99±0.02 
(n=12) 

142±6 
(n=12) 

1650±12 
(n=12) 

17±0.6 
(n=12) 

2.3±0.09 
(n=12) 

T95 663±13 
(n=21) 

7.98±0.009 
(n=21) 

145±3 
(n=21) 

1690±13 
(n=21) 

17±0.3 
(n=21) 

2.4±0.05 
(n=21) 

End of 
Century 
pCO2, 
31°C 

T0 506±5 
(n=3) 

8.06±0.003 
(n=3) 

172±1 
(n=3) 

1511±2 
(n=3) 

12±0.1 
(n=3) 

2.9±0.02 
(n=3) 

T30 613±50 
(n=6) 

8.01±0.03 
(n=6) 

158±6 
(n=6) 

1592±37 
(n=6) 

15±1 
(n=6) 

2.7±0.1 
(n=6) 

T60 636±47 
(n=12) 

8.01±0.03 
(n=12) 

161±7 
(n=12) 

1619±27 
(n=12) 

15±0.2 
(n=12) 

2.7±0.1 
(n=12) 

T95 662±28 
(n=21) 

7.99±0.02 
(n=3) 

159±4 
(n=21) 

1653±18 
(n=21) 

16±0.7 
(n=21) 

2.7±0.07 
(n=21) 

Extreme 
pCO2, 
28°C 

T0 1939±18 
(n=3) 

7.55±0.03 
(n=6) 

59±0.4 
(n=3) 

1807±1 
(n=3) 

49±0.4 
(n=3) 

1.0±0.01 
(n=3) 

T30 2348±198 
(n=6) 

7.49±0.03 
(n=3) 

53±3 
(n=6) 

1891±37 
(n=6) 

60±5 
(n=6) 

0.9±0.05 
(n=6) 

T60 2891±208 
(n=12) 

7.42±0.03 
(n=12) 

46±3 
(n=12) 

1948±25 
(n=12) 

74±5 
(n=12) 

0.8±0.04 
(n=12) 

T95 2973±125 
(n=21) 

7.41±0.03 
(n=21) 

46±2 
(n=21) 

1981±16 
(n=21) 

76±3 
(n=21) 

0.8±0.03 
(n=21) 

T0 1980±34 7.50±0.01 52±1 1621±2 47±0.8 0.9±0.01 
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Extreme 
pCO2, 
31°C 

(n=3) (n=3) (n=3) (n=3) (n=3) (n=3) 
T30 2609±304 

(n=6) 
7.44±0.03 

(n=6) 
48±2 
(n=6) 

1795±78 
(n=6) 

62±8 
(n=6) 

0.8±0.03 
(n=6) 

T60 3228±266 
(n=12) 

7.38±0.03 
(n=12) 

44±1.0 
(n=12) 

1905±50 
(n=12) 

78±7 
(n=12) 

0.7±0.03 
(n=12) 

T95 3245±154 
(n=21) 

7.38±0.02 
(n=21) 

45±1 
(n=21) 

1952±31 
(n=21) 

78±4 
(n=21) 

0.8±0.02 
(n=21) 
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Table A1-3. 
Model results for Siderastrea siderea and Pseudodiploria strigosa host (calcification rate, 
total protein, total carbohydrates) and symbiont physiology (cell density and chlorophyll 
a concentration), and generalized additive model results for S. siderea calcification. 
Explicit models were determined from forward model selection, and are listed next to 
each species for the metric being considered. Sum Sq = sum of squares, Mean Sq = mean 
square of the error, NumDF = numerator degrees of freedom, DenDF = denominator 
degrees of freedom, and SE = standard error. Nearshore = NS and forereef = FR in 
reference to reef zones. Siderastrea siderea has unique columns due to the different 
format of the model. 

CALCIFICATION  

Factor Estimate SE T-value P-value 
Siderastrea siderea Model = gamlss(calcification ~ duration*pCO2*temperature*rz + 

random(genotype)) 
T60 – T30 0.003 0.098 0.033 0.974 
T30 – T90 0.234 0.102 2.289 0.023 
T60 – T90 0.007 0.110 0.065 0.950 
End of century – Present 
day pCO2 -0.065 0.082 -0.797 0.426 
Extreme – Present day 
pCO2 -0.253 0.082 -3.097 0.002 
End of century – 
Extreme pCO2 0.231 0.123 1.874 0.063 
31°C – 28 °C 0.085 0.080 1.069 0.287 
NS – FR reef zone 0.065 0.080 0.813 0.418 
 
Factor Sum Sq Mean Sq NumDF DenDF F-value P-value 
Pseudodiploria strigosa Model = lmer(calcification ~ duration + temperature + pCO2 + reef zone 

+ duration*temperature + temperature*pCO2 + temperature*reef zone + 
1|genotype) 

Duration 20.030 10.015 2 158.130 27.226 <0.0001 
Temperature 17.801 17.801 1 159.190 48.392 <0.0001 
pCO2 6.628 3.314 2 158.490 9.009 <0.001 
Reef zone 4.460 4.460 1 3.190 12.124 0.036 
Duration:Temperature 9.014 4.507 2 158.130 12.252 <0.0001 
Temperature:pCO2 5.359 2.681 2 158.490 7.284 0.001 
Temperature:Reef zone 1.752 1.752 1 159.370 4.764 0.031 
TOTAL PROTEIN  

Siderastrea siderea Model = lmer(protein ~ duration + temperature + 1|genotype) 
Duration 1.288 0.429 3 133 10.051 <0.0001 
Temperature 0.303 0.303 1 133 7.091 0.009 



	

	

139 

Pseudodiploria strigosa Model = lmer(protein ~ temperature + 1|genotype) 
Temperature 1.476 1.476 1 111.080 28.712 <0.0001 
CARBOHYDRATES  
Siderastrea siderea Model = lmer(carbohydrate ~ temperature + 1|genotype) 
Temperature 1.589 1.589 1 135 8.820 0.004 
Pseudodiploria strigosa Model = lmer(carbohydrate ~ temperature + duration + 

duration*temperature + 1|genotype) 
Temperature 3.363 3.363 1 102.200 23.996 <0.0001 
Duration 2.761 0.920 3 102.080 6.567 <0.0001 
Temperature:Duration 1.604 0.535 3 102.010 3.815 0.012 
SYMBIONT DENSITY  
Siderastrea siderea Model = lmer(symbiont density ~ duration + temperature + pCO2 + 

duration*pCO2 + 1|genotype) 
Duration 7.892 2.631 3 117.400 7.303 <0.001 
Temperature 3.891 3.891 1 117.190 10.804 0.001 
pCO2 2.538 1.269 2 117.290 3.523 0.033 
Duration: pCO2   7.008 1.168 6 117.290 3.243 0.006 
Pseudodiploria strigosa Model = lmer(symbiont density ~ temperature + duration + 1|genotype) 
Duration 31.213 31.213 1 105.520 30.634 <0.0001 
Temperature 27.963 9.321 3 105.660 9.148 <0.0001 
CHLOROPHYLL A  
Siderastrea siderea Model = lmer(Chl a ~ duration + pCO2 + 1|genotype) 
Duration 40.553 13.518 3 127.340 32.161 <0.0001 
pCO2 5.918 2.959 2 127.280 7.040 0.001 
Pseudodiploria strigosa Model = lmer(Chl a ~ temperature + pCO2 + (1|genotype) 
Temperature 28.998 28.998 1 108.200 38.734 <0.0001 
pCO2 5.739 2.870 2 108.060 3.833 0.025 
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Table A1-4. 
Summary of Tukey’s HSD post-hoc tests for Siderastrea siderea and Pseudodiploria 
strigosa host (calcification, total protein, total carbohydrates) and symbiont physiology 
(cell density and chlorophyll a concentration). Only significant interactions are included. 
SE = standard error and DF = degrees of freedom. Nearshore = NS and forereef = FR in 
reference to reef zones. Siderastrea siderea net calcification results not shown here 
because comparisons are output from the generalized additive model and are included in 
Table A1-3. 

Contrast Estimate SE DF T-ratio P-value 
CALCIFICATION 

Pseudodiploria strigosa 
 Comparison = temperature 
28 – 31 0.734 0.106 159 6.939 <.0001 
 Comparison = reef zone 
FR – NS -0.511 0.147 3.080 -3.477 0.039 
 Comparison = pCO2 
Present day – Extreme 0.480 0.115 158 4.186 0.0001 
End of century – Extreme 0.316 0.114 159 2.765 0.017 
 Comparison = temperature | duration 
28, T30 – 28, T60 0.558 0.150 158 3.726 0.004 
31, T30 – 31, T60 0.827 0.143 158 5.786 <.0001 
31, T30 – 31, T95 1.301 0.181 158 7.196 <.0001 
28, T60 – 31, T60 0.485 0.164 159 2.958 0.041 
28, T60 – 31, T95 0.959 0.198 159 4.848 <.0001 
31, T60 – 28, T95 -1.028 0.198 158 -5.186 <.0001 
28, T95 – 31, T95 1.502 0.227 158 6.616 <.0001 
 Comparison = temperature | reef zone 
28, FR – 31, FR 0.944 0.160 159.800 5.914 <.0001 
31, FR – 31, NS -0.720 0.171 5.720 -4.210 0.024 
 Comparison = temperature | pCO2 
28, Present day – 31, Present day 1.191 0.167 158 7.137 <.0001 
28, Present day – 31, End of 
century 1.105 0.167 158 6.623 <.0001 
28, Present day – 28, Extreme 0.915 0.168 159 5.457 <.0001 
28, Present day – 31, Extreme 1.236 0.167 158 7.409 <.0001 
31, Present day – 28, End of 
century -0.776 0.164 158 -4.741 <0.001 
28, End of century – 31, End of 
century 0.690 0.164 158 4.216 <0.001 
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28, End of century – 28, 
Extreme 0.500 0.166 159 3.009 0.035 
28, End of century – 31, 
Extreme 0.821 0.164 158 5.018 <.0001 
 Comparison = reef zone | duration | pCO2| temperature 
Duration = T30, pCO2= Present 
day, Temperature = 31; FR – NS -1.036 0.341 -3.036 96 0.003 
Duration = T60, pCO2 = Present 
day, Temperature = 31; FR – NS -0.806 0.411 -1.963 96 0.050 
Duration = T95, pCO2 = End of 
century, Temperature = 31; FR – 
NS -1.306 0.570 -2.291 96 0.024 
Duration = T30, pCO2 = 
Extreme, Temperature = 31; FR 
– NS -0.840 0.341 -2.461 96 0.016 
PROTEIN 
Siderastrea siderea 
 Comparison = temperature 
28 – 31 0.094 0.035 128 2.662 0.009 
 Comparison = duration 
T0 – T60 -0.228 0.051 129 -4.462 0.0001 
T0 – T95 -0.136 0.049 128 -2.785 0.031 
T30 – T60 -0.238 0.051 129 -4.645 <.0001 
T30 – T95 -0.145 0.049 128 -2.976 0.018 
Pseudodiploria strigosa 
 Comparison = temperature 
28 – 31 0.225 0.042 111 5.357 <.0001 
CARBOHYDRATES 
Siderastrea siderea 
 Comparison = temperature 
28 – 31 0.215 0.073 130 2.969 0.004 
Pseudodiploria strigosa 
 Comparison = temperature 
28 – 31 0.347 0.071 102 4.900 <.0001 
 Comparison = duration 
T0 – T60 0.417 0.102 102 4.099 0.001 
T30 – T60 0.275 0.102 102 2.695 0.040 
T60 – T95 -0.370 0.102 102 -3.634 0.002 
 Comparison = duration | temperature 
T0, 28 – T60, 31 0.662 0.135 102 4.920 0.0001 
T0, 28 – T90, 31 0.511 0.135 102 3.799 0.006 
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T30, 28 – T60, 31 0.503 0.139 102 3.615 0.011 
T60, 28 – T90, 28 -0.589 0.151 102 -3.902 0.004 
T90, 28 – T30, 31 0.544 0.139 102 3.905 0.004 
T90, 28 – T60, 31 0.893 0.139 102 6.416 <.0001 
T90, 28 – T90, 31 0.742 0.139 102 5.332 <.0001 
T0, 31 – T60, 31 0.475 0.139 102 3.406 0.021 
SYMBIONT DENSITY 
Siderastrea siderea 
 Comparison = duration 
T0 – T30  0.418 0.145 117 2.882 0.024 
T0 – T95 0.661 0.143 117 4.634 0.0001 
 Comparison = temperature 
28 – 31 0.341 0.104 117 3.286 0.001 
 Comparison = pCO2 
End of century – Extreme 819314 336723 117 2.433 0.043 
 Comparison = duration | pCO2 
T0, Extreme – T30, Extreme 0.996 0.245 117 4.067 0.005 
T30, Present day – T30, Extreme 1.099 0.245 117 4.477 0.001 
T30, Present day – T95, Present 
day 0.824 0.245 117 3.357 0.047 
Pseudodiploria strigosa 
 Comparison = duration 
T30 – T95 0.746 0.263 105 2.835 0.028 
T0 – T60 0.977 0.275 106 3.555 0.003 
T0 – T95 1.332 0.266 106 5.004 <.0001 
 Comparison = temperature 
28 – 31 1.05 0.19 105 5.53E+00 <.0001 
CHLOROPHYLL A 
Siderastrea siderea 
 Comparison = duration 
T0 – T60 -1.155 0.159 127 -7.258 <.0001 
T0 – T95 -1.195 0.153 127 -7.823 <.0001 
T30 – T60 -0.947 0.160 128 -5.914 <.0001 
T30 – T95 -0.988 0.154 127 -6.414 <.0001 
 Comparison = pCO2 
Present day – Extreme 0.493 0.136 127 3.621 0.001 
End of century – Extreme 0.352 0.134 127 2.634 0.026 
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Pseudodiploria strigosa 
 Comparison = pCO2 
Present day – Extreme 0.550 0.199 108 2.766 0.018 
 Comparison = temperature 
28 – 31 1 0.163 106 6.16E+00 <.0001 
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Table A1-5. 
PCA Adonis summaries associated with Figure 2-2 and Figure A1-3. The Adonis model 
used to determine results is listed next to each species and time point. All Adonis models 
were run with 10,000 permutations. Significant p-values are bolded. Sum Sq = sum of 
squares, Mean Sq = mean square of the error, and DF = degrees of freedom. 

Factor DF Sum Sq Mean Sq F-Model R2 P-value 
S. siderea, T30 Model = Adonis(scores ~ reef zone * pCO2 * temperature * genotype) 
Reef zone 1 0.001 0.001 0.225 0.007 0.867 
pCO2 2 0.017 0.008 2.768 0.179 0.054 
Temperature 1 0.007 0.007 2.400 0.077 0.110 
Genotype 4 0.013 0.003 1.079 0.139 0.399 
Reef zone:pCO2 2 0.005 0.002 0.782 0.050 0.520 
Reef zone:Temperature 1 0.001 0.001 0.214 0.007 0.880 
pCO2:Temperature 2 0.003 0.001 0.434 0.028 0.779 
Reef zone: 
pCO2:Temperature 

2 0.003 0.001 0.445 0.029 0.761 

S. siderea, T60 Model = Adonis(scores ~ reef zone.* pCO2 * temperature * genotype) 
Reef zone 1 0.0002 0.0002 0.108 0.003 0.963 
pCO2 2 0.002 0.001 0.726 0.045 0.524 
Temperature 1 0.004 0.004 3.236 0.100 0.074 
Genotype 4 0.011 0.003 2.019 0.250 0.125 
Reef zone:pCO2 2 0.006 0.003 2.037 0.126 0.144 
Reef zone:Temperature 1 0.001 0.001 0.377 0.012 0.663 
pCO2:Temperature 2 0.002 0.001 0.765 0.047 0.513 
Reef zone: 
pCO2:Temperature 2 0.003 0.002 1.246 0.077 0.302 
S. siderea, T95 Model = Adonis(scores ~ reef zone * pCO2 * temperature * genotype) 
Reef zone 1 0.001 0.001 1.464 0.023 0.215 
pCO2 2 0.005 0.003 5.228 0.165 0.002 
Temperature 1 0.001 0.001 2.065 0.033 0.125 
Genotype 4 0.007 0.002 3.440 0.217 0.004 
Reef zone:pCO2 2 0.002 0.001 2.055 0.065 0.100 
Reef zone:Temperature 1 0.001 0.001 1.092 0.017 0.310 
pCO2:Temperature 2 0.006 0.003 5.457 0.172 0.001 
Reef zone: 
pCO2:Temperature 2 0.0003 0.0001 0.282 0.009 0.953 
P. strigosa, T30 Model = Adonis(scores ~ reef zone * pCO2 * temperature * genotype) 
Reef zone 1 0.005 0.005 1.101 0.043 0.314 
pCO2 2 0.009 0.005 1.1225 0.088 0.349 
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Temperature 1 0.009 0.009 2.127 0.083 0.149 
Genotype 3 0.011 0.004 0.893 0.105 0.492 
Reef zone: pCO2 2 0.005 0.002 0.568 0.044 0.621 
Reef zone:Temperature 1 0.007 0.007 1.705 0.067 0.205 
pCO2:Temperature 2 0.003 0.002 0.362 0.028 0.772 
Reef zone: 
pCO2:Temperature 2 0.003 0.002 0.411 0.032 0.739 
P. strigosa, T60 Model = Adonis(scores ~ reef zone * pCO2 * temperature * genotype) 
Reef zone 1 0.0154 0.015 4.040 0.093 0.062 
pCO2 2 0.036 0.018 4.640 0.214 0.029 
Temperature 1 0.013 0.013 3.343 0.077 0.083 
Genotype 3 0.037 0.012 3.267 0.226 0.053 
Reef zone:pCO2 2 0.012 0.006 1.508 0.070 0.258 
Reef zone:Temperature 1 0.010 0.010 2.518 0.058 0.139 
pCO2:Temperature 2 0.006 0.003 0.735 0.034 0.521 
Reef zone: 
pCO2:Temperature 1 0.003 0.003 0.818 0.019 0.398 
P. strigosa, T95 Model = Adonis(scores ~ reef zone * pCO2 * temperature * genotype) 
Reef zone 1 0.013 0.013 2.299 0.079 0.140 
pCO2 2 0.003 0.001 0.241 0.017 0.870 
Temperature 1 0.024 0.024 4.247 0.146 0.045 
Genotype 3 0.012 0.004 0.689 0.071 0.605 
Reef zone:pCO2 2 0.006 0.003 0.522 0.036 0.644 
Reef zone:Temperature 1 0.022 0.022 3.967 0.136 0.053 
pCO2:Temperature 2 0.008 0.040 0.676 0.046 0.555 
Reef zone: 
pCO2:Temperature 2 0.004 0.002 0.316 0.022 0.789 
Combined Species, T30 Model = Adonis(scores ~ species * reef zone * pCO2 * temperature) 

Species 1 0.055 0.055 14.407 0.205 0.0002 
pCO2 2 0.023 0.012 3.046 0.087 0.047 
Temperature 1 0.020 0.020 5.211 0.074 0.023 
Combined Species, T60 Model = Adonis(scores ~ species * reef zone * pCO2 * temperature) 

Species 1 0.055 0.055 14.407 0.205 0.0006 
pCO2 2 0.023 0.012 3.046 0.087 0.045 
Temperature 1 0.020 0.020 5.211 0.074 0.019 
Combined Species, T95 Model = Adonis(scores ~ species * reef zone * pCO2 * temperature) 

Species 1 0.055 0.055 14.407 0.205 0.0004 
pCO2 2 0.023 0.012 3.046 0.087 0.046 
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Temperature 1 0.012 0.020 5.211 0.074 0.022 
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Table A1-6. 
Linear model summaries associated with Figures 2-6 and A1-5, including chi square 
values (Chi-Sq), degrees of freedom (DF) and significance (P-value) statistics. All data is 
associated with P. strigosa, and the table is separated by experimental time point (short-
term=T30, moderate-term=T60, long-term=T95). Linear models are listed above the 
summaries for that model for reference. 

Factor Chi-Sq DF P-value 
P. strigosa, T30    
PROTEIN Model = (Calcification ~ Protein * Temperature + 1|genotype) 
Protein 5.63 1 0.02 
Temperature 0.12 1 0.73 
Protein:Temperature 2.05 1 0.15 
CARBOHYDRATES Model = (Calcification ~ Carbohydrates * Temperature + 

1|genotype) 
Carbohydrates 0.94 1 0.33 
Temperature 0.04 1 0.83 
Carbohydrates:Temperature 3.23 1 0.07 
SYMBIONT DENSITY Model = (Calcification ~ Symbionts * Temperature + 1|genotype) 
Symbionts 6.95 1 0.008 
Temperature 0.45 1 0.50 
Symbionts:Temperature 0.75 1 0.39 
P. strigosa, T60    
PROTEIN Model = (Calcification ~ Protein * Temperature + 1|genotype) 
Protein 0.70 1 0.40 
Temperature 3.83 1 0.05 
Protein:Temperature 2.15 1 0.14 
CARBOHYDRATES Model = (Calcification ~ Carbohydrates * Temperature + 

1|genotype) 
Carbohydrates 0.005 1 0.94 
Temperature 4.53 1 0.03 
Carbs:Temperature 5.72 1 0.02 
SYMBIONT DENSITY Model = (Calcification ~ Symbionts * Temperature + 1|genotype) 
Symbionts 0.18 1 0.67 
Temperature 2.73 1 0.10 
Symbionts:Temperature 5.76 1 0.02 
P. strigosa, T95    
PROTEIN Model = (Calcification ~ Protein * Temperature + 1|genotype) 
Protein 5.09 1 0.02 
Temperature 15.70 1 < 0.0001 
Protein:Temperature 4.06 1 0.04 
CARBOHYDRATES Model = (Calcification ~ Carbohydrates * Temperature + 

1|genotype) 
Carbohydrates 0.74 1 0.39 
Temperature 13.75 1 < 0.001 
Carbs:Temperature 3.44 1 0.06 
SYMBIONT DENSITY Model = (Calcification ~ Symbionts * Temperature + 1|genotype) 
Symbionts 13.30 1 0.0003 
Temperature 15.76 1 < 0.0001 
Symbionts:Temperature 7.09 1 0.01 
CHLOROPHYLL A Model = (Calcification ~ Chl a * Temperature + 1|genotype) 
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Chl a 13.5 1 0.0002 
Temperature 4.63 1 0.03 
Chl a:Temperature  1.45 1 0.22 
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Table A1-7. 
Summary of Tukey’s HSD post-hoc tests for experimental treatment (cumulative 
temperature and pCO2). Estimate, lower, and upper columns represent the difference 
between the compared mean values and 95% confidence intervals. Asterisks indicate time 
points where data were log-transformed to meet ANOVA assumptions of normality. 

Comparison Estimate Lower Upper P-value 
pCO2 Model = measured pCO2 ~ temperature * pCO2 
T0  
Present day, 31°C – Present day, 28°C  -34.23 -129.12 60.66 0.88 
End of century 31°C – Present day, 
28°C 

-24.77 -119.66 70.12 0.97 

Extreme, 28°C – Present day, 28°C 1408.36 1313.47 1503.25 <0.0001 
Extreme, 31°C – Present day, 28°C 1449.83 1354.95 1544.72 <0.0001 
End of century, 28°C – Present day, 
31°C 

227.60 132.71 322.49 <0.0001 

End of century, 31°C – Present day, 
31°C 

9.46 -85.43 104.35 0.99 

Extreme, 28°C – Present day, 31°C 1442.59 1347.70 1537.48 <0.0001 
Extreme, 31°C – Present day, 31°C 1484.06 1389.18 1578.95 <0.0001 
End of century, 31°C – End of century, 
28°C 

-218.14 -313.03 -123.25 <0.0001 

Extreme, 28°C – End of century, 28°C 1214.99 1120.10 1309.88 <0.0001 
Extreme, 31°C – End of century, 28°C 1256.46 1161.57 1351.35 <0.0001 
Extreme, 28°C – End of century, 31°C 1433.13 1338.25 1528.02 <0.0001 
Extreme, 31°C – End of century, 31°C 1474.61 1379.72 1569.50 <0.0001 
Extreme, 31°C – Extreme, 28°C 41.47 -53.42 136.36 0.75 
T30*     
Present day, 31°C – Present day, 28°C  -0.07 -0.43 0.29 0.99 
End of century, 28°C – Present day, 
28°C 

0.45 0.09 0.82 0.006 

End of century, 31°C – Present day, 
28°C 

0.28 -0.08 0.65 0.21 

Extreme, 28°C – Present day, 28°C 1.63 1.26 1.99 <0.0001 
Extreme, 31°C – Present day, 28°C 1.71 1.35 2.08 <0.0001 
End of century, 28°C – Present day, 
31°C 

0.52 0.16 0.88 0.001 

End of century, 31°C – Present day, 
31°C 

0.35 -0.01 0.72 0.06 

Extreme, 28°C – Present day, 31°C 1.70 1.33 2.06 <0.0001 
Extreme, 31°C – Present day, 31°C 1.78 1.42 2.14 <0.0001 
End of century, 31°C – End of century, 
28°C 

-0.17 -0.53 0.19 0.80 

Extreme, 28°C – End of century, 28°C 1.17 0.81 1.54 <0.0001 
Extreme, 31°C – End of century, 28°C 1.26 0.90 1.63 <0.0001 
Extreme, 28°C – End of century, 31°C 1.34 0.98 1.70 <0.0001 
Extreme, 31°C – End of century, 31°C 1.43 1.07 1.79 <0.0001 
Extreme, 31°C – Extreme, 28°C 0.09 -0.27 0.45 0.99 
T60*     
Present day, 31°C – Present day, 28°C  0.18 -0.19 0.55 0.80 
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End of century, 28°C – Present day, 
28°C 

0.75 0.38 1.13 <0.0001 

End of century, 31°C – Present day, 
28°C 

0.71 0.34 1.09 <0.0001 

Extreme, 28°C – Present day, 28°C 2.23 1.85 2.60 <0.0001 
Extreme, 31°C – Present day, 28°C 2.33 1.95 2.70 <0.0001 
End of century, 28°C – Present day, 
31°C 

0.57 0.20 0.95 0.0002 

End of century, 31°C – Present day, 
31°C 

0.53 0.16 0.91 0.0008 

Extreme, 28°C – Present day, 31°C 2.05 1.67 2.42 <0.0001 
Extreme, 31°C – Present day, 31°C 2.15 1.77 2.52 <0.0001 
End of century, 31°C – End of century, 
28°C 

-0.04 -0.41 0.33 0.99 

Extreme, 28°C – End of century, 28°C 1.47 1.10 1.85 <0.0001 
Extreme, 31°C – End of century, 28°C 1.57 1.20 1.95 <0.0001 
Extreme, 28°C – End of century, 31°C 1.51 1.14 1.89 <0.0001 
Extreme, 31°C – End of century, 31°C 1.61 1.24 1.99 <0.0001 
Extreme, 31°C – Extreme, 28°C 0.10 -0.27 0.47 0.99 
T95*     
Present day, 31°C – Present day, 28°C  0.29 0.06 0.52 0.005 
End of century, 28°C – Present day, 
28°C 

0.86 0.63 1.10 <0.0001 

End of century, 31°C – Present day, 
28°C 

0.85 0.61 1.08 <0.0001 

Extreme, 28°C – Present day, 28°C 2.35 2.11 2.58 <0.0001 
Extreme, 31°C – Present day, 28°C 2.43 2.19 2.66 <0.0001 
End of century, 28°C – Present day, 
31°C 

0.57 0.34 0.80 <0.0001 

End of century, 31°C – Present day, 
31°C 

0.56 0.32 0.79 <0.0001 

Extreme, 28°C – Present day, 31°C 2.06 1.83 2.29 <0.0001 
Extreme, 31°C – Present day, 31°C 2.14 1.91 2.37 <0.0001 
End of century, 31°C – End of century, 
28°C 

-0.02 -0.25 0.22 0.99 

Extreme, 28°C – End of century, 28°C 1.49 1.25 1.72 <0.0001 
Extreme, 31°C – End of century, 28°C 1.57 1.34 1.80 <0.0001 
Extreme, 28°C – End of century, 31°C 1.50 1.27 1.73 <0.0001 
Extreme, 31°C – End of century, 31°C 1.58 1.35 1.81 <0.000 
Extreme, 31°C – Extreme, 28°C 0.08 -0.15 0.31 0.96 
Temperature Model = measured temperature ~ temperature * pCO2 
T0*     
Present day, 31°C – Present day, 28°C  2.93 2.74 3.13 <0.0001 
End of century, 28°C – Present day, 
28°C 

-0.47 -0.66 -0.27 <0.0001 

End of century, 31°C – Present day, 
28°C 

2.53 2.34 2.73 <0.0001 

Extreme, 28°C – Present day, 28°C 0.13 -0.06 0.33 0.30 
Extreme, 31°C – Present day, 28°C 1.57 1.37 1.76 <0.0001 
End of century, 28°C – Present day, 
31°C 

-3.40 -3.60 -3.20 <0.0001 
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End of century, 31°C – Present day, 
31°C 

-0.40 -0.60 -0.20 0.0001 

Extreme, 28°C – Present day, 31°C -2.80 -3.00 -2.60 <0.0001 
Extreme, 31°C – Present day, 31°C -1.37 -1.56 -1.17 <0.0001 
End of century, 31°C – End of century, 
28°C 

3.00 2.80 3.20 <0.0001 

Extreme, 28°C – End of century, 28°C 0.60 0.40 0.80 <0.0001 
Extreme, 31°C – End of century, 28°C 2.03 1.84 2.23 <0.0001 
Extreme, 28°C – End of century, 31°C -2.40 -2.60 -2.20 <0.0001 
Extreme, 31°C – End of century, 31°C -0.97 -1.16 -0.77 <0.0001 
Extreme, 31°C – Extreme, 28°C 1.43 1.24 1.63 <0.0001 
T30     
Present day, 31°C – Present day, 28°C  2.90 2.66 3.14 <0.0001 
End of century, 28°C – Present day, 
28°C 

-0.36 -0.60 -0.12 0.0002 

End of century, 31°C – Present day, 
28°C 

2.80 2.56 3.04 <0.0001 

Extreme, 28°C – Present day, 28°C -0.02 -0.26 0.22 0.99 
Extreme, 31°C – Present day, 28°C 2.40 2.16 2.64 <0.0001 
End of century, 28°C – Present day, 
31°C 

-3.27 -3.51 -3.02 <0.0001 

End of century, 31°C – Present day, 
31°C 

-0.10 -0.34 0.14 0.91 

Extreme, 28°C – Present day, 31°C -2.92 -3.16 -2.68 <0.0001 
Extreme, 31°C – Present day, 31°C -0.51 -0.75 -0.26 <0.0001 
End of century, 31°C – End of century, 
28°C 

3.17 2.92 3.41 <0.0001 

Extreme, 28°C – End of century, 28°C 0.34 0.10 0.58 0.0005 
Extreme, 31°C – End of century, 28°C 2.76 2.52 3.00 <0.0001 
Extreme, 28°C – End of century, 31°C -2.82 -3.06 -2.58 <0.0001 
Extreme, 31°C – End of century, 31°C -0.41 -0.65 -0.16 <0.0001 
Extreme, 31°C – Extreme, 28°C 2.42 2.18 2.66 <0.0001 
T60     
Present day, 31°C – Present day, 28°C  3.20 2.92 3.49 <0.0001 
End of century, 28°C – Present day, 
28°C 

-0.06 -0.34 0.23 0.99 

End of century, 31°C – Present day, 
28°C 

2.91 2.63 3.20 <0.0001 

Extreme, 28°C – Present day, 28°C 0.01 -0.28 0.30 1.00 
Extreme, 31°C – Present day, 28°C 2.59 2.30 2.88 <0.0001 
End of century, 28°C – Present day, 
31°C 

-3.26 -3.55 -2.97 <0.0001 

End of century, 31°C – Present day, 
31°C 

-0.29 -0.58 -0.001 0.048 

Extreme, 28°C – Present day, 31°C -3.20 -3.49 -2.91 <0.0001 
Extreme, 31°C – Present day, 31°C -0.61 -0.90 -0.33 <0.0001 
End of century, 31°C – End of century, 
28°C 

2.97 2.68 3.26 <0.0001 

Extreme, 28°C – End of century, 28°C 0.06 -0.23 0.35 0.99 
Extreme, 31°C – End of century, 28°C 2.65 2.36 2.93 <0.0001 
Extreme, 28°C – End of century, 31°C -2.91 -3.20 -2.62 <0.0001 
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Extreme, 31°C – End of century, 31°C -0.32 -0.61 -0.04 0.02 
Extreme, 31°C – Extreme, 28°C 2.58 2.30 2.87 <0.0001 
T95     
Present day, 31°C – Present day, 28°C  3.11 2.92 3.31 <0.0001 
End of century, 28°C – Present day, 
28°C 

-0.03 -0.22 0.17 0.99 

End of century, 31°C – Present day, 
28°C 

2.97 2.78 3.17 <0.0001 

Extreme, 28°C – Present day, 28°C 0.08 -0.11 0.27 0.91 
Extreme, 31°C – Present day, 28°C 2.73 2.53 2.92 <0.0001 
End of century, 28°C – Present day, 
31°C 

-3.14 -3.33 -2.95 <0.0001 

End of century, 31°C – Present day, 
31°C 

-0.14 -0.33 0.05 0.34 

Extreme, 28°C – Present day, 31°C -3.03 -3.23 -2.84 <0.0001 
Extreme, 31°C – Present day, 31°C -0.39 -0.58 -0.20 <0.0001 
End of century, 31°C – End of century, 
28°C 

3.00 2.81 3.19 <0.0001 

Extreme, 28°C – End of century, 28°C 0.11 -0.09 0.30 0.69 
Extreme, 31°C – End of century, 28°C 2.75 2.56 2.94 <0.0001 
Extreme, 28°C – End of century, 31°C -2.89 -3.09 -2.70 <0.0001 
Extreme, 31°C – End of century, 31°C -0.25 -0.44 -0.06 0.003 
Extreme, 31°C – Extreme, 28°C 2.64 2.45 2.84 <0.0001 
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 APPENDIX 2: CHAPTER 3 SUPPLEMENT 

A2.1. Supplementary materials and methods 

A2.1.1. Experimental conditions 

Throughout the experiment, corals were maintained in 42 L aquaria at salinity of 

33 ppt using Instant Ocean Sea Salt artificial seawater (ASW), which was refreshed weekly 

with 40% water changes. Corals were fed freshly hatched Artemia sp. nauplii two to three 

times weekly and were allowed to feed for one hour before resuming recirculating flow in 

the aquaria. Nubbins were rotated weekly to ensure even light exposure over the course of 

the experiment. Salinity was measured in each treatment at least once daily using a YSI 

3200 conductivity meter (Yellow Springs, Ohio, USA), and pH was measured 3 times 

weekly in each treatment using an Orion Star A211 pH meter (calibrated with certified 

NBS pH buffers of 4.01, 7.00, and 10.01). Temperature was controlled with two 500 W 

heaters (Eheim) and a chiller (AquaEuroUSA, Los Angeles CA, USA) that were used to 

maintain DTV profiles in each treatment using the Neptune Systems Apex Classic 

AquaController with custom coded profiles. Briefly, virtual heating and cooling segments 

were used to dictate changes in target temperature for each treatment in two-hour intervals 

and all variability treatments descended to a nighttime minimum of 28.5°C for 9 hours. 

Heating rates differed to allow all treatments to spend the same amount of time each day 

at the highest temperature in the profile. Temperature was measured daily using a NIST-

calibrated glass thermometer and evaluated against Apex readouts, with twice weekly 

calibration. Temperature was recorded by the Apex system and at 5-minute intervals with 

HOBO ProV2 Loggers (Onset, Bourne, MA) throughout the duration of the experiment, 
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except for the moderate variability treatment, which is missing data for the heat challenge 

and recovery periods due to a failed logger. Experimental temperature data presented here 

is HOBO logger data corrected to the calibrated Apex data, as this is the most complete 

temperature record across all treatments. Differences in daily temperature parameters 

(variability, mean, maximum, and minimum) across treatments during the 50-day DTV 

treatment were determined using a one-way ANOVA with Tukey’s HSD post-hoc tests 

(Figure A2-8; Table A2-11). 

A2.1.2. Profiling of prokaryotic and Symbiodiniaceae communities 

ITS2 primers included the forward SYM_VAR_5.8S2 (5’ - TCGTCGGCAGCGTC 

AGATGTGTATAAGAGACAG NNNN GTGAATTGCAGAACTCCGTG - 3’) (B. 

Hume et al. 2015) and the reverse SYM_VAR_REV (5’ - GTCTCGTGGGCTCGG 

AGATGTGTATAAGAGACAG NNNN CCTCCGCTTACTTATAGCTT 3’) (B. Hume 

et al. 2013). 16S primers included the forward Hyb515F (5’-TCGTCGGCAGCGTC 

AGATGTGTATAAGAGACAG NNNN GTGYCAGCMGCCGCGGTAA-3′) (Parada, 

Needham, and Fuhrman 2016) and the reverse Hyb806R (5’-GTCTCGTGGGCTCGG 

AGATGTGTATAAGAGACAG NNNN GGACTACNVGGGTWTCTAAT-3’) (Apprill 

et al. 2015). Underlined bases denote adapter linker, bold bases are primer sequences, and 

the middle bases are spacer sequences. Both ITS2 and 16S PCR reactions totaled 30 μl and 

included 30 ng of template DNA, 1 μM forward primer, 1 μM reverse primer, 0.2 mM 

dNTP, 1X ExTaq buffer (Takara), 0.025 U ExTaq enzyme (Takara), and the remaining 

Milli-Q H2O (Millipore). For ITS2 primers, the reaction profile cycled at 95°C for 40 

seconds, 59°C for 120 seconds, and 72°C for 60 seconds for 28 cycles and a final 
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elongation step of 72°C for 7 minutes. The reaction profile for 16S primers cycled at 95°C 

for 40 seconds, 58°C for 120 seconds, and 72°C for 60 seconds for 32 cycles with a final 

elongation step of 72°C for 5 minutes. For 16S, two negative controls using water were 

prepared and later used to remove contaminant sequences. PCR products were purified 

using GeneJET PCR Purification kits (ThermoFisher) eluted in 30 µl. Each PCR product 

was uniquely barcoded, subjected to five PCR cycles, and visualized on a 1% agarose gel 

to assess relative concentrations. Samples were pooled in equal concentrations within 

libraries, and 25 µl of the pooled library was run on a 1% SYBR Green (Invitrogen) stained 

gel. The target band was excised and incubated with 30 µl of Milli-Q water overnight at 

4˚C. The ITS2 and 16S libraries were then quantified using a Quant-iT PicoGreen dsDNA 

assay kit (Thermo Fisher), pooled based on concentration (1:3 ITS2 and 2:3 16S) and 

submitted for paired-end 250bp sequencing on an Illumina Miseq at TUCF. 

A2.2. Supplementary Results 

A2.2.1. Aquaria conditions 

Following the end of DTV conditions, temperatures in all aquaria were brought to 

the thermal minimum and then increased 1°C per day to an 8-day heat challenge treatment 

with mean (± standard error) temperature across all treatments of 31.82 (± 0.003) °C. 

Subsequently, temperatures were decreased by 1°C per day to recovery conditions, which 

were maintained for 16 days at a mean (± standard error) of 29.42 (± 0.004) °C (Figure 3-

1). Following the recovery period, all coral fragments were frozen.  
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A2.2.2. Diel temperature variability did little to structure algal and microbial 

communities 

The core microbiome consisted of five bacterial ASVs. Dispersion in the core 

microbiome was not significantly different based on DTV treatment (Pdis=0.18; Figure 

A2-7b) or host lineage (Pdis=0.61; Figure A2-6b). Additionally, there was no spatial 

structure in core microbiome communities based on DTV treatment (ADONIS p=0.12; 

Figure A2-7b) or host lineage (ADONIS p=0.70; Figure A2-6b). The accessory microbiome 

consisted of 636 ASVs. Dispersion of this community was not significantly altered by DTV 

treatment (Pdis=0.20; Figure A2-7c); however, it was significantly more constrained in L1 

compared to L2 (Pdis=0.012; Figure A2-6c). Additionally, the accessory microbiome 

community was significantly different across DTV treatments (ADONIS p=0.004; Figure 

A2-7c) and host lineages (ADONIS p = 0.006; Figure A2-6c). Similar to the patterns 

observed with all ASVs, accessory microbiomes of corals in the control treatment were 

significantly different from those in low (ADONIS p=0.007), moderate (ADONIS p=0.005), 

and high variability (ADONIS p=0.008) DTV treatments (Figure A2-7c). All microbiome 

spatial statistics are reported in Table A2-8. 

There were four differentially abundant microbial taxa across DTV treatments, all 

of which were more abundant in control treatment relative to variability treatments (Figure 

A2-7d). These taxa included two ASVs in the Order “SAR11 clade” (Families “Clade I” 

and “Clade III”), an ASV of Class “Parcubacteria”, and an ASV of the Family 

“Flavobacteriaceae”, classified as Tenacibaculum mesophilum. Additionally, there were 

two differentially abundant taxa identified across host lineages. An ASV in the Order 
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“SAR11 clade” (Family “Clade III”) was more abundant in L2 compared to L1, and an 

ASV in the family “Rhodanobacteraceae”, classified as Dyella thiooxydans, was more 

abundant in L2 compared to L1 (Figure A2-6d).  
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A2.3. Supplementary Figures 

 

Figure A2-1. 
Presence of three cryptic lineages of a Siderastrea siderea species complex in Bocas del 
Toro Reef Complex with distinct phenotypes. (a) Identity by state (IBS) cluster 
dendrogram of all samples. The gray box highlights one putative clonal pair (I4G and I4F), 
which occur at the same height as the technical replicates (indicated by identical sample 
name). (b) IBS cluster dendrogram with technical replicates and one putative clone 
removed (I4F). The dashed line at height = 0.265 represents the cutoff for lineage 
assignment, with lineages 1-3 (L1, L2, L3) indicated with purple boxes. (c) Mean corallite 
area (mm2) ± standard error from corals from all collection sites showcasing that lineage 1 
(L1; n = 29) had the smallest corallite area, followed by lineage 2 (L2; n = 16; Tukey HSD 
p < 0.0001) and then lineage 3 (L3; n = 3; Tukey HSD p = 0.015). (d) These same 
differences in mean corallite area ± standard error were observed when considering L1 (n 
= 4) and L2 (n = 4) that co-occur at Cristobal Island (CI). Letters indicate statistical 
differences in corallite area between lineages according to Tukey HSD post-hoc tests. 
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Figure A2-2. 
Little effect of prior diel temperature variability (DTV) treatment on growth or 
photochemical efficiency under heat challenge. (a) Percent change in weight by host 
cryptic lineage over the course of the heat challenge and recovery portions of the 
experiment, measured as % change in weight (y-axis) across previous DTV treatment (x-
axis). Large points represent mean ± standard error of percent growth for each lineage 
across the previous DTV treatments, and smaller points represent an individual fragment’s 
growth. (b) Photochemical efficiency (Fv/Fm) across seven time points throughout the end 
of DTV treatment, heat stress (red shaded) and recovery (blue shaded) time points. Points 
represent mean ± standard error in Fv/Fm for each DTV treatment. Sample sizes for (a) 
and (b) are reported in Tables A2-6 and A2-10, respectively. 
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Figure A2-3. 
Symbiodiniaceae communities driven by cryptic host lineage and site of origin, not 
diel temperature variability (DTV). (a) Bar plots of Symbiodiniaceae majority ITS2 
sequence relative abundance data, colored by genera. Defining intragenomic variants 
(DIVs) were summed by majority ITS2 sequence before calculating relative abundances. 
Nine DIVs matched C1 (Symbiodinium goreaui), two DIVs matched C3 (no associated 
species), five DIVs matched D1 (Durusdinium trenchii), and one DIV matched each of the 
B19, C3af, and C15 majority ITS2 sequences. Bar plots are faceted by lineage (L1 = dark 
purple, L2 = light purple) within DTV treatment (Control (0°C), Low-Var (2°C), Mod-Var 
(3°C), and High-Var (4°C)). Each column of the bar plots represents a coral individual, 
and color blocks under the plots represent the site of origin for each individual (site colors 
as in Figure 3-2). (b-d) Bray-Curtis dissimilarity principal coordinate analyses (PCAs) of 
Symbiodiniaceae community relative abundance data by site of origin (b), DTV treatment 
(c), and host lineage (d). DTV treatment colors represent the degree of variability, with 
darker hues of red representing higher variability treatments, and treatments also being 
distinguished by shapes.  
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Figure A2-4. 
Holobiont phenomes structured by site of origin but not dominant ITS2 type. Principal 
component analyses (PCA) of log-transformed holobiont phenomes following 50 days in 
DTV treatment. Colors represent site of origin (a: closed shapes/green shades representing 
offshore sites and open shapes/brown shades representing inshore sites) or dominant ITS2 
type (b). In (b), shapes represent the cryptic host lineage (L1=open circle, L2=open 
triangle). Phenotypes include percent change in weight through 50 days in DTV (growth), 
total protein (prot; mg cm-2), host and symbiont carbohydrate (hcarb and scarb, 
respectively; mg cm-2), chlorophyll a (chlA; µg cm-2), symbiont density (syms; cells cm-

2), and photochemical efficiency of photosystem II (pam). Only individuals with data for 
all phenotypes were included (N=97), and x- and y- axes represent the % variance 
explained by the first and second principal component, respectively. 
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Figure A2-5. 
Microbiome diversity is not influenced by cryptic host lineage or diel temperature 
variability (DTV) treatment. Diversity metrics, including Shannon index (a,e), Inverse 
Simpson index (b,f), ASV richness (c,g), and Evenness (d,h), presented by cryptic host 
lineage (a-d) and DTV treatment (e-h). All diversity metrics were calculated using cleaned 
data (contaminant ASVs removed, but not trimmed or rarefied). Colors represent lineage 
(a-d: dark purple = L1, light purple = L2) or DTV treatment (e-h: control = gray, low 
variability [Low Var] = light red, moderate variability [Mod Var] = medium red, and high 
variability [High Var] = dark red). Sample sizes for each lineage are N=96 (L1) and N=60 
(L2). Sample sizes for each DTV treatment are N=39 (Control), N=35 (Low Var), N=45 
(Mod Var), N=37 (High Var).   
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Figure A2-6. 
Coral microbiomes are stable across cryptic host lineages. Bray-Curtis dissimilarity 
principal coordinate analyses (PCAs) of coral microbiomes for all ASVs (a), core ASVs 
(b), and accessory ASVs (c). Ellipses in (a-c) represent 95% confidence intervals, ADONIS 
P-values indicate significant community differences, and PDIS values compare dispersion 
across lineages. (d) Two differentially abundant ASVs across lineage determined based on 
ANCOM’s W-statistic (>0.6 cut-off), presented at the level of Family. All plots are based 
on trimmed and rarefied relative abundance data with N=149 samples. 
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Figure A2-7. 
Coral microbiomes shift in response to daily temperature variability (DTV). Bray-
Curtis dissimilarity principal coordinate analyses (PCAs) of coral microbiomes colored by 
DTV treatment for all ASVs (a), core ASVs (b), and accessory ASVs (c). Ellipses in (a-c) 
represent 95% confidence intervals, ADONIS P-values indicate significant community 
differences, and PDIS values compare dispersion across DTV treatments. (d) Four 
differentially abundant ASVs across DTV treatment determined based on ANCOM’s W-
statistic (>0.6 cut-off), presented at the level of Family. All plots are based on trimmed and 
rarefied relative abundance data with N=149 samples. 
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Figure A2-8. 
Temperature characteristics of diel temperature variability (DTV) treatments. 
Temperature data recorded using HOBO loggers for the duration of the 50-day DTV 
experiment (September 22, 2016 - November 10, 2016). For all box plots, each point 
represents one day of temperature data per treatment. Temperature metrics include: (a) diel 
temperature variability (DTV), (b) daily mean temperatures, (c) daily maximum 
temperatures, and (d) daily minimum temperatures. Distinct letters indicate significant 
differences in temperature parameters from ANOVA and Tukey’s HSD post-hoc tests. 
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Table A2-1. 
In situ site metadata and ex situ experimental treatment conditions.  
(A) Site ID, type, and GPS coordinates for sites where Siderastrea siderea (N=9 
colonies/site) were collected across the Bocas del Toro Reef Complex, Panamá (SP=STRI 
Point, PD=Punta Donato, CI=Cristobal Island, CA=Cayo de Agua, BN=Bastimentos 
North, and BS=Bastimentos South). Average, minimum, and maximum daily temperature 
parameters (°C) are reported for four sites where temperature loggers were recovered (SP, 
PD, CI, and CA). When error is shown, values represent means ± standard error (SE). 
When no error is shown, values represent maximum values. (B) All values are reported as 
overall means of the daily mean ± standard deviation of the temperature parameters 
throughout the 50-day diel temperature variability (DTV) treatments. DTV treatments were 
statistically distinct (all pairwise comparison p-values<0.0001), as were mean temperatures 
(all pairwise comparison p-values<0.0001). Daily maximum temperatures increased with 
variability treatments (all pairwise comparison p-values<0.0001), and daily minimum 
temperatures were lower in all variability treatments compared to the control. 

A) In situ site metadata 

Site Type GPS Daily 
Mean 

Daily 
Min 

Daily 
Max 

DTV Max DTV Overall 
Max 

SP Inshore 9.352434,  
-82.264553 

29.32 ± 
0.040℃ 

29.07 ± 
0.040℃ 

29.63 ± 
0.042℃ 

0.56 ± 
0.011℃ 

1.26℃ 31.59℃ 

PD Inshore 9.36924, 
-82.364037 

29.71 ± 
0.043℃ 

29.37 ± 
0.043℃ 

30.08 ± 
0.045℃ 

0.70 ± 
0.012℃ 

1.32℃ 32.15℃ 

CI Inshore 9.2654486, 
-82.243511 

29.89 ± 
0.047℃ 

29.39 ± 
0.045℃ 

30.58 ± 
0.056℃ 

1.18 ± 
0.029℃ 

2.86℃ 33.55℃ 

CA Offshore 9.193858, 
-82.053951 

29.48 ± 
0.047℃ 

29.02 ± 
0.044℃ 

29.99 ± 
0.052℃ 

0.98 ± 
0.020℃ 

2.41℃ 32.43℃ 

BN Offshore 9.348495, 
-82.176505 

N/A N/A N/A N/A N/A N/A 

BS Offshore 9.287438, 
-82.092315 

N/A N/A N/A N/A N/A N/A 

B) Ex situ experimental conditions (Figure A2-8) 

Treatment Variability Mean Maximum Minimum 

Control 0.43 ± 0.30 29.45°C 
± 0.084 

29.59°C ± 0.11 28.48°C ± 0.31 

Low Var 1.81°C ± 0.17 29.15°C 
± 0.092 

30.20°C ± 0.19 27.67°C ± 0.09 
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Mod Var 2.88°C ± 0.13 31.28°C 
± 0.19 

31.28°C ± 0.19 27.63°C ± 0.11 

High Var 4.10°C ± 0.62 32.41°C 
± 0.49 

32.41°C ± 0.49 27.61°C ± 0.38 
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Table A2-2. 
ANOVA and Tukey’s HSD results for daily in situ temperature data presented in Figure 3-
1b. Explicit models are listed under each section for the metric being considered. Sum 
Sq=sum of squares, Mean Sq=mean square of the error, DF=degrees of freedom. For Tukey 
HSD outputs, estimate, lower, and upper columns represent the difference between the 
compared mean values and 95% confidence intervals. Punta Donato=PD, STRI Point=SP, 
Cristobal Island=CI, Bastimentos North=BN, Bastimentos South=BS, Cayo de Agua=CA.  

Daily in situ Temperature Statistics (Figure 3-1b) 

Factor/Comparison DF Sum Sq Mean Sq F-value P-value 

Daily Range Model = aov(DailyRange ~ site of origin) 

 3 85.08 28.359 204.6 <2e-16 

Tukey HSD Estimate Lower Upper P-value 

PD-SP 0.144 0.073 0.215 1.2e6 

CA-SP 0.417 0.346 0.488 0 

CI-SP 0.623 0.552 0.694 0 

CA-PD 0.273 0.202 0.344 0 

CI-PD 0.479 0.409 0.550 0 

CI-CA 0.206 0.136 0.277 0 

Daily Mean Model = aov(DailyMean ~ site of origin) 

 3 70.8 23.61 32.83 <2e-16 

Tukey HSD Estimate Lower Upper P-value 

PD-SP 0.390 0.229 0.551 0 

CA-SP 0.160 -0.002 0.321 0.053 

CI-SP 0.578 0.416 0.739 0 

CA-PD -0.231 -0.392 -0.069 0.001 

CI-PD 0.187 0.026 0.349 0.015 

CI-CA 0.418 0.257 0.579 0 
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Table A2-3. 
PERMANOVA results for the effect of site of origin on 2bRAD identity by state (IBS) 
matrix presented in Figure 3-2b. Explicit model is listed. Sum Sq=sum of squares, R2 
indicates the percentage of the variance explained. 

2bRAD PERMANOVA (Figure 3-2b) 

Factor/Comparison DF Sum Sq R2 F-Value P-Value 

 Model = adonis(IBS_Matrix ~ site_of_origin) 

Site of origin 5 0.40473 0.21067 2.3487 0.001 
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Table A2-4. 
PERMANOVA results from holobiont phenome data presented in Figure 3-2c, Figure 3-
3a-b, and Figure A2-4. Explicit models are listed under each section for the time point 
being considered (Initial and End of diel temperature variability [DTV] treatment). Sum 
Sq=sum of squares, Mean Sq=mean square of the error, DF=degrees of freedom, 
R2=percentage of variance explained, Omega-sq=effect size. N=42 for initial time point 
and N=97 for end of DTV time point.  

Holobiont Phenome Physiology PERMANOVA Statistics (Figure 3-2c, Figure 3-3a-b & Figure 
A2-4) 

Factor/ 
Comparison 

DF Sum Sq Mean Sq F-Value R2 Omega-sq P-value 

Initial (T0) Model = adonis(scores ~ lineage + site_of_origin) 

Lineage 1 0.031 0.031 20.837 0.333 0.321 9.99e-05 

Site of origin 5 0.010 0.002 1.364 0.109 0.042 0.190 

End of DTV Model = adonis(scores ~ lineage + dominant_sym + dtv_treatment + 
site_of_origin) 

Lineage 1 0.032 0.032 10.67 0.088 0.091 0.0002 

Dominant symbiont 3 0.004 0.001 0.406 0.010 -0.019 0.905 

Treatment 3 0.036 0.014 4.57 0.113 0.099 0.0009 

Site of origin 5 0.249 0.007 2.43 0.100 0.067 0.010 
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Table A2-5. 
Linear model and Tukey’s HSD results for corallite area differences across lineages, 
presented in Figure A2-1. The explicit model is listed. DF=degrees of freedom, 
SE=standard error. L1=lineage 1, L2=lineage 2, L3=lineage 3.  

Corallite Area Statistics (Figure A2-1) 

Factor/Comparison Estimate SE DF T-value P-value 

Corallite Area Model = lmer(corallite_area ~ lineage + (1|genet)) 

Intercept 8.7252 0.3435 44.7154 25.404 <2e-16 

Lineage (L2) 5.1702 0.5718 44.8748 9.042 1.13e-11 

Lineage (L3) 8.5199 1.1102 44.9221 7.674 1.04e-09 

Tukey HSD Estimate SE DF T-value P-value 

L1 – L2  -5.17 0.574 44.2 -9.009 <0.001 

L1 – L3  -8.52 1.111 44.5 -7.666 <0.001 

L2 – L3  -3.35 1.151 44.6 -2.911 0.0152 
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Table A2-6. 
Linear model results for coral growth data presented in Figures 3-3c and A2-2a. Explicit 
models are listed under each section for the time point being considered (during variability, 
or during heat stress and recovery). Low Variability=Low Var, Moderate Variability=Mod 
Var, High Variability=High Var. Sample sizes are as follows during variability: Control 
DTV (L1=24, L2=15), Low Var (L1=22, L2=14), Mod Var (L1=25, L2=18), High Var 
(L1=22, L2=17). Sample sizes are as follows during heat stress and recovery: Control DTV 
(L1=24, L2=13), Low Var (L1=21, L2=12), Mod Var (L1=25, L2=17), High Var (L1=22, 
L2=17).  

Coral Growth Statistics (Figure 3-3c & Figure A2-2a) 

Factor/Comparison Estimate Std. Error DF T-value P-value 

During Variability Model = lmer(growth ~ treatment + lineage + (1|genet)) 

Intercept 1.3703 0.238 85.13 5.77 1.25e-07 

Treatment(Low Var)  0.288 0.218 112.26 1.32 0.19 

Treatment(Mod Var) 0.580 0.207 111.54 2.80 0.006 

Treatment(High Var) 0.581 0.214 112.33 2.72 0.008 

Lineage(L2) -0.675 0.320 45.27 -2.11 0.04 

During Heat Stress 
+ Recovery 

Model = lmer(growth ~ treatment + lineage + (1|genet)) 

Intercept 2.302 0.240 94.86 9.575 1.34e-15 

Treatment(Low Var)  0.085 0.249 108.97 0.339 0.735 

Treatment(Mod Var) 0.285 0.232 107.33 1.25 0.223 

Treatment(High Var) 0.248 0.237 107.49 1.044 0.299 

Lineage(L2) -1.18 0.310 45.23 -3.822 0.0004 
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Table A2-7. 
ANOVA results from microbiome diversity data, including separate analyses for Shannon 
Index, Simpson Index, OTU Richness, and Evenness, presented in Figure A2-5. Explicit 
models are listed under each section for the data being considered. Sum Sq=sum of squares, 
DF=degrees of freedom.  

Microbiome Diversity Statistics (Figure A2-5) 

Shannon Index 

Factor/Comparison DF Sum Sq Mean Sq F-value P-value 

 Model = aov(Shannon ~ DTV treatment + lineage) 

DTV Treatment  3 2.81 0.9362 1.006 0.392 

Lineage 1 0.15 0.1530 0.164 0.686 

Simpson Index 

 Model = aov(Simpson ~ DTV treatment + lineage) 

DTV Treatment  3 1.40 0.4651 0.658 0.579 

Lineage 1 0.39 0.3872 0.547 0.461 

OTU Richness 

 Model = aov(Richness ~ DTV treatment + lineage) 

DTV Treatment 3 6.50 2.1655 2.188 0.0918 

Lineage 1 0.08 0.0800 0.081 0.7766 

Evenness 

 Model = aov(Evenness ~ DTV treatment + lineage) 

DTV Treatment 3 0.0496 0.016546 1.134 0.337 

Lineage 1 0.0064 0.006379 0.437 0.509 
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Table A2-8. 
Betadispersion and PERMANOVA results from microbiome data, including separate 
analyses for core taxa, accessory taxa, and all ASVs, presented in Figures A2-6 and A2-7. 
Explicit models are listed under each section for the data being considered. Sum Sq=sum 
of squares, DF=degrees of freedom, R2=percentage of variance explained. 

Microbiome Spatial Statistics (Figures A2-6, A2-7) 

Core Microbiome Dispersion 

Factor/Comparison DF Sum Sq Mean Sq F-value P-value 

 Model = betadisper(distance.coretaxa ~ DTV treatment) 

DTV Treatment 3 0.2115 0.070495 1.6587 0.1786 

 Model = betadisper(distance.coretaxa ~ lineage) 

Lineage 1 0.0108 0.010836 0.2556 0.6139 

Core Microbiome Spatial Structure 

Factor/Comparison DF Sum Sq R2 F-Value P-value 

 Model = adonis(core.taxa ~ DTV treatment + lineage, 
permutations = 999) 

DTV Treatment 3 0.3886 0.03698 1.84759 0.123 

Lineage 1 0.0237 0.00226 0.33801 0.703 

Accessory Microbiome Dispersion 

Factor/Comparison DF Sum Sq Mean Sq F-value P-value 

 Model = betadisper(distance.accessorytaxa ~ DTV treatment) 

DTV Treatment 3 0.009255 0.0030849 1.5509 0.2039 

 Model = betadisper(distance.accessorytaxa ~ lineage) 

Lineage 1 0.010496 0.0104957 6.398 0.01248 

Accessory Microbiome Spatial Structure 

Factor/Comparison DF Sum Sq R2 F-Value P-value 

 Model = adonis(accessory.taxa ~ DTV treatment + lineage, 
permutations = 999) 

DTV Treatment 3 1.871 0.02911 1.4571 0.004 

Lineage 1 0.761 0.01185 1.7791 0.006 
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All ASVs Dispersion 

Factor/Comparison DF Sum Sq Mean Sq F-value P-value 

 Model = betadisper(distance. taxa ~ DTV treatment) 

DTV Treatment  3 0.0346 0.011536 0.3152 0.8144 

 Model = betadisper(distance. taxa ~ lineage) 

Lineage 1 0.0371 0.037137 1.133 0.2889 

All ASVs Spatial Structure 

Factor/Comparison DF Sum Sq R2 F-Value P-value 

 Model = adonis(accessory.taxa ~ DTV treatment + lineage, 
permutations = 999) 

DTV Treatment 3 1.196 0.03182 1.5971 0.035 

Lineage 1 0.449 0.01194 1.7988 0.060 
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Table A2-9. 
Betadispersion and PERMANOVA results from Symbiodiniaceae spatial data, presented 
in Figure A2-3. Explicit models are listed under each section for the data being considered. 
Sum Sq=sum of squares, DF=degrees of freedom, R2=percentage of variance explained.  

Symbiodiniaceae Spatial Statistics (Figure A2-3) 

Symbiodiniaceae Dispersion 

Factor/Comparison DF Sum Sq Mean Sq F-value P-value 

 Model = betadisper(distance.its2 ~ DTV treatment) 

DTV Treatment 3 0.00413 0.0013761 0.2562 0.8568 

 Model = betadisper(distance its2 ~ lineage) 

Lineage 1 0.0356 0.035633 0.9397 0.3339 

 Model = betadisper(distance its2 ~ site) 

Site of origin 5 1.3691 0.27382 1.8048 0.1152 

Symbiodiniaceae Spatial Structure 

Factor/Comparison DF Sum Sq R2 F-Value P-value 

 Model = adonis(core.taxa ~ DTV treatment + site + lineage, 
permutations = 999) 

DTV Treatment 3 0.973 0.01574 1.0206 0.402 

Site of origin 5 13.595 0.21989 8.5538 0.001 

Lineage 1 0.849 0.01373 2.6712 0.025 
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Table A2-10. 
Linear model results for photochemical efficiency (Fv/Fm) data presented in Figures 3-
4a,c and Figure A2-2b. Explicit model is listed. Sample sizes for each treatment are as 
follows: Control (N=27), Low Variability (N=33), Moderate Variability (N=29), High 
Variability (N=31).  

Photochemical Efficiency (Fv/Fm) Statistics (Figure 3-4a,c & Figure A2-2b) 

Factor/Comparison Chi Sq DF P-value 

Model = lmer(fvfm ~ time*lineage*dominant_sym*dtv_treatment + 1|genet) 

Time 89.69 6 <2e-16 

Lineage 7.517 1 0.006 

Dominant Symbiont 39.056 3 1.689e-8 

Treatment 7.866 3 0.049 

Time*Lineage 8.124 6 0.229 

Time*Dominant Symbiont 52.16 18 3.532e-5 

Lineage*Dominant Symbiont 0.043 1 0.835 

Time*Treatment 34.52 18 0.011 

Lineage*Treatment 3.944 3 0.268 

Dominant Symbiont *Treatment 64.92 7 1.564e-11 

Time*Lineage*Dominant Symbiont 17.65 6 0.007 

Time*Lineage*Treatment 8.754 18 0.965 

Time*Dominant Symbiont*Treatment 36.33 42 0.718 

Lineage*Dominant Symbiont*Treatment 2.782 3 0.427 

Time*Lineage*Dominant Symbiont*Treatment 16.36 18 0.567 
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Table A2-11. 
ANOVA and Tukey’s HSD results for ex situ experiment temperature data presented in 
Figure A2-8. Explicit models are listed under each section for the temperature metric being 
considered. Sum Sq=sum of squares, Mean Sq=mean square of the error, DF=degrees of 
freedom, SE=standard error. For Tukey HSD outputs, estimate, lower, and upper columns 
represent the difference between the compared mean values and 95% confidence intervals.  

Daily DTV Treatment Temperature Statistics (Figure A2-8) 

Factor/Comparison DF Sum Sq Mean Sq F-value P-value 

Daily Range Model = aov(DailyRange ~ treatment) 

DTV Treatment 3 365 121.67 929.4 <2e-16 

Tukey HSD Estimate Lower Upper P-value 

Low Var - Control 1.377 1.189 1.564 0 

Mod Var - Control 2.453 2.265 2.640 0 

High Var - Control 3.665 3.477 3.852 0 

Mod Var - Low Var 1.076 0.889 1.264 0 

High Var - Low Var 2.288 2.100 2.475 0 

High Var - Mod Var 1.212 1.024 1.399 0 

Factor/Comparison DF Sum Sq Mean Sq F-value P-value 

Daily Mean Model = aov(DailyMean ~ treatment) 

DTV Treatment 3 11.102 3.701 127.6 <2e-16 

Tukey HSD Estimate Lower Upper P-value 

Low Var - Control -0.294 -0.382 -0.205 0 

Mod Var - Control -0.046 -0.134 0.043 0.540 

High Var - Control 0.366 0.278 0.454 0 

Mod Var - Low Var 0.248 0.160 0.336 0 

High Var - Low Var 0.660 0.571 0.748 0 

High Var - Mod Var 0.412 0.323 0.500 0 

Factor/Comparison DF Sum Sq Mean Sq F-value P-value 

Daily Minimum Model = aov(DailyMin ~ treatment) 
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DTV Treatment 3 23.83 7.942 121.8 <2e-16 

Tukey HSD Estimate Lower Upper P-value 

Low Var - Control -0.769 -0.902 -0.637 0 

Mod Var - Control -0.762 -0.894 -0.630 0 

High Var - Control -0.849 -0.981 -0.716 0 

Mod Var - Low Var 0.007 -0.125 0.139 0.999 

High Var - Low Var -0.079 -0.212 0.053 0.408 

High Var - Mod Var -0.086 -0.219 0.046 0.330 

Factor/Comparison DF Sum Sq Mean Sq F-value P-value 

Daily Maximum Model = aov(DailyMax ~ treatment) 

DTV Treatment 3 230.94 76.98 956.1 <2e-16 

Tukey HSD Estimate Lower Upper P-value 

Low Var - Control 0.608 0.460 0.755 0 

Mod Var - Control 1.690 1.544 1.838 0 

High Var - Control 2.816 2.669 2.963 0 

Mod Var - Low Var 1.083 0.936 1.230 0 

High Var - Low Var 2.209 2.061 2.356 0 

High Var - Mod Var 1.125 0.978 1.272 0 
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 APPENDIX 3: CHAPTER 4 SUPPLEMENT 

A3.1. Supplementary Figures 

 

 
Figure A3-1. 
Identity by state (IBS) cluster dendrograms of Oculina arbuscula fragments, both with (a) 
and without (b) genotype A. (b) IBS cluster dendrogram indicates three putative clonal 
groups each containing more than one putative genotype, identified with black boxes. The 
dashed line at height = 0.19 represents the cutoff for clone assignments, and the remaining 
groups outside of the three boxes indicate replicate fragments from the same genotype 
distributed across temperature challenge treatments. Sample IDs include information on 
genotype, fragment number, temperature challenge treatment, and symbiotic state. All 
samples start with ‘O’, indicating the coral species O. arbuscula, followed by a second 
letter denoting genet and a number, which denotes the fragment number. The letter 
following the first ‘_’ indicates temperature treatment (C = control, F = cold, H = heat) and 
the final letter indicates symbiotic state (W = aposymbiotic (white), B = symbiotic 
(brown)). 
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Figure A3-2. 
Bar plots of Symbiodiniaceae defining intragenomic variants (DIVs) hosted by Oculina 
arbuscula, colored by DIV. Each column of the bar plot represents one O. arbuscula 
fragment. Sample names include genotype, fragment number, temperature treatment (C = 
control, F = cold challenge, H = heat challenge), and symbiotic state (W = aposymbiotic 
(white), B = symbiotic (brown)). For example, A4_C_W can be interpreted as follows: 
genotype A, fragment 4, control treatment, aposymbiotic. 
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Figure A3-3. 
Ex hospite Breviolum psygmophilum cell growth to establish semi-continuous growth 
methodology. (a). Cell density through time during a test experiment to determine timing 
of exponential and stationary growth phases of B. psygmophilum cultures under control 
conditions (18°C). The three replicate flasks reached stationary phase on approximately 
day 12, which informed later transfers to fresh media on day 10 (b,c) to maintain cultures 
in the exponential growth phase following semi-continuous culturing methodology. (b,c) 
Cell density through time during the ex hospite photobiont experiment, where transfers to 
fresh media occurred on day 10. The same data are presented in both panels b and c, but 
data are aggregated across replicate flasks in panel b while data from all individual flasks 
are shown in panel c. 
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A3.2. Supplementary Tables 

Table A3-1. 
Oculina arbuscula and Breviolum psygmophilum holobiont sequencing information. 
Sample names (Oculina_ID) indicate genotype, fragment number, temperature treatment 
(C = control, F = cold challenge, H = heat challenge), and symbiotic state (W = 
aposymbiotic (white), B = symbiotic (brown)). RawReads indicate the number of reads 
from the unfiltered fastq file. TrimmedReads indicate the number of reads remaining after 
filtering. MappedReads are the number of reads aligning one time to the concatenated O. 
arbuscula and B. psygmophilum reference transcriptome. HostCounts and SymCounts 
indicate the O. arbuscula and B. psygmophilum counts used in DESeq, respectively. 
Asterisks next to sample ID’s indicate samples that were removed, either because they were 
clones (genotypes O, L, K, A) or because of apparent sequencing failure (genotype A). 
Oculina_ID RawReads TrimmedReads MappedReads HostCounts SymCounts 

OA4_C_W* 713004 81024 12147 18323 1089 

OA5_F_W* 3804138 957178 163218 221233 40560 

OA6_H_W* 6953917 1294706 236223 344287 26010 

OC4_F_B 3129577 934048 186743 288914 17844 

OC5_H_B 2795155 724676 130277 180792 26135 

OC9_C_B 5259035 1208042 205301 318337 22893 

OD4_C_B 3136756 951626 164800 255933 21264 

OD5_F_B 6030497 1673236 334379 526111 37542 

OD6_H_B 3724669 1008182 179415 271569 18113 

OE10_F_W 4196932 1245305 226276 380053 16239 

OE11_C_W 3308942 909105 164122 244119 26366 

OE3_H_W 4162845 1317354 232765 372206 20520 

OF7_C_B 2097443 605880 115258 156872 20246 

OF8_F_B 2937370 969666 179015 297083 12948 

OF9_H_B 12787828 1776900 281666 438839 25337 

OH11_F_W 2126834 693351 196295 209505 9177 

OH15_H_W 8292392 2165705 126032 534770 43978 

OH1_C_W 3782080 1130597 354041 303477 28026 

OI1_C_B 8138535 2203496 419720 657766 47404 

OI2_F_B 4702871 1418771 271742 417661 39203 

OI3_H_B 3848414 897870 148130 232085 13119 

OJ13_C_B 6221360 1833913 341585 525116 38777 
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OJ14_F_B 8008008 2142125 406134 640399 40860 

OJ15_H_B 2255126 724997 137730 189255 32169 

OK1_C_W* 833657 321054 50955 84859 4020 

OK2_F_W* 6949550 1199628 204041 354591 6864 

OK3_H_W* 1802139 660720 114659 194220 6332 

OL6_C_B* 3668299 1077721 205720 304863 31519 

OL7_F_B* 4727630 1335005 256529 398154 33031 

OL8_H_B* 2466305 790985 146068 216377 15962 

OM1_C_B 7295614 1938251 350216 528331 37088 

OM2_F_B 1853944 619682 121936 180069 15985 

OM3_H_B 2884074 871352 178897 224827 49798 

ON4_C_W 4824787 1355099 244121 404358 10913 

ON5_F_W 16246514 4022360 741401 1245818 16411 

ON6_H_W 4920306 790076 115833 197072 4483 

OO1_C_W* 5739490 1659319 288043 492086 7458 

OO2_F_W* 3620699 1177521 216080 364733 5697 

OP1_C_W* 5471120 1520681 260562 434079 13265 

OP2_F_W* 4596831 1275987 238375 409622 8280 

OP3_H_W* 6076638 1231158 209973 320730 25153 

OQ11_H_W 8004810 1825271 156895 378358 38204 

OQ1_C_W 3568498 969113 253911 269162 5799 

OQ4_F_W 9668834 2864331 556904 897646 49375 

OR7_C_B 3930279 1070544 180214 284083 23315 

OR8_F_B 4983180 1287597 258211 392987 27428 

OR9_H_B 4230653 676034 95841 149213 12362 

 
 
 
 
 
 
 
  



	

	

185 

Table A3-2. 
Breviolum psygmophilum in culture (ex hospite) sequencing information. Culture 
names (Culture_ID) indicate the treatment and replicate number (1-4), and dashes after the 
replicate number (-1) represent cultures that were split on day 10 to maintain exponential 
growth using the semi-continuous method. Culture flasks in the cool treatment have four 
instead of eight replicates because the semi-continuous culture replicates were pooled to 
get enough RNA for sequencing. RawReads indicate the number of reads from the 
unfiltered fastq file. TrimmedReads indicate the number of reads remaining after filtering. 
Mapped reads are the number of reads aligning one time to the reference transcriptome. 
Counts indicate the B. psygmophilum counts used in DESeq, respectively. 

Culture_ID RawReads TrimmedReads MappedReads Counts 

Control-1-1 8576577 3445558 1077887 1285858 

Control-1 9322624 3355528 1056244 1259276 

Control-2-1 8949773 3374355 1032055 1229172 

Control-2 8092097 2439177 668422 806901 

Control-3-1 8013989 2765579 777245 931442 

Control-3 5053389 1720274 474485 571218 

Control-4-1 6743878 2309182 610653 728048 

Control-4 6924866 2023393 505631 603137 

Cool-1 4595701 1541637 422413 484972 

Cool-2 5492316 2006782 611776 713239 

Cool-3 6490381 2798699 968135 1113555 

Cool-4 6515185 2871085 1015311 1184420 

Heat-1-1 5405332 2627373 887841 1060861 

Heat-1 7322437 2939714 975190 1144023 

Heat-2-1 7897004 2661411 830809 983978 

Heat-2 6252561 2847025 983662 1154335 

Heat-3-1 6653011 2909299 980661 1154315 

Heat-3 6055500 1875336 512730 606975 

Heat-4-1 7074897 2946953 1006165 1186170 

Heat-4 6879771 2115655 580844 684762 
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Table A3-3. 
Ortholog counts. Counts indicate the ortholog counts for Oculina arbuscula (.host Sample 
Name) and Breviolum psygmophilum (.sym Sample Name) counts used in DESeq. 

Sample Name Counts 

OC4_F_B.host 9218 

OC4_F_B.sym 1225 

OC5_H_B host 4509 

OC5_H_B.sym 1171 

OC9_C_B.host 7256 

OC9_C_B.sym 1526 

OD4_C_B host 6254 

OD4_C_B.sym 1287 

OD5_F_B host 17126 

OD5_F_B.sym 2384 

OD6_H_B.host 7742 

OD6_H_B.sym 951 

OE10_F_W.host 11097 

OE11_C_W.host 6058 

OE3_H_W host 9404 

OF7_C_B.host 4402 

OF7_C_B.sym 949 

OF8_F_B host 9618 

OF8_F_B.sym 1194 

OF9_H_B host 10815 

OF9_H_B.sym 1585 

OH1_C_W host 7007 

OH11_F_W.host 6764 

OH15_H_W.host 14051 

OI1_C_B host 16977 

OI1_C_B.sym 2383 

OI2_F_B host 13358 

OI2_F_B.sym 2561 
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OI3_H_B.host 5213 

OI3_H_B.sym 806 

OJ13_C_B.host 12743 

OJ13_C_B.sym 1852 

OJ14_F_B.host 18929 

OJ14_F_B.sym 2834 

OJ15_H_B host 5493 

OJ15_H_B.sym 1250 

OM1_C_B.host 10745 

OM1_C_B.sym 1890 

OM2_F_B.host 5445 

OM2_F_B.sym 930 

OM3_H_B host 5524 

OM3_H_B.sym 2175 

ON4_C_W host 10097 

ON5_F_W.host 36181 

ON6_H_W.host 4600 

OQ1_C_W host 6384 

OQ11_H_W.host 10828 

OQ4_F_W.host 28179 

OR7_C_B.host 7328 

OR7_C_B.sym 1380 

OR8_F_B.host 13392 

OR8_F_B.sym 1677 

OR9_H_B host 3565 

OR9_H_B.sym 740 
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