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Coral reefs, the planet’s most diverse marine ecosystems, are threatened globally by 

climate change and locally by overfishing and pollution. The dynamic partnership 

between coral and their endosymbiotic algae (Symbiodinium) is the foundation of all 

tropical reef ecosystems. Symbiodinium provide coral with nutrients for growth, but stress 

can break down this symbiosis, causing coral bleaching. There are also life-history trade-

offs amongst Symbiodinium types - some provide coral with more nutrition, while others 

are better able to cope with environmental stressors. Although these symbioses are 

believed to be a critical element of reef resilience, little is known about how local and 

global stressors alter these partnerships. In this thesis, I combine synthetic literature 

reviews and a meta-analysis, with field research, molecular analyses, bioinformatics, and 

statistical analyses to investigate environmentally-driven mechanisms of change in coral-

symbiont interactions with the aim of advancing understanding of how corals will adapt 

to the stressors they now face.  

 

First, I conducted a review of coral-Symbiodinium interactions, from molecules to 

ecosystems and summarized the current state of the field and knowledge gaps. Next, I 

conducted a meta-analysis of coral bleaching and mortality during El Niño events and 

created an open-source coral heat stress data product. I found that the 2015-2016 El Niño 

instigated unprecedented thermal stress on reefs globally, and that, across all El Niño 

events, coral bleaching and mortality were greater at locations with higher long-term 

mean temperatures. I provided recommendations for future bleaching surveys, and in a 
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related perspectives piece, highlighted the importance of survey timing during prolonged 

coral bleaching events. 

 

The latter three empirical chapters are based on my six field expeditions to Kiritimati 

(Christmas Island). Taking advantage of the atoll’s natural ecosystem-scale experiment, I 

tagged, sampled and tracked over 1,000 corals across its chronic human disturbance 

gradient. Since corals can uptake Symbiodinium from the surrounding environment, I first 

investigated the effect of local disturbance and winter storm waves on Symbiodinium 

communities in coral, sediment, and seawater. Greater variability in Symbiodinium 

communities at highly disturbed sites suggests that local disturbance destabilizes 

symbiont community structure. Since local disturbance influences Symbiodinium 

community structure and coral-associated microbial communities, I next examined the 

covariance of coral-associated Symbiodinium and microbial communities for six coral 

species across Kiritimati’s disturbance gradient. 

 

Most strikingly, I found corals on Kiritimati that recovered from globally unprecedented 

thermal stress, experienced during the 2015-2016 El Niño, while they were still at 

elevated temperatures. This is notable, because no coral has previously been documented 

to recover from bleaching while still under heat stress. Only corals protected from local 

stressors exhibited this capacity. Protected corals had distinct pre-bleaching algal 

symbiont communities and recovered with different algal symbionts, suggesting that 

Symbiodinium are the mechanism of resilience and that protection governs their 

communities.  

 

Together, this research provides novel evidence that local protection may be more 

important for coral resilience than previously thought, and that variability in symbiotic 

and microbial communities provides a potentially flexible mechanism for corals to 

respond to both local and global stressors. 
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Chapter 1  
Introduction 

 

Environmental change shapes ecological interactions and evolution at all scales 

(Levin 1992, Walther et al. 2002, Tylianakis et al. 2008, Gilman et al. 2010). Changes in 

the environment can act as macroevolutionary drivers of diversity dynamics, shaping 

ecosystem structure and altering the assemblage and distribution of species globally 

(Ezard et al. 2011, Condamine et al. 2013). The interaction between environmental stress 

and ecological communities is a persistent feature in biology (Menge & Olson 1990), but 

recently, human influences have introduced novel environmental changes (Williams & 

Jackson 2007), and accelerated processes such as climatic warming (Halpern et al. 2015). 

Since humans have instigated cascading effects on ecosystems at a global scale (e.g. 

Harley et al. 2006, Baum & Worm 2009, Post et al. 2009), it is important to understand 

the mechanisms of how these changes impact vital ecosystems.  

Environmental stressors often act in concert to shape ecosystem processes 

(Vinebrooke et al. 2004, Crain et al. 2008). A stressor is defined as: “any natural or 

anthropogenic pressure that causes a quantifiable change, whether positive or negative, in 

biological response” (Côté et al. 2016). Ecosystems can be simultaneously or sequentially 

impacted by different types of stressors, including physical stress (e.g. storms, natural 

warming cycles), biological stress (e.g. disease, competition), and human disturbance 

(e.g. overharvesting, pollution, climate-change amplified warming) (Menge & Sutherland 

1987, Hughes & Connell 1999). Environmental stressors can alter ecosystem structure at 

a large scale, by filtering species assemblages and reorganizing communities (Belyea & 

Lancaster 1999, Lebrija-Trejos et al. 2010). Multiple stressors can act to not only shape 
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spatial distributions of species, but can act antagonistically, additively, or synergistically 

to change ecological communities (Brook et al. 2008, Ban et al. 2014, Côté et al. 2016). 

Furthermore, when a community is exposed to multiple, compounded stressors, 

‘ecological surprises’ can occur, whereby ecosystem structure fundamentally changes in 

an unexpected way (Paine et al. 1998).  

Environmental stressors can affect the inherent resilience capacity in a system. 

Here, I define resilience following Holling (1973) as the capacity of a system to undergo 

both external and internal stressors while still maintaining structure, function, and 

feedbacks (Holling 1973, Graham et al. 2013). Resilience can be divided into two parts: 

resistance and recovery. Resistance is the ability of an organism or system to withstand 

environmental stressors while retaining vital functions, whereas recovery is the ability of 

an organism or system to regain these functions after they have been altered by stress or 

temporarily lost (Hodgson et al. 2015). Multiple stressors typically degrade resilience 

capacity (Nyström et al. 2000, Hughes et al. 2003, 2005, 2010). For example, in moss 

patch landscapes, disturbance and habitat loss together can cause a significant loss of 

ecosystem resilience that exceeds both individual and additive effects (Starzomski & 

Srivastava 2007). However, in some cases, one stressor may bolster resilience to another 

by selecting for communities that are co-tolerant to more than one type of stressor 

(Hughes & Connell 1999, Darling et al. 2010). This is important because some human-

caused environmental stressors are easier to address and manage than others. 

Consequently, understanding the relative importance of, and interactions between, 

different stressors can inform management priorities and targeted conservation strategies.  
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Stress can change fundamental ecological processes, such as competition and 

predation (Menge & Sutherland 1987), and recent research has also focused on the 

mechanisms underlying how stress influences mutualisms and symbioses, and how these 

interactions shape ecosystems (Bruno et al. 2003). For example, in forest ecosystems, soil 

heating during fire can simplify the community structure of ectomycorrhizal fungi on 

pine (Pinus muricata) seedlings by decreasing fungal diversity and increasing the 

abundance of a select number of fungal taxa, which may help to maintain diversity in 

fungal communities (Peay et al. 2009). In tidal ecosystems, drought caused by climate 

extremes can trigger the breakdown of a facultative mutualism between seagrass and 

burrowing clams, accelerating ecosystem degradation (de Fouw et al. 2016). In insects, 

heat stress can influence defensive symbioses (Corbin et al. 2017, Vorburger & Perlman 

2018), for example, decreasing aphid resistance to parasitoid wasps by influencing the 

secondary bacterial symbiosis (Bensadia et al. 2006). These cases exemplify progress 

made to understand how stress influences these interactions, but many questions remain 

regarding the effect of stress on symbiotic interactions. 

This dissertation focuses on the broad themes of environmental stress, ecological 

communities, and resilience in the context of coral symbioses. Symbioses are vital to 

reef-building corals and are foundational to coral reef ecosystems (van Oppen & Gates 

2006), which are highly diverse and exceptionally threatened. A suite of stressors, 

including fishing, pollution, and disease threaten the resilience of the world’s coral reefs 

(Hughes et al. 2003, Wiedenmann et al. 2012, Vega Thurber et al. 2014). Coral reefs are 

also increasingly threatened by stressors associated with climate change, namely 

bleaching and ocean acidification, which can disintegrate the coral reef itself and disrupt 



 

 

4 

critical symbiotic relationships (Hoegh-Guldberg et al. 2007, Pandolfi et al. 2011). 

Moreover, the tight coupling between ecosystem health and human welfare in developing 

countries (Costanza et al. 1997, Barnett & Adger 2003, Bellwood et al. 2004), where 

reefs form the basis of many economies, heightens the need to understand what 

ecological properties confer resilience to these ecosystems. 

Corals live in symbiosis with single-celled photosynthetic dinoflagellates 

(Symbiodinium, previously zooxanthellae) that reside inside the coral tissue (Muscatine & 

Cernichiari 1969). There are several types of Symbiodinium that provide coral with 

nutrients necessary for growth; and the abundance of each type can change over time 

(Rowan 1995, Baker 2003). There are trade-offs for coral to hosting different types of 

Symbiodinium – some provide the coral with a greater proportion of their metabolic 

products but have lower physiological tolerances, while others are more ‘selfish’ with 

their metabolic products, but better able to cope with stressors (e.g. increased water 

temperatures) (Sachs & Wilcox 2006, Stat & Gates 2011). Thus, although these 

relationships have developed over evolutionary time (~160 million years, LaJeunesse et 

al. 2018), the resilience of the coral symbiome is constantly shaped by dynamic coral-

symbiont interactions (Stat et al. 2006). Despite the foundational nature of coral-algal 

symbiosis to reefs worldwide, little is known about how combined local and global 

stressors alter the resilience of this partnership (but see Wooldridge & Done 2009, 

Wooldridge 2009, Wiedenmann et al. 2012a). Elucidating the mechanisms underlying 

changes in coral-symbiont interactions is essential to understanding the ability of the 

coral symbiome to adapt to the multiple stressors they now face.  
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The first three chapters of this dissertation focus on coral symbioses and 

bleaching at a global scale. In Chapter 2, my co-authors and I review the current state of 

knowledge for coral-algal symbioses, focusing on the history of the field as well as 

emerging methods to address symbiotic complexity (Claar et al. 2017). Despite the rapid 

advances made in this field during recent years, I outline some major remaining 

knowledge gaps regarding coral-Symbiodinium community dynamics. Since the 

publication of this chapter, a new manuscript has been published with a comprehensive 

taxonomy that divides Symbiodinium into several genera in the family Symbiodiniaceae 

(LaJeunesse et al. 2018), reflecting ongoing scientific development in this field. Next, in 

Chapter 3, I evaluate the global consequences of pulse warming during El Niño in the 

context of local thermal regimes (Claar et al. 2018). To do this, my co-authors and I 

conducted a re-analysis of satellite sea surface temperature (SST) to quantify coral heat 

stress and local SST climatology. We demonstrate that the 2015/2016 El Niño, paired 

with anthropogenic warming, instigated wide-spread heat stress across the Pacific Ocean. 

This warming was associated with the 3rd documented global coral bleaching event 

(Eakin et al. 2016), altering coral reef ecosystem structure across multiple regions. 

Additionally, by conducting a meta-analysis of published El Niño and coral research, I 

show that, as expected, El Niño warming increases coral bleaching and coral mortality, 

and that locations with warmer long-term mean temperatures may be more susceptible to 

El Niño warming. I also note that significant gaps remain regarding El Niño warming 

impacts on coral reefs due to inconsistent data collection and reporting. Therefore, I 

provide general guidelines for the publication of coral bleaching studies that I hope will 

be utilized in future studies, including those from the 2015/2016 El Niño event. Next, in 
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Chapter 4, I expand our consideration of one particular aspect of coral bleaching studies: 

the timing of field surveys (Claar & Baum 2018). I provide a theoretical framework and 

an example from the Central Pacific Ocean to argue that, as warming events increase in 

duration and severity, survey timing becomes more important due to variability in coral 

species’ bleaching trajectories. For an example, during a long warming event, early 

surveys may miss bleaching that occurs later in the event, while late surveys may miss 

initial mortality rates for sensitive species. I suggest multiple field surveys where 

possible, but minimally recommend that survey timing, in the context of the complete 

warming event, be recorded and considered in the interpretation and analysis of survey 

results. 

After evaluating the progress and challenges of current research on coral 

symbiosis, bleaching, and survival at a global scale, the latter three chapters focus in on 

the effects of local human disturbance on coral symbiosis dynamics, building on field 

research I conducted on Kiritimati atoll (Christmas Island). Situated in the remote 

equatorial Pacific Ocean (01°52’N 157°24’W), Kiritimati is one of the northern Line 

Islands. The atoll is part of the Republic of Kiribati, an island-nation identified as having 

high reef dependence, high exposure to impending anthropogenic threats, and low 

capacity to adapt to these threats (Burke et al. 2011). Kiritimati’s distinctive features 

make it highly suitable as a focal system to disentangle the mechanisms that underlie reef 

resilience in the face of local and global stressors. Kiritimati is unique because there is 

significant spatial variability in the level of local anthropogenic stressors impacting the 

reef, creating one of the most extreme disturbance gradients in the world over a very 

small spatial scale (Walsh 2011, Watson et al. 2016). Coral reef ecosystems on Kiritimati 
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are faced with spatially heterogeneous local stressors: reefs on the Northwestern face of 

the lagoon are subject to localized human disturbances including poor water quality, 

terrestrial runoff and overfishing (Sandin et al. 2008), while reefs in Bay of Wrecks, 

Vaskess Bay, and most of the North Coast were nearly pristine (Walsh 2011, Watson et 

al. 2016). In addition to a gradient of local stressors, Kiritimati was at the epicenter of the 

major 2015/2016 El Niño event (Eakin et al. 2016). During this event, Kiritimati 

experienced ten months of continuous heat stress, exceeding current records of 

cumulative heat stress on any modern coral reef. The distribution of study sites on 

Kiritimati across the gradient of human impact provided a natural experiment that 

allowed us to test the extent to which local human disturbance affects the stability of 

coral symbioses in the context of acute warming.  

In Chapter 5, I quantified changes in Symbiodinium communities in three 

ecological compartments (i.e. coral, water, and sediment) before and after a significant 

storm swell event at two different levels of local human disturbance (Claar et al. in 

review). I show that increased levels of human disturbance change symbiont community 

composition during baseline conditions (i.e. no pulse stress influence), and that this effect 

is stronger than the mechanical mixing that occurred during the pulse stress of the storm 

event. Specifically, Symbiodinium communities at disturbed sites had higher beta 

diversity (i.e. multivariate community spread) than those at lower disturbance sites. This 

finding follows the ‘Anna Karenina’ principle (Diamond 1997, Zaneveld et al. 2017), 

which suggests that the structure of natural communities under stress follow Leo 

Tolstoy’s adage, “all happy families look alike; each unhappy family is unhappy in its 

own way”. I found this pattern of increased beta diversity with high levels of human 
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disturbance to hold true for not only coral-associated Symbiodinium communities, but 

also for free-living Symbiodinium communities (i.e. those in the water and sediment). 

Although this study demonstrated differences in symbiont community structure based on 

human disturbance, open questions remain regarding the consequences of these 

differences.  

These results motivated additional research to understand how the broader coral 

symbiome (including both Symbiodinium and microbial communities) responds to 

multiple levels of local human disturbance. Coral-associated microbial diversity on 

Kiritimati is different between very high and very low disturbance for two coral species 

(McDevitt-Irwin et al. accepted). In Chapter 6, I expand on this study to find that both 

microbial alpha and beta diversity are higher at a very high level of human disturbance 

than at three moderate and lower levels of local human disturbance across seven coral 

species (Claar et al. in prep). I also tested for concordance, which represents similarity in 

multivariate community shape, and can indicate co-occurrence or similar responses of 

both communities to environmental drivers. I found that when all coral species were 

considered together, there was concordance between microbe and Symbiodinium 

communities, but when each coral species was considered separately, there was only 

concordance for two massive coral species H. microconos and F. pentagona. I also found 

that the presence of certain Symbiodinium (clades A, D, and G) was associated with either 

an increase or decrease in the abundances of several microbial taxa which may be 

indicative of changes in the symbiotic state. The results of this chapter suggest that 

Symbiodinium and microbial communities are similarly affected at high levels of chronic 

disturbance, and that there are links between these communities at an island scale. 
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To better understand the consequences of local disturbance-influenced 

Symbiodinium community structure, I next leveraged a natural experiment (the 

2015/2016 mega El Niño event) to assess how these changes influence coral resilience to 

a major pulse stressor. It is generally accepted that local human disturbance can influence 

coral resilience by inhibiting recovery mechanisms: for example, increased fishing can 

lead to decreased herbivorous fish biomass, leading to an increase in competing algae and 

a decreased probability of coral settlement and regrowth (Mumby & Harborne 2010). 

However, evidence for potential linkages between coral disturbance and coral resistance 

to stress have been elusive. In Chapter 7, I show that human disturbance negatively alters 

symbiont communities (Claar et al. in prep). Corals (Platygyra daedalea) from protected 

locations had “more beneficial” symbioses, which were associated with higher survival 

rates compared to highly impacted locations. These corals were so well protected that 

they recovered from unprecedented heat stress (reaching an unprecedented 25 Degree 

Heating Weeks) while they were still being exposed to temperatures above their 

bleaching threshold. As far as we know, this is the first documentation of coral recovery 

from bleaching while the colonies are still under heat stress. I view this result as hopeful 

in the context of understanding how corals will respond to and recover from future heat 

stress events. 

In sum, this thesis aims to evaluate the independent and interactive effects of local 

human disturbance and pulse warming on coral symbioses. With accelerating stressors 

threatening foundational ecosystems worldwide, it is critically important to understand 

how human-induced change influences ecological community structure. To that end, the 
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research contained in this dissertation aims to elucidate mechanisms of coral symbiosis, 

stress, and survival in a changing world. 
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Abstract 

A major determinant of coral reef resistance and resilience is the intracellular 

symbiosis between scleractinian (reef-building) corals and dinoflagellates in the genus 

Symbiodinium.  The inherent complexity of coral-Symbiodinium interactions, however, 

presents a significant challenge to understanding and predicting reef dynamics. Research 

focuses on the dynamics of coral-algal symbioses from the molecular to the ecosystem 

levels and new methods, including next generation sequencing, real-time PCR, 

mathematical and computational analyses, and metabolomics, are all providing novel 

insight into the mechanisms that initiate, sustain and disrupt coral-Symbiodinium 

symbioses. As these approaches continue to be developed and synthesized, our 

understanding of complex coral-Symbiodinium interactions is becoming progressively 

more comprehensive. This chapter focuses on recent progress in the field and highlights 

novel approaches to embracing complexity in coral-algal symbioses. 
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Main Text 

 

Coral-Symbiodinium Interactions and Reef Resilience 

Coral reef ecosystems must be resilient if they are to persist in a changing world, 

in which they are subject to increasing local and global anthropogenic stressors. The 

symbiosis between corals and Symbiodinium is fundamentally important to coral reef 

resistance and resilience, but the intrinsic complexity of coral-algal symbioses presents a 

significant challenge to predicting the future of reef resilience. The mechanisms 

governing in the initiation, maintenance, and dissolution of these symbioses are intricate, 

and their consequences for reef communities may be mediated by both community 

composition and environmental context. In response to this complexity, researchers have 

used a variety of physiological, 

ecological, and genomic approaches 

to explore coral-Symbiodinium 

associations (Hughes et al. 2003, 

West & Salm 2003, McClanahan et 

al. 2012). Scientific progress is 

accelerating due to new 

methodological tools and analytical 

approaches, and interdisciplinary 

syntheses are poised to play a 

central role in understanding how 

this symbiosis determines the structure 

Figure 2.1. Pocillopora damicornis polyp visualized 

using a scanning laser confocal microscope. Image 

shows natural fluorescence of the coral holobiont, 

Symbiodinium in red, host pigments in blue. 
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and diversity of future reef communities. In this chapter, we present an overview of the 

evolution of coral-Symbiodinium research, current knowledge, and emerging techniques 

to elucidate the complex relationships between coral host and algal symbiont. 

 

Coral-Symbiodinium Symbiosis  

 

Symbiodinium (prev. zooxanthellae) are algal endosymbionts and are integral to 

coral persistence (Figure 2.1; Stat, Carter, & Hoegh-Guldberg, 2006). These 

photosynthetic dinoflagellates are found globally in association with a plethora of marine 

invertebrates, including giant clams, soft corals, hard corals, and anemones (LaJeunesse 

2002). Symbiodinium are also found free-living within the water column, sediment, or 

other reservoirs (Manning & Gates 2008). These free-living populations can persist over 

long periods of time, while individual cells may be acquired by nearby hosts.  

The relationship between Symbiodinium and scleractinian (reef-building) corals is 

one of the best-studied host-Symbiodinium interactions. In the coral-Symbiodinium 

interaction, these prolific symbionts provide organic carbohydrates to their host in 

exchange for essential nutrients (e.g. phosphates, nitrates, and inorganic carbon) and a 

relatively stable environment (Muscatine & Cernichiari 1969, Lewis & Smith 1971, 

Trench 1993). This symbiotic relationship occurs within the context of other ecological 

interactions. Each coral colony acts as a landscape for microorganisms, with skeletal 

characteristics and gross morphology creating light and temperature microhabitats across 

the colony’s surface (Kühl et al. 1995, Helmuth et al. 1997, Yost et al. 2013). These 

microhabitats are also exploited by a variety of bacteria, endolithic algae, and other 

microorganisms that are just beginning to be studied (Knowlton & Rohwer 2003, Stat et 



 

 

14 

al. 2012). The sum of the micro- and macroorganisms associated with the coral host is 

called the holobiont. Together, the holobiont responds to environmental conditions and 

interacts with the broader reef community (Gates & Ainsworth 2011).  

Corals provide the foundation for tropical reef ecosystems and the maintenance of 

their symbioses are vitally important to supporting tropical marine ecosystem 

biodiversity, function, and resilience (van Oppen & Gates 2006). Thus, the study of 

coral-Symbiodinium interactions is not only fundamentally important from an ecological 

perspective, but also provides information that is directly applicable to conservation 

practitioners.  

 

Early Investigations of Coral-Symbiodinium Interactions 

Research on Symbiodinium began almost a century ago, with Boschma’s first 

studies of Symbiodinium (Boschma 1925a). At that time, it was believed that corals 

hosted zooxanthellae (Symbiodinium) in their tissues as a sort of predation interaction 

akin to farming – evidence of degraded symbionts in the gut cavity led Boschma to posit 

that corals derived nutrition by selectively consuming zooxanthellae (Boschma 1925b). 

Symbiodinium were little studied over the next 45 years, such that the true symbiotic 

nature of coral-zooxanthellae interactions was not discovered until 1969 (Muscatine & 

Cernichiari 1969). This discovery was quickly followed by the description of uptake of 

photosynthetic product by corals using labeled 14C (Lewis & Smith 1971) and carbon 

stable isotope ratios (Land et al. 1975). Subsequently, the symbiont’s role in facilitating 

coral calcification was described (Goreau 1963, Pearse & Muscatine 1971), and early 

photobiology studies, which quantified symbiont photoadaptation by depth and ambient 

light intensity (Jokiel et al. 1982, Dustan 1982), suggested that the coral host had the 



 

 

15 

capability to control symbiont density in bright environments (Drew 1972). Most early 

Symbiodinium research focused on physiology, and as recently as 1979 it was believed 

that there was only one type of Symbiodinium microadriaticum that had a global 

distribution (Kinzie & Chee 1979).  

 

Improved Molecular Techniques  

As the field progressed, improved molecular techniques began to illuminate the 

diversity of Symbiodinium taxa (Figure 2.2). First, the catch-all name zooxanthellae (used 

to describe a group of yellow-brown symbiotic dinoflagellates; Brandt, 1881) was 

exchanged for Symbiodinium (a more specific, genetically delineated taxon; Freudenthal, 

1962). Beginning in the 1990s, scientists recognized that genetic diversity within 

Symbiodinium was likely far greater than originally thought, and equivalent to diversity 

among orders in other dinoflagellate groups (Rowan & Powers 1991). Until very 

recently, however, coarse molecular techniques and extremely low sample size have 

limited analyses of Symbiodinium community structure. In fact, for nearly 80 years, all 

Figure 2.2. Growth of coral-Symbiodinium research from 1960 through 2013, including 

major discoveries and developments in the field. Figure created from Web of Science search 

of coral-Symbiodinium literature from pre-1960 until 2013. 
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coral-Symbiodinium studies found absolute specificity between a single Symbiodinium 

clade and a particular coral species (Rowan & Powers 1991, Trench 1993). As molecular 

techniques improved, multiple Symbiodinium clades were found within coral species, and 

subsequently within individual coral colonies (Rowan 1995). Recent research has 

confirmed the presence of this rich diversity (Stat et al. 2008, Quigley et al. 2014, 

Thomas et al. 2014).  

There are currently nine described 

clades (clades A through I, Figure 2.3); each 

of which is further divided into multiple 

genetic strains or types (Rodrigues-Lanetty 

et al. 2001, van Oppen et al. 2005); (Lesser 

et al. 2013)). The lack of formally described 

species, and inconsistency in name usage 

arising from variable subclade naming 

systems, has resulted in much debate about 

species classifications within Symbiodinium 

(Stat et al. 2012), except see (LaJeunesse 

2001). Despite the absence of a consensus 

naming system, clades are generally divided 

into over 100 genetically delineated types 

with many having distinct geographic distributions, host preferences, and abiotic optima 

(Fabina et al. 2012). As many distinct types of Symbiodinium are now recognized, the 

diversity and abundance of types within corals is thought to be integral to coral holobiont 

Figure 2.3. Symbiodinium clade 

phylogeny with illustrations of the cyst 

and zoospore stages. Phylogeny of 

Symbiodinium inferred using the 28s 

rDNA marker. From Lesser et al. 2013. 
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fitness. Consequently, taxonomic research is using novel genetic techniques to evaluate 

the relationship between Symbiodinium type and phenotypic traits or symbiotic outcomes.  

 

Coral Bleaching and Ecological Stress Response 

Paralleling improvements to molecular techniques, the extreme coral bleaching 

that occurred around the world during the 1982-83 and 1997-98 El Niño events renewed 

interest in understanding how coral-symbiont interactions mediate coral responses to 

environmental stressors. These widespread bleaching events were unprecedented at the 

time, and coral mortality reached 95% in some regions (Glynn 1993). Coral bleaching 

occurs when the symbiotic relationship breaks down, resulting in a loss of photosynthetic 

capacity and/or Symbiodinium loss from the coral colony (Gates et al. 1992, Douglas 

2003). Mild or short-term bleaching can reduce coral growth rates and hinder other 

biological functions, while severe or prolonged bleaching can kill corals. While coral 

mortality was extensive during these early bleaching events, some coral species and 

individuals appeared to be more resistant to bleaching or more likely to recover after 

bleaching. These differences prompted researchers to search for the mechanisms 

underlying this variability, leading to a new wave of Symbiodinium studies in the late 

1990s. 

One of the earliest and most controversial hypotheses relating Symbiodinium 

composition to bleaching responses was the Adaptive Bleaching Hypothesis (ABH). 

Briefly, the ABH predicts that corals bleach in order to rid their tissues of suboptimal 

Symbiodinium types, allowing them to uptake new symbionts (“switching”) or adjust the 

relative proportions of symbionts within their tissues (“shuffling”) (Baker 2003). Both 
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switching and shuffling were proposed as potential mechanisms by which corals could 

maximize holobiont fitness and quickly adapt to changing environments (Buddemeier & 

Fautin 1993, Baker 2001, Buddemeier et al. 2004). A strength of the ABH is its explicit 

hypotheses and assumptions, but empirical and theoretical tests have provided only 

equivocal support. While many corals house background symbionts in low levels (Correa 

et al. 2009), symbioses with background or exogenous symbionts are often unstable 

(Coffroth et al. 2010). Moreover, hosts with flexible symbioses may be more sensitive to 

environmental changes (Putnam et al. 2012). Although the ABH provides a framework 

for exploring the functional importance of Symbiodinium diversity, it appears that the 

complexity of the coral-Symbiodinium system necessitates more nuanced answers. 

Beyond the acclimation capacity of symbiont switching and shuffling, there are 

several other mechanisms that can facilitate the adaptation of the coral holobiont. After a 

period of studying how symbionts affect bleaching, focus turned to the role of the host in 

coral bleaching and holobiont community dynamics (reviewed in Baird et al. 2009). Host 

adaptations can include protective fluorescent pigments (Salih et al. 2000), mycosporine-

like amino acids (MAAs, (Banaszak et al. 2000)), antioxidant systems (reviewed in 

Lesser, 2006), and synthesis of heat shock proteins and other physiological mechanisms 

(Gates & Edmunds 1999). Coral host populations can show significant genetic 

divergence on the scale of <10 km, suggesting that, for some species, host variability may 

play a prominent role in spatial patterns of holobiont thermotolerance (Kenkel et al. 

2013). Utilization of host-adaptive strategies tends to be species specific, and the 

combination of host acclimatization and adaptation with Symbiodinium community 

structure shapes the resilience of the coral holobiont. 
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Symbiont Specificity and Stability 

The extent to which symbiont dynamics drive coral stress responses is determined 

by the specificity and stability of interactions.  Despite the fact that many adaptive 

mechanisms are species-specific, coral-symbiont interactions can be divided into the 

broad categories of generalists and specialists (Putnam et al. 2012). Generalist coral 

species, including many Acropora species, can harbor a diverse array of Symbiodinium 

types either simultaneously, in succession within individual coral colonies, or across 

subpopulations. In contrast, specialist coral species, including massive corals such as 

Porites, harbor fewer symbiont types. One potential advantage of generalism would be 

the potential to rapidly switch or shuffle symbiont types to optimize environmental 

responses, as described by the adaptive bleaching hypothesis (Baker 2003, Berkelmans & 

van Oppen 2006). However, recent research has suggested that generalists may also be 

more susceptible to changing environmental conditions due to opportunistic symbionts 

(Putnam et al. 2012). Specialist corals may benefit from more efficient symbiotic 

associations, but the mechanisms involved, and their exact consequences, are still poorly 

understood.  

Destabilization of symbiotic interactions during coral bleaching is often associated 

with and followed by changes in Symbiodinium community structure. Symbiont total 

diversity, as well as the symbiont dominance hierarchy and community evenness all may 

change, as a result of active coral regulation, differential Symbiodinium survival, 

symbiont competition, or other mechanisms. Bleached coral tissues may provide niche 

space for atypical symbionts, such as a clade B type observed in bleached Pocillopora, 

although these may be quickly replaced by more stable clade C associations during 
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recovery (LaJeunesse et al. 2010). This process of community destabilization and 

reassembly may lead to “switching” or “shuffling” to more heat-tolerant symbionts in 

some cases, but not others. A recent study found a positive relationship between the 

history of thermal stress anomalies (TSA) and prevalence of clade D (heat tolerant) 

Symbiodinium in the more generalist Montipora capitata, but not in the specialists Porites 

lobata and P. compressa, suggesting these dynamics may be species-specific (Stat et al. 

2013). Shifts toward heat-tolerant symbionts also depend on bleaching severity and 

recovery temperature (Cunning et al. 2015), indicating that ecological context also 

influences stability and dynamism in symbioses. The persistence of changes in 

Symbiodinium communities (such as increases in clade D) may also depend on frequent 

or sustained environmental pressure (Baird et al. 2007); otherwise, they may revert to the 

originally dominant symbiont (Thornhill et al. 2006). This shift back to the original 

Symbiodinium community is usually attributed to a more evolutionarily derived 

symbiosis that provides increased nutrition to the host and supports a higher coral growth 

rate (Little et al. 2004). Research is actively investigating the drivers and dynamics of 

Symbiodinium community structure, but many questions remain regarding the processes 

that initiate and sustain changes in host-symbiont interactions. 

Studies attempting to elucidate the mechanisms underlying coral diversity 

patterns suggest that environmental drivers are a strong determinant of geographic 

distribution of coral-Symbiodinium associations. Symbiodinium communities often 

demonstrate zonation by ambient light levels that are modulated by reef depth (Iglesias-

Prieto et al. 2004, Frade et al. 2008, Finney et al. 2010). While light is a strongly limiting 

factor in symbiont community structure, Symbiodinium are not limited to bright light 
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environments. Coral-Symbiodinium communities inhabit a wide range of abiotic 

conditions, from bright shallow waters to nearly-dark mesophotic waters (Chan et al. 

2009, Cooper et al. 2011, Wagner et al. 2011, Bongaerts et al. 2013), with considerable 

temperature variability and a range of other environmental factors.  

As we have learned more about the distribution and complexity of coral 

symbioses, recent research has focused increasingly on the response of symbiont 

communities to multiple stressors. The deleterious effects of thermal stress have been 

repeatedly measured (e.g. Abrego et al. 2012, Stat et al. 2013, Baker et al. 2013), as have 

the additive effects of thermal stress with turbidity (Cooper et al. 2011), nitrogen (Béraud 

et al. 2013), ocean acidification (Ateweberhan et al. 2013), precipitation (Edge et al. 

2013) and a variety of other environmental stressors (Maina et al. 2008). Integrating 

multiple approaches will be necessary to develop a synthetic understanding of the 

complex interactive effects of multiple stressors on coral symbioses.  

 

Next Generation Sequencing Approaches 

Our knowledge of symbiont specificity and stability has grown rapidly in the past 

decade, and we are now poised to exponentially expand our ecological understanding of 

the coral-Symbiodinium symbiosis with the application of Next Generation Sequencing 

(NGS) approaches. NGS approaches provide in-depth insight into novel symbiont genetic 

diversity, and current fingerprinting and sequencing efforts have identified hundreds of 

sequence types (Franklin et al. 2012, Tonk et al. 2013).  There are, however, data 

limitations for geographic extent, sample coverage, and sequencing depth for the majority 

of coral species on reefs today, reducing our ability to test hypothesis of specificity and 

stability more globally.  The power of NGS arises from its massively parallel, high 
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throughput sequencing capacity.  There are now multiple sequencing platforms from 

manufacturers such as Illumina, Roche, and Life Technologies that can generate millions 

of sequences in a single run, at the cost of a fraction of a cent per base (Glenn 2011). 

Importantly, these platforms can sequence marker amplicons from multiple samples 

simultaneously, allowing for sequenced genetic identification and deep coverage of 

diverse environmental samples (e.g. Nelson et al. 2014; Quigley et al. 2014). The early 

adoption of NGS amplicon sequencing in the broader microbial field has resulted in an 

explosion of data and has highlighted the importance of these techniques to identify the 

“rare biosphere”, the multitude of low-abundance populations that account for a majority 

of microbial phylogenetic diversity (Sogin et al. 2006).  

With the recent rapid expansion in Symbiodinium knowledge and the critical need 

to understand resilience and resistance mechanisms in corals related to the symbiosis, 

NGS is the logical next step in Symbiodinium genetic identification. The first application 

of NGS to the coral-Symbiodinium has highlighted the application of NGS to analyze 

archived DNAs in order to facilitate long term genetic and ecological comparisons 

(Edmunds et al. 2014). Studies have also identified the power of NGS to detect cryptic 

genetic diversity (Kenkel et al. 2013, Quigley et al. 2014). With the appropriate choice of 

gene region, the application of NGS can provide rapid and thorough investigation of 

Symbiodinium alpha and beta diversity to inform ecological analysis, including further 

tests of the ABH and other symbiotic specificity and stability questions. 

 

High-Resolution Quantification 

While symbiont diversity is a critical mediator of symbiosis function, symbiont 

abundance may also play an important role. Total Symbiodinium abundance, as well as 
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the relative abundance of different Symbiodinium clades, can vary amongst coral colonies 

and species, across environmental gradients, and over time (Fagoonee et al. 1999, Fitt et 

al. 2000, Moothien-Pillay et al. 2005). The drivers and consequences of these dynamics 

remain poorly understood. Quantifying the dynamics of specific Symbiodinium types in 

mixed communities has been especially difficult, because traditional approaches to 

enumerating symbionts by counting with a hemocytometer and normalizing to skeletal 

surface area (e.g. cells cm2) cannot differentiate among Symbiodinium types due to their 

morphological similarity. New molecular techniques, such as real-time PCR, overcome 

this limitation by quantifying symbiont clades based on genetic sequence variation, and 

normalizing their abundance to numbers of coral cells (e.g. a symbiont to host cell ratio; 

Mieog et al. 2009). These new techniques raise important issues regarding the suitability 

of different metrics for normalizing symbiont abundance, which will become increasingly 

important as next-generation sequencing provides further opportunities to quantify 

Symbiodinium. 

Quantitative analyses of Symbiodinium dynamics within a community ecology 

framework can address questions regarding symbiont competition, host regulation, 

environmental control, and the links between symbiont abundance and symbiosis 

function. Symbiont abundance is likely to influence physiological performance of both 

partners by mediating the physical and chemical environment within the coral tissue 

microhabitat. For example, symbionts may reduce internal light environments (Enríquez 

& Pantoja-Reyes 2005, Wangpraseurt et al. 2012) and concentrations of nutrients and 

dissolved inorganic carbon (Wooldridge 2009), and increase intracellular pH (Venn et al. 

2009a). Greater symbiont abundance is also linked to higher rates of photosynthesis and 
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respiration in coral colonies (Hoogenboom et al. 2010), and increased sensitivity to 

environmental stress and bleaching (Cunning & Baker 2013). Furthermore, these 

relationships suggest that any environmental factor that alters symbiont abundance will 

impact coral physiology and performance. Thus, quantitative analysis of symbiont 

community dynamics in variable environments may help resolve complexity and 

variation in performance, while greatly enhancing our understanding of the basic biology 

and ecology of coral-algal symbioses. 

 

Modeling coral-Symbiodinium associations 

Simulation and theoretical modelling approaches to understanding coral-

Symbiodinium associations have been helpful in supplementing empirical approaches. 

Indeed, one of the strengths of quantitative approaches is the ability to simplify otherwise 

complex systems and allow for exploration and description of individual components. 

One of the first models of coral-Symbiodinium associations examined how symbiont 

populations recover from bleaching events (Jones & Yellowlees 1997). The authors used 

experimental data to parameterize symbiont growth, expulsion, and carrying capacity 

within a discrete time model. The model was only able to faithfully reproduce symbiont 

recovery dynamics when all three components (growth, expulsion, and density 

dependence) were considered, which provided a foundation for later empirical and 

theoretical studies. 

Another early modeling paper explored how elevated temperatures could modify 

symbiont abundance and diversity (Ware et al. 1996), particularly in the context of the 

ABH (Buddemeier & Fautin 1993). Very little was known about the host, symbiont, and 

holobiont responses to thermal stress, so the model was structured to explore the 
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hypotheses of ABH. By simulating a community of symbionts with varying temperature 

tolerances to circumannual and abnormal temperature variations, Ware and colleagues 

(1996) showed that minor changes in temperature could cause changes in relative 

symbiont abundances, seasonal variation could lead to cyclical symbiont dynamics, and 

that symbiont responses to thermal variation can depend on thermal history. Although the 

model was necessarily simplified, it provided a robust framework for testing the 

assumptions and predictions of a provocative hypothesis. 

A more recent and sophisticated model building upon the approaches of (Ware et 

al. 1996, Jones & Yellowlees 1997), explicitly included solar insolation and sea surface 

temperature dynamics, and determined symbiont growth and loss (expulsion or mortality) 

rates by their environmental tolerances and ability to access light resources (Figure 2.4, 

van Woesik et al. 2010). The authors highlighted two reef locations, in Florida and the 

Bahamas, to show that different symbiont phenotypes were competitive dominants in 

each location. Moreover, elevated temperatures would shift symbiont dominance 

hierarchies in historically cooler locations, and merely increase the relative abundance of 

Figure 2.4. Growth rate of four Symbiodinium types in relation to Sea Surface Temperature 

(SST) and Solar Insolation (SI) from van Woesik et al 2010. 
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thermally tolerant symbionts in warmer locations. Others have modeled coral-

Symbiodinium associations to understand their effects on benthic community dynamics. 

A pair of papers in 2009 and 2010 projected coral responses to climate change as a 

function of symbiotic and competitive dynamics (Baskett et al. 2009, 2010). Specifically, 

the authors modeled competition between thermally-tolerant massive corals and 

thermally-sensitive branching corals with a quantitative genetics framework for evolution 

of thermal tolerance in their Symbiodinium types. In the latter paper, competition between 

corals and macroalgae was incorporated to determine how alternative stable states could 

influence results. Baskett and colleagues found that shifts in symbiont community 

diversity could have a greater impact on coral persistence than evolution of symbiont 

thermal tolerance. Moreover, the nature of the climate scenario tested (e.g., business as 

usual or decreased emissions) could have a major impact on model outcome. The authors 

concluded that careful prioritization of management targets and mitigation of other 

environmental changes would be critical to reef persistence in future climates.  

 Recently, researchers have described communities of corals and Symbiodinium 

using network theory, using networks to simulate various scenarios (Fabina et al. 2012, 

2013). Coral-Symbiodinium communities can be composed of tens or hundreds of host 

species and symbiont types, so quantitative frameworks for simplifying and describing 

these communities can lead to new insights. For instance, symbiont transmission mode is 

tightly linked to the specificity of symbiont assemblages, with horizontally transmitting 

corals having more generalist symbionts on average (Fabina et al. 2012). Moreover, total 

symbiont diversity appears to be highly correlated with these patterns - even more so than 

dominant symbionts (Rowan & Powers 1992). Simulations under various scenarios have 
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shown that coral persistence depends on coral-Symbiodinium association patterns, 

Symbiodinium diversity, and the functional outcomes associated with thermally tolerant 

and nutritionally beneficial types (Fabina et al. 2012). In each of these cases, quantitative 

approaches have produced novel insights, elicited new ideas, and focused scientific and 

applied goals. 

 

Nutrient Transfer between Symbionts and Hosts 

         Understanding functional differences in the taxonomically diverse assemblages of 

Symbiodinium communities found in reef building corals is important to describing how 

these unions will persist in time. At the base of the relationship between corals and 

Symbiodinium is the transfer of small compounds, called metabolites. Metabolites are 

small molecules resulting from cellular processes that are generally involved in growth, 

nutrition and reproduction. These molecules can be modified by the organism to serve a 

specific metabolic (primary metabolites) or ecological role (secondary metabolites). Early 

investigations of Symbiodinium revealed that the photosynthate, or bulk carbon 

compounds being passed from Symbiodinium to the host, was composed of a suite of 

metabolites, including large quantities of glycerol with smaller amounts of glucose, 

glycolic acid, and alanine (Muscatine 1967, Muscatine & Cernichiari 1969, Trench 

1971a, b, Black & Burris 1983). However, this research assumed that all Symbiodinium 

partners were physiologically equal across coral hosts. Moreover, researchers typically 

used a suite of tools (e.g. thin layer chromatography) that have now been replaced by 

more sensitive and comprehensive techniques. Despite historical limitations in metabolite 

detection and analysis, targeted research was able to detect a variety of metabolites in 

coral and Symbiodinium extracts (for full review see Gordon & Leggat 2010). These 
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compounds include various sugars, amino and organic acids, as well as lipids, all of 

which are thought to play important roles in maintaining the coral-Symbiodinium union 

(Muscatine 1967, Trench 1971a, Gates et al. 1995, Luo et al. 2009). Despite the 

importance of small compounds to coral reef survival and recent evidence suggesting that 

bulk photosynthate varies among Symbiodinium types (Stat et al. 2008), our 

understanding of quantitative differences in the photosynthate transfer remains limited. 

Researchers are currently investigating the feasibility of using metabolomic 

techniques to detect metabolites in reef corals. These metabolite-profiling tools, which 

take advantage of mass spectrometry (MS) and nuclear magnetic resonance (NMR) 

analytical methods, have the capacity to detect and quantify many (100+) metabolites in a 

single run. Consequently, these tools can describe subtle, complex physiological 

responses of individuals to perturbations in environmental conditions. While 

metabolomics has yet to be applied towards describing metabolite production across 

Symbiodinium types, the increased sensitivity that these methods afford is changing the 

current understanding of the mechanistic relationship of metabolite exchange between the 

alga and the coral host. For instance, a recent gas chromatography-MS based analysis 

provided evidence that glucose, and not glycerol, is the major metabolite transferred 

between Symbiodinium and cnidarians. In combination with previous research, this study 

concluded that Symbiodinium derived glucose is used as a major osmolyte in coral tissues 

to combat stress (Burriesci et al. 2012). Researchers have also applied metabolomic 

profiling approaches to better understand fatty acid synthesis in reef corals. Dunn and 

colleagues (2012) used a combination of stable isotopic incubations and liquid-

chromatography-MS analytical techniques to track and model lipid production dynamics. 
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In doing so, they found that cnidarian hosts may not be using symbiont-derived fatty 

acids directly following photosynthate transfer (Dunn et al. 2012). Finally, through a 

more targeted approach using 1H-NMR techniques, researchers investigated the 

production of dimethylsulphoniopropionate (DMSP) on coral reefs. DMSP is an 

important cellular osmolyte and a central component of the marine sulfur cycle, and it 

was thought that DMSP production in reef corals was controlled solely by Symbiodinium. 

However, when Raina and colleagues (2013) applied this metabolite profiling approach 

towards studying the metabolite composition of Symbiodinium-free Acropora juveniles, 

they detected high concentrations of DMSP, suggesting that the coral host contributes a 

significant fraction of the coral holobiont’s total DMSP production (Raina et al. 2013).  

Metabolite profiling tools that are now becoming available for coral biology will 

enable researchers to more accurately describe cnidarian-dinoflagellate symbioses. By 

qualitatively and quantitatively describing metabolite transfer from the symbionts to host 

across a range of unions, researchers will be better poised to characterize the functional 

role each Symbiodinium type plays in the coral holobiont.   

 

Conclusion 

Future Outlook: Coral-Symbiodinium Interactions 

 In less than 100 years, our understanding of the symbiotic relationship between 

coral and Symbiodinium has grown from basic descriptions of symbiosis and nutrient 

transfer to empirical and modelling studies that define the response of complex 

communities across variable environmental dynamics. Due to recent and cumulative 

developments in the field of coral symbioses through experimental, molecular, and 

statistical techniques, coral-Symbiodinium interaction research is at the brink of 
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explaining the mechanisms behind coral bleaching and resilience in the context of 

environmental and ecological complexity. Despite the great strides made in coral-

Symbiodinium ecology, many unanswered questions remain. Active research within coral 

symbioses is progressing, but there is also considerable scope for this field to take 

advantage of new technologies and techniques. Complexity is the essence of coral 

symbioses, and only by embracing it can we move forward towards understanding their 

interactions in the dynamic marine environment. 
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Abstract 

Impacts of global climate change on coral reefs are being amplified by pulse heat 

stress events, including El Niño, the warm phase of the El Niño Southern Oscillation 

(ENSO). Despite reports of extensive coral bleaching and up to 97% coral mortality 

induced by El Niño events, a quantitative synthesis of the nature, intensity, and drivers of 

El Niño and La Niña impacts on corals is lacking. Herein, we first present a global meta-

analysis of studies quantifying the effects of El Niño/La Niña-warming on corals, 

surveying studies from both the primary literature and International Coral Reef 

Symposium (ICRS) Proceedings. Overall, the strongest signal for El Niño/La Niña-

associated coral bleaching was long-term mean temperature; bleaching decreased with 

decreasing long-term mean temperature (n = 20 studies). Additionally, coral cover losses 

during El Niño/La Niña were shaped by localized maximum heat stress and long-term 
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mean temperature (n = 28 studies). Second, we present a method for quantifying coral 

heat stress which, for any coral reef location in the world, allows extraction of remotely-

sensed degree heating weeks (DHW) for any date (since 1982), quantification of the 

maximum DHW, and the time lag since the maximum DHW. Using this method, we 

show that the 2015/16 El Niño event instigated unprecedented global coral heat stress 

across the world's oceans. With El Niño events expected to increase in frequency and 

severity this century, it is imperative that we gain a clear understanding of how these 

thermal stress anomalies impact different coral species and coral reef regions. We 

therefore finish with recommendations for future coral bleaching studies that will foster 

improved syntheses, as well as predictive and adaptive capacity to extreme warming 

events. 
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Introduction 

Climate change poses an imminent threat to the persistence of the world's coral 

reefs. Anthropogenic ocean warming is fundamentally altering marine ecosystems 

(Hoegh-Guldberg & Bruno 2010), exacerbating chronic local stressors such as 

overfishing, eutrophication, and coastal pollution, and threatening the resilience of 

marine ecosystems (Hughes et al. 2003, Hoegh-Guldberg et al. 2007). With increasing 

anthropogenic stressors, many coral reef ecosystems have transitioned from “safe 

operating spaces” – ecosystem states that are resilient to periodic stress events – towards 

“zone(s) of uncertainty” in which natural variability limits our prediction of ecosystem 

response, and “zone(s) of high risk” in which the ecosystem and its associated functions 

are already degraded (Norström et al. 2016). Global surface warming manifests not only 

as gradual increases in overall temperature, which are predicted to exceed 2°C by 2100 

(Allen et al. 2014), but also as intense pulse heat stress events such as the warm phase of 

the El Niño Southern Oscillation (ENSO). ENSO is a quasi-periodic fluctuation in 

oceanographic and atmospheric conditions, which transitions among El Niño, neutral, 

and La Niña conditions. El Niño is associated with increases in sea surface temperature 

(SST) that are primarily centered in the Central and Eastern Tropical Pacific Ocean 

(Trenberth & Hoar 1997). Short-term positive warm temperature events caused by both 

El Niño and La Niña have instigated coral bleaching, so including both types of events 

allows us to investigate ENSO-related warming both in the Eastern/Central Pacific and in 

the Western Pacific, respectively. Major El Niño events have triggered three global coral 

bleaching events over the past four decades, the most intense of which unfolded over the 

course of 2015 and 2016 (Heron et al. 2016). Extreme El Niño events are predicted to 
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double in the future due to greenhouse warming (Cai et al. 2014), and the frequency of 

severe coral bleaching events is expected to increase even under moderate warming 

scenarios (van Hooidonk et al. 2016). This projected increase in pulse warming events 

further threatens reefs which are already facing a multitude of stressors. 

Short-term thermal stress events, such as El Niño, primarily impact corals by 

inducing coral bleaching. Under normal conditions, the coral animal lives in symbiosis 

with endosymbiotic Symbiodinium (previously, zooxanthellae), single-celled algae that 

reside in the coral's tissue and provide metabolic products necessary for coral survival 

(Muscatine & Porter 1977, Glynn 1993). Coral bleaching results from a loss of 

Symbiodinium, which can occur under stressful conditions as the symbiosis breaks down 

leading to the coral losing pigmentation as Symbiodinium lose photosynthetic 

functionality and are ejected from the coral tissue (Brown 1997). If the symbiosis is not 

reestablished before the coral is depleted of metabolic products and energy reserves, 

subsequent mortality can occur (McClanahan 2004). Coral bleaching can occur in 

response to a variety of environmental stressors, the most documented of which is 

increased water temperatures (Hoegh-Guldberg 2004). Substantial natural gradients of 

environmental stressors, including sea surface temperature regimes, exist at varying 

spatial and temporal scales (Maina et al. 2011, Gove et al. 2013), and corals begin to 

bleach when ocean temperatures exceed local thermal thresholds. Coral bleaching 

severity and the extent of subsequent coral mortality is highly variable both within and 

across regions. Moreover, coral bleaching can affect any reef, occurring not only in areas 

with coastal human populations but also on remote reefs (Aeby et al. 2003) and in 

protected areas (Hughes et al. 2017). While bleaching variability may be partially 
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attributed to coral species differences, many other factors appear to influence the 

magnitude of changes in the coral reef community after pulse warming events. 

Coral bleaching and mortality caused by extreme El Niño/La Niña events can 

induce catastrophic changes in foundational coral reef ecosystem structure (Glynn 1996, 

Graham et al. 2015). The impact of extreme El Niño events on coral communities 

worldwide has been observed and quantified since the early 1980s (Glynn 1984, 

Williams & Bunkley-Williams 1990, Stone et al. 1999). Notable regional examples 

include estimates of up to 95% coral mortality in some locations in the Eastern Pacific 

(Glynn 1990) and nearly 100% local coral mortality at some sites in Indonesia (Brown & 

Suharsono 1990) during the 1982-83 El Niño event, and up to 90% coral mortality on 

individual shallow Indian Ocean reefs during the 1997-98 El Niño event (Wilkinson et al. 

1999). Many early studies and bleaching reports were based upon underwater visual 

observations of bleaching severity and coral mortality. When conducted without 

replication, visual estimates can preclude quantitative meta-analysis because they may be 

prone to intra-observer variability and may not include statistical measurements such as 

error (e.g. standard deviation, standard error, or confidence intervals) necessary for many 

quantitative analyses. 

Depending on local conditions and the frequency of thermal stress, there is 

evidence that coral reefs can recover, even after an extreme El Niño/La Niña event (Stone 

et al. 1999, Arthur et al. 2006, Guzman & Cortes 2006, Golbuu et al. 2007). Despite the 

potential for recovery, the effects of a single El Niño/La Niña event can be permanent. 

For example, one reef-building hydrocoral became locally extinct, while another was 

driven to probable extinction as a direct result of the 1982/1983 El Niño event (Glynn & 
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de Weerdt 1991), and Panamanian reef structure damaged by the 1982/1983 El Niño had 

not returned to pre-El Niño levels nearly twenty years later (Eakin 2001). Even when the 

damage is not permanent, reefs can take more than a decade to recover from the impacts 

of an intense El Niño (Kelmo & Attrill 2013). Despite these widely recognized and 

extensively cited effects of ENSO-related pulse warming events, a quantitative global 

analysis of the effects of El Niño/La Niña on coral communities has not yet been 

conducted. Our research builds upon previous reviews which investigated the impact of 

single El Niño events on coral reefs (Glynn 1988, Glynn & D’Croz 1990, Davey & 

Anderson 1998), differential bleaching of corals between two El Niño events in one 

region (Lix et al. 2016), and the long-term recovery of coral reefs after El Niño (Baker et 

al. 2008). 

Here, we address three questions of relevance to understanding climate change 

impacts on coral reefs: 1) How much coral bleaching and mortality have been observed 

and documented during previous El Niño/La Niña events?, 2) Does the coral stress metric 

Degree Heating Weeks (DHW) accurately predict El Niño/La Niña-driven changes in 

coral bleaching and cover on a global scale, and what other factors are influential?, and 3) 

How does the 2015-2016 El Niño event compare to prior events in terms of severity 

(maximum DHW) and geographic extent? We conducted a global meta-analysis to 

quantify the effects of El Niño/La Niña events on coral communities. Although it is 

widely accepted that the increase of SST that results from El Niño/La Niña events 

induces coral bleaching, the consistency of the effects of El Niño/La Niña fluctuations on 

coral bleaching and mortality has yet to be quantified through multiple ENSO oscillations 

at a global scale. To evaluate the relationships between DHW and coral bleaching and 
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mortality, we build upon previous research (Box 1) using the Reynolds OI Level 4 

AVHRR 0.25° sea surface temperature product to compute a comprehensive coral heat 

stress data set. This method allows for calculation of remotely-sensed coral heat stress for 

any date since 1982 using a consistent data set and climatology, allowing comparison of 

coral heat stress indices and response throughout the majority of published El Niño/La 

Niña-related coral bleaching events. 

Box 1. Degree Heating Week (DHW) products and coral bleaching prediction. 

Understanding how El Niño- and La Niña-related heat stress affects coral reefs at a global 

scale requires quantification of the magnitude of thermal stress for each reef location. 

Quantification of thermal stress on coral reefs using satellite observations began with the 

definition of ocean "hot spots" (Goreau & Hayes 1994) and in situ validation of satellite 

temperature observations at the reef scale (Montgomery & Strong 1994). In tandem with 

the development of "hot spot" analyses, researchers developed the concept of Degree 

Heating Weeks (DHW) as a cumulative metric of thermal stress on coral reefs (Gleeson 

& Strong 1995, Glynn 1996). The US National Oceanographic and Atmospheric 

Administration (NOAA) Coral Reef Watch Program (CRW) further developed these 

methods, using high-resolution (9 km satellite pixel) HotSpot anomaly mapping (Toscano 

et al. 2002) which improved correlation of satellite temperature observations with in situ 

measurements of coral reef temperature fluctuations (Toscano et al. 2002). NOAA CRW 

DHW products now include both an updated 50-km product (NOAA Coral Reef Watch 

2000), and a newly-released 5-km product (NOAA CRW 2013). The NOAA CRW 

products have been successful in detecting many coral bleaching events around the globe 

(e.g. Liu et al. 2003; Liu et al. 2006), and can now be used to forecast upcoming thermal 
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stress on coral reefs (Liu et al. 2008). Despite these major developments in understanding 

and predicting thermal stress and coral reef bleaching, a study that compared two DHW 

metrics to ReefBase bleaching reports found poor congruence between DHW magnitude 

and bleaching events both expected and observed, which was attributed to localized 

temperature variability and related coral adaptation (Boylan & Kleypas 2008). The extent 

of coral bleaching in a given location has been suggested to vary in relation to historical 

variability in maximum SST and local climatological maximums, although lack of 

adequate bleaching reports has hindered our understanding of these relationships and of 

global coral bleaching trends (Donner 2011). Most recently, nowcasting and predictive 

tools have allowed managers to prepare for and respond to coral bleaching events, and 

cutting-edge climatological heat stress models and analyses are continually being 

developed at the US NOAA CRW program (Heron et al. 2014) and the Australian Bureau 

of Meteorology (Garde et al. 2014). As local and regional coral bleaching reports are 

increasingly quantified, analyzed, and published, we have the ability to better understand 

how events such as El Niño and La Niña affect coral reefs at a global scale. 

Methods 

Literature search and data extraction 

In order to identify primary literature regarding the effects of ENSO events (El 

Niño and La Niña) on coral health, we conducted a systematic literature search using all 

databases in ISI Web of Science using the following search terms: (coral*) AND 

(mortal* OR bleach* OR cover* OR health*) AND (El Niño OR El Nino OR ENSO). 

We performed the search first on December 3, 2014 and updated it on March 20, 2015 

and again on August 27, 2016. We performed a second related search in ISI Web of 
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Science using the search terms: (coral*) AND (mortal* OR bleach* OR cover* OR 

health*) AND (La Niña OR La Nina) on September 16, 2016. Using a database search 

method (such as the ISI Web of Science keyword search employed in this study) is a 

common meta-analysis approach (Koricheva & Gurevitch 2014). In order to access 

relevant papers that were not published in the primary literature, we also queried the 

International Coral Reef Symposium (ICRS) Proceedings on ReefBase in three separate 

searches, first using the term 'El Niño', second using the term 'bleaching', and finally 

using the term 'La Niña'. Additional primary literature was included from bibliographies 

of relevant reviews or from within meta-analyses. To avoid data duplication and pseudo-

replication, we did not include data from any summary reports. Although this may have 

limited our usable data to some extent, many reports either contained data that appeared 

elsewhere in the primary literature or that otherwise did not pass our selection criteria. An 

overview of all reviewed and included publications is given in Appendix A S1 Table, and 

all extracted data are available in Appendix A S2 and S3 Tables and at 

https://github.com/baumlab/Claar_ElNinoMetaAnalysis (DOI: 

10.5281/zenodo.1134085). 

We then systematically evaluated each paper returned from our searches (Figure 

3.1). We first read the abstract to determine the relevance of the paper to our research 

questions. If deemed relevant (i.e. the focus of the study was coral responses to an El 

Niño/La Niña event), we then examined the full text to evaluate if the data presented 

could be extracted and utilized. Selected studies had to: 1) provide information on coral 

responses (i.e. changes in bleaching or coral cover) to El Niño or La Niña including the 

sample size of the study and some measure of the variance (i.e. standard deviation or 

https://github.com/baumlab/Claar_ElNinoMetaAnalysis
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error, 95% confidence intervals), and 2) compare the coral responses before and during 

an El Niño/La Niña event or before and after an El Niño/La Niña event. Note that for 

coral bleaching we also accepted studies that had not reported the extent of bleaching 

prior to the heat stress event. Due to our exclusion criteria, we included only field-based 

studies, and we did not include any laboratory manipulation studies. We obtained the 

dates of El Niño/La Niña events from the Australian Government Bureau of Meteorology 

(http://www.bom.gov.au/climate/enso/outlook/) and El Niño/La Niña data was accepted 

from the beginning of El Niño/La Niña heat stress up to two years after the end of the El 

Niño/La Niña event. It is beyond the scope of this manuscript to evaluate long-term 

recovery of coral bleaching and cover (see Baker et al. 2008 for an excellent review), so 

articles were also rejected if they quantified coral bleaching and recovery two years or 

more after the conclusion of the El Niño/La Niña event. Other reasons for rejecting an 

article included inaccessibility (e.g. not available through Web of Science, Google 

Scholar, ResearchGate, or author websites) or containing exclusively secondary data (e.g. 

reviews, meta-analyses). 

http://www.bom.gov.au/climate/enso/outlook/
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Figure 3.1. a) PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) 

2009 flow diagram; and b) study-specific flowchart, both showing exclusion steps starting from 

studies returned from the full Web of Science and ICRS Proceedings literature search. Reviews 

and other meta-analyses, as well as secondary literature, or data which were repeated in more 

than one manuscript were excluded. Manuscripts which were not related to El Niño/La Niña 

warming, or otherwise not relevant to the current study were excluded. Relevant reviews were 

divided into manuscripts which address El Niño/La Niña-related changes in coral cover, and coral 
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bleaching (n = 7 studies included both). Qualitative studies were removed, as they could not be 

included in analyses. Coral cover studies were then excluded if they did not include before-El 

Niño/La Niña data. Finally, studies were excluded if they did not include either sample size or a 

measurement of error, did not quantify a standardized metric, or were conducted more than 2 

years after the El Niño/La Niña warming event. A PRISMA (Preferred Reporting Items for 

Systematic Reviews and Meta-Analyses) checklist is available in Appendix A Figure S1. 

 

For each of the studies that met our selection criteria, we extracted the data 

required to calculate effect size (i.e. mean, variance, and sample size). For studies with 

time-series data, we defined the before value as the data point closest to the 

commencement of the El Niño/La Niña event, and the El Niño/La Niña value as data 

collected from the peak of the El Niño/La Niña event until two years after the El Niño/La 

Niña event. In cases where data was presented as a timeline, we extracted the earliest data 

point corresponding to El Niño/La Niña impact. If data were presented exclusively in a 

graph, we used the software GraphClick (Boyle et al. 2013) to obtain values from the 

figures. For studies that reported sampling error graphically, but the error bars were too 

small to be measured, we substituted in a small value (0.1) so that these measurements 

could be included in downstream analyses. If studies included both during (i.e. start of 

warming effects until six months after the peak) and post (i.e. six months to two years 

after peak warming) data points, we took each time frame as a separate data point. Where 

standard deviation was not reported, we calculated it from standard error or 95% 

confidence intervals. Since baseline coral bleaching outside of El Niño/La Niña events 

may not be zero, and some coral bleaching studies did not provide a before El Niño/La 

Niña estimate of bleaching (i.e. an estimate of local baseline bleaching), we simulated 

baseline bleaching levels using the conservative mean of 5% baseline bleaching (±15% 
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SD). Very few studies included before-El Niño/La Niña bleaching incidence or severity 

(n = 6), so we expanded our search to analyze published studies which did not provide 

before-impact data, but only provided values that were during or after the event (nafter only 

= 23) (Figure 3.1). We conducted two separate analyses on the full bleaching data set, 

with one using the extracted before-El Niño/La Niña values (with simulated before El 

Niño/La Niña values only for those instances where before-event bleaching was not 

reported), and the other using the simulated before-El Niño/La Niña values across the 

entire data set. We also extracted metadata from each selected paper including El 

Niño/La Niña year, coral taxonomic classification, sampling date, sampling depth, and 

latitude/longitude. In cases where geographical coordinates were not provided or were 

provided as the center of a region, we approximated the latitude and longitude from the 

text using Google Earth. 

DHW calculations based on a consistent 33-year climatology 

To evaluate the effects of sea surface temperature (SST) on coral reefs, we extracted a 

coral stress temperature data set spanning the time period of this analysis. While there are 

a number of pre-compiled products that provide degree-heating-week (DHW) and 

instantaneous bleaching thermal stress (Liu et al. 2013), they are not readily available for 

the full period of 1982-2016. To facilitate this analysis, we derived a new data product 

from the Reynolds OI 0.25° Level-4 SST analysis. This product is based on blended data 

from the Advanced Very High Resolution Radiometer (AVHRR) missions as well as in 

situ data and is published by the Group for High Resolution Sea Surface Temperature 

(GHRSST) (National Climatic Data Center 2007, Reynolds et al. 2007). We chose this 

optimally interpolated product because it provides gapless, quality-controlled and in situ  
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Table 3.1 Definition of derived variables included in our new data product. All 

variables are computed for a user-provided latitude/longitude and date, which can 

include any time point since 1984. With the exception of the first three months of 1982, 

we also calculate these same parameters for 1982-1983, although the beginning of 

usable data is in January 1982, so calculation of maximum DHW and time lag are 

restricted to within this window. Data are accessible at www.CoralStress.org. 

 

Data Type Abbreviation Description 

Current Degree 

Heating Week 

(DHW) 

DHWnow 

Current DHW calculated at the queried date, 

where any daily temperature exceeding the MMM 

by more than 1°C contributes to the DHW total, 

which is totaled over the previous 84 days (12 

weeks). 

Maximum DHW 

during El Niño 
MaxDHW 

Maximum DHW during the current year and the 

past three years. 

Time Lag since 

Maximum DHW 

TimeLag 

 

Paired with MaxDHW. Time (in days) between 

queried date and maximum DHW. Only the time 

since the MaxDHW the corals have experienced 

are considered. 

Current Sea 

Surface 

Temperature 

SSTnow 
Current sea surface temperature (SST) at the 

queried time. 

Long-term Mean 

Temperature 
SSTmean Mean SST calculated over the period 1982-2014. 

Long-term 

Temperature 

Variance 

SSTvar 
Variance of SST calculated over the period 1982-

2014. 

Long-term 

Temperature 

Standard 

Deviation 

SSTstd 
Standard deviation of SST calculated over the 

period 1982-2014. 

Maximum 

Monthly Mean 
MMM 

Maximum monthly mean SST, computed by 

calculating the mean temperature of each month 

during the period 1982-2014 and selecting the 

month with the highest mean SST. 

Month in which 

MMM occurs 
MMMmon 

Month in which the MMM occurs, ranges from 

January=1 to December=12. 

http://www.coralstress.org/
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verified (and enhanced) estimates, which minimizes known issues with satellite-only 

datasets, such as erroneous cold pixels, gaps due to clouds, and land contamination. We 

believe that the GHRSST Level-4 AVHRR product provides the best compromise 

between robustness and resolution for the present analysis. We performed all 

computations in MATLAB using daily maps at a spatial resolution of 0.25° 

(approximately 25-30 kilometers). 

The first parameter we derived from SST was the instantaneous bleaching thermal 

stress, hereafter 'hotspots'. Following the methods of (Liu et al. 2013), we computed 

hotspots by subtracting the maximum mean month (MMM) from the current SST at each 

grid point. We computed the MMM by taking the mean temperature of each month 

during the period 1982-2014 (the first and last complete years which were available at the 

time of this analysis) and finding the month with the highest mean temperature, that is, 

the warmest month of the monthly climatology. We ran this computation individually for 

each grid point in latitude and longitude, with the MMM generally occurring in the boreal 

summer months in the Northern Hemisphere and the austral summer months in the 

Southern Hemisphere. From the calculated hotspots, DHW were then computed using the 

following criteria (included if the hotspot reached or exceeded MMM+1°C), as defined 

by (Liu et al. 2013), but modified to accommodate the use of daily data. For example, if 

the daily values of SST – MMM are below zero for 11 weeks and then 0.2°C, 0.3°C, 

0.5°C, 0.7°C, 0.9°C, 1.2°C, 1.3°C in the last week, only the values 1.2°C and 1.3°C 

would contribute to the DHW, for a total value of (1.2 + 1.3)/7, resulting in a DHW value 

of 0.36°C. The division by seven occurs due to the computation of DHW instead of 

degree-heating-days (DHD). To illustrate Time Lag, consider a point which has 
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experienced significant heating 4 months prior to the sampling date. Here, latent effects 

may still be present, even though the current DHW may be zero. Therefore, in addition to 

current DHW, we return the previous maximum DHW and the time lag (in days) to it for 

inclusion in downstream analyses. To analyze a specific location and time, we return a 

number of additional output variables at each queried time and latitude/longitude 

(variables defined in Table 3.1; data accessible at https://www.CoralStress.org). 

Calculation of effect sizes 

We used the metafor package in R (R Development Core Team 2008, 

Viechtbauer 2010) to calculate the effect size Hedges’ d (Hedges & Olkin 1985) for both 

percent bleaching and percent cover. We utilized Hedges’ d because this commonly used 

effect size metric (Igulu et al. 2014, Przeslawski et al. 2015, McDevitt-Irwin et al. 2016) 

allows the inclusion of reported zero-values, which occurred frequently in our data set 

(e.g. in cases where there was zero bleaching prior to the El Niño).   

(Equation 1):  where Mean1 

is the mean percent cover or bleaching cover during or after the El Niño/La Niña event, 

Mean2 is the mean percent cover or bleaching before the El Niño/La Niña event, s1 and s2 

are the standard deviations, n1 and n2 are the sample sizes, and J is a correction for small 

sample size (Equation 2): . Variance for Hedges’ d is 

described by (Equation 3):  

Statistical analyses 

We conducted all statistical analyses in R using the metafor package (Viechtbauer 

2010). We first tested whether ENSO-associated warming increases coral bleaching or 



 

 

48 

decreases coral cover by running each model without any moderator terms (i.e. random 

effects) to obtain the overall effect size. Here we used a random effects model, with 

individual estimates (e.g. by site or time point) nested within study number (i.e. 

publication) as the nested random effect, in order to account for heterogeneity amongst 

data points from within the same study and between studies, which can arise because of 

the consistent methodology, location, or species measured in an individual study. We 

used REML (restricted maximum-likelihood estimator) and we tested for within-group 

heterogeneity in the random effects model with the error heterogeneity estimate statistic 

(QE) (Hedges & Pigott 2004). 

Next, to assess the factors influencing coral bleaching and coral mortality 

(measured as loss of coral cover), we used linear mixed-effects models with 'study' as the 

random effect and maximum DHW (MaxDHW), DHW time lag (i.e. time between 

maximum DHW and study measurement date; TimeLag), long-term temperature mean 

(SSTmean), and long-term temperature variance (calculated over the full 30-year 

AVHRR data set, SSTvar) as the moderators. Note that for coral bleaching we 

constructed two full models, one in which we simulated 'before' bleaching values for 

those studies missing this information and one in which we simulated 'before' bleaching 

values for the entire data set, as a sensitivity test of the effect of the 'before' simulation on 

our results. For each full model type, we used Akaike information criterion corrected for 

small sample size (AICc) to determine the best model by testing all possible 

combinations of moderators and all two-way interactions using the R package glmulti 

(Calcagno & de Mazancourt 2010). We also conducted reverse step-wise ANOVAs 

beginning with all possible combinations of moderators and continued simplifying the 
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model until the minimum AICc was reached. For the step-wise ANOVAs we used MLE 

(maximum likelihood estimator) because it can be used to compare evidence weights 

(AICc) among models. In some cases, the top model had a similar AICc value as the next 

best models, we show these models in Appendix A Figures S3B and S3C. We also 

conducted a comparison of up to one year post-event against model results for the full 

two years post-event. For each moderator retained, we extracted the effect size and 95% 

confidence intervals from the final top model to determine significance at the different 

levels. To test for model fit, we used a pseudo-R2 value calculated as follows:  

 (Equation 4, generalized from Nakagawa & Schielzeth 2013),  

where  is the variance component from the simple model (no moderators included), 

and  is the variance component from the full model (including all significant 

moderators). This pseudo-R2 value shows how much more variance is accounted for in 

the full model, compared to the simple model without moderators, or how much better 

the fit is when moderators are taken into account. Although this is not a perfect metric for 

goodness of fit, it is the best method currently available to assess goodness of fit for our 

models. 

To evaluate our data for publication bias, we evaluated our models in funnel plots, 

and determined the fail-safe number for each overall model (Rosenberg 2005). The fail-

safe number represents the number of studies which would have to be added to the 

current meta-analysis in order to alter the significance of the overall effect size, with 

larger numbers providing support for the current result. Our fail-safe numbers for coral 
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bleaching indicated that 118,994 papers for the fully simulated before values and 48,160 

papers for partially simulated before values would need to be added in order to alter the 

statistical significance of the overall effect size. Similarly, for coral cover, 46,191 studies 

for coral cover would have to be added to alter the statistical significance of the overall 

effect size. These extremely large fail-safe numbers emphasize the strength of the 

relationship between El Niño/La Niña warming and coral decline. 

 

Results and Discussion 

El Niño heat stress 

Comparisons of individual El Niño/La Niña thermal stress anomalies, using the 

consistent 33-year climatology in our new data product, reveal considerable differences 

in the overall intensity of heat stress during past El Niño events and in the locations of the 

maximum heat stress amongst these events (Figure 3.2 and Appendix A Figure S2). The 

El Niño events of 1982/1983 and 1997/1998, which were the largest prior to the 

2015/2016 event (Philander 1983, Trenberth & Hoar 1997, Wilkinson & Hodgson 1999, 

McPhaden 1999, Goreau et al. 2000), show a typical El Niño pattern, with maximum 

heating occurring along the equator and the western coast of South America (Figure 3.2 

and Appendix A Figure S2). In contrast, the Central Pacific El Niño or “Modoki”, with 

maximum heating along the equator near the dateline, can be seen clearly in the 

2002/2003 and 2009/2010 El Niño events (Figure 3.2 and Appendix A Figure S2). 

Additionally, global maps of the maximum cumulative El Niño for each reef location 

illustrate stark differences in severity and areal impact of El Niño-associated heat stress 

(Figure 3.2). 
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Figure 3.2. Maximum heat stress (DHW) for each reef location in the world (calculated at a 0.25° 

spatial resolution from AVHRR satellite data) during each of the eight El Niño events that 

occurred in the past 35 years. 

 

Studies of El Niño/La Niña impacts on coral reefs 

Our literature search identified a total of 773 unique publications, of which 36 fit 

all of our search criteria. From the original articles returned from the searches, only 144 

articles addressed coral bleaching or cover losses in relation to ENSO-associated 

warming (Figure 3.1). Many of the initially-excluded studies were returned from our 

search but were irrelevant to the current meta-analysis, such as analyses of coral skeletal 

composition for reconstruction of historic climate. There is some overlap between coral 

bleaching papers (n = 50), and coral cover papers (n = 108) when split from relevant 
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papers (n = 144), because a few studies (n = 7) provided data on both coral bleaching and 

coral cover. After all exclusion steps were complete, there were 5 coral bleaching studies 

which included "before bleaching" data, 15 coral bleaching studies which included data 

only during or after the bleaching event, and 28 coral cover studies which included all 

necessary attributes for analysis (Figure 3.1). In total, 6 studies reported on coral 

bleaching associated with ENSO, and 30 studies reported on coral cover losses associated 

with El Niño/La Niña (Figure 3.1). Our meta-analysis included a total of 453 data points 

globally (Figure 3.3), which we subset into coral bleaching (n = 251) and coral cover (n = 

202). The majority of data points were taken from graphs (n = 158); however, data points 

were also obtained from tables or directly from the text (n = 72). 

 

Figure 3.3. Study locations included in this global meta-analysis. Studies reporting changes in 

coral bleaching due to El Niño/La Niña warming are marked in white, and studies reporting 

changes in coral cover due to El Niño/La Niña warming are marked in red. The background color 

scale represents the number of data points that were extracted from each location. Data from non-

El Niño/La Niña bleaching events, and from papers excluded from this meta-analysis are not 

included on this map. 

 

The included studies employed a variety of survey types using both quadrat and 

transect methods, but in general these can be summarized into two categories: visual 
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estimates and photo surveys. Included studies ranged in depth from 0.5 m to 40 m, 

although depth was often reported as a range nearly as large, hindering our ability to 

conduct any depth-specific analyses. We also were unable to examine taxonomic-specific 

effects of El Niño/La Niña-related bleaching analysis because even in the most 

commonly reported families (e.g. Poritidae, Pocillloporidae, Acroporidae) there were 

few (<20, generally <5-10) data points for each family. Additionally, most data points for 

each family were extracted from a maximum of 1-3 studies, which were often spatially 

clustered (e.g. Pocilloporidae on the Pacific coast of Central/South America). Similarly, 

we did not conduct analyses by biogeographic region or local sub-regions, as this is a 

broad-scale coral bleaching study focused on El Niño/La Niña-related warming events, 

and because we analyze underlying environmental factors (e.g. mean long-term 

temperature and variance) rather than coarse large-scale biogeographic regions. While we 

concede that factors such as depth and taxonomy are or may be important drivers of coral 

bleaching and cover changes during warming events, these specific analyses were not 

possible using currently available peer-reviewed research. 

This meta-analysis focuses on peer-reviewed research on coral bleaching events 

which occur during El Niño and La Niña events. Although a great many other regional 

bleaching events have occurred outside of El Niño/La Niña events, the goal of this 

manuscript is to specifically investigate the influence of thermal stress on coral 

communities during El Niño and La Niña events. This may also, to some extent, limit the 

observed underlying environmental variability (e.g. by default our method excludes 

studies investigating bleaching due to cold water events, or point-source pollution). 

Additionally, if the "Web of Science" search is conducted similarly as above but 



 

 

54 

excluding the terms (El Niño OR El Nino OR ENSO), a total of 8,686 potential papers 

are returned for inclusion compared to the 773 reviewed in the current study. While this 

would be an admirable meta-analysis, it is outside of the scope of the current study. 

Table 3.2. Top model results for coral bleaching (including measured and simulated before-

bleaching values) and coral cover loss (up to one year after maximum heat stress). 

Model Moderators (Top Model) QM df QE df 

Bleaching 
SSTmean, 

TimeLag:MaxDHW 
7.5*** 2 1652*** 140 

Cover MaxDHW, SSTmean 21*** 2 796*** 153 

QM is the test of moderators (i.e. whether the moderators explain a significant amount of 

variance in the model), and QE is the test for residual heterogeneity (unexplained 

variance) after accounting for all included variables (p-value < 0.001 noted with ***). 

MaxDHW is maximum DHW experienced by reef during the present El Niño event, 

SSTmean is the long-term mean temperature, and TimeLag is the time since maximum 

DHW occurred. A colon represents an interaction between two moderators. See 

Appendix A Figure S3 (b, c) for the top ten model results. 

 

El Niño/La Niña effects on coral bleaching and coral cover 

As expected, El Niño- and La Niña-related warming causes an increase in coral 

bleaching (Figure 3.4a), with maximum coral bleaching reaching 100% in some 

locations. The best model for the partially-simulated before bleaching data set both using 

glmulti and reverse stepwise ANOVAs included long-term mean temperature, SSTmean 

(pseudo-R2 = 0.058, Table 3.2). Decreasing SSTmean lowered the effect of El Niño/La 

Niña heat stress on coral bleaching, with equatorial latitudes experiencing the most coral 

bleaching, and coral bleaching decreasing further away from the equator although this 

effect was small. We suggest that the most likely driver of this phenomenon is adaptation 
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of corals to intra-annual temperature variability on higher latitude reefs (Donner 2011). 

Despite the fact that SSTmean accounts for a relatively small amount of variability (~6%, 

pseudo-R2 = 0.058), it is still notable that this moderator appears to influence coral 

bleaching, given the variety of other factors that also contribute to patterns in coral 

bleaching. When variability of effect sizes between different sites/time points within a 

paper were taken into account, TimeLag was removed as a significant moderator. This is 

most likely due to the fact that we expect the effect size (i.e. how much bleaching 

occurred) to vary within a study in direct relation to time since maximum heating 

occurred. Consequently, taking this into account in our model construction essentially 

masks the true effect of TimeLag on coral bleaching by accounting for this in within-

study variation.  

 

Figure 3.4. Effect size and moderators of top coral bleaching and coral cover models (p-value < 

0.001 noted with ***, p-value <0.05 noted with *). a) Overall effect size (standardized mean 

difference ± 95% confidence intervals) for coral bleaching (black; including measured and 

simulated before-bleaching values) and coral cover loss (red; up to one year after maximum heat 

stress). El Niño/La Niña warming significantly increases coral bleaching and significant 
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decreases coral cover. Significant moderators in b) the coral bleaching model and c) the coral 

cover model. MaxDHW is maximum DHW experienced by reef during the present El Niño event, 

SSTmean is the long-term mean temperature, and TimeLag is the time since maximum DHW 

occurred. A colon represents an interaction between two moderators. 

Overall, percent coral cover significantly decreased after an El Niño/La Niña 

event (Figure 3.4a). The maximum reduction of local reef cover among studies was 

100%, which was due to taxa-specific losses estimated within studies (absolute loss 

across the entire coral community = 80.5%). The model moderators with the best 

consensus for explaining coral cover loss were MaxDHW and SSTmean (pseudo-

R2=0.047, Figure 3.4c, Table 3.2). As expected, coral cover loss increased as cumulative 

heat stress (MaxDHW) increased (Figure 3.4b). Long-term mean temperature is also a 

significant moderator, with increasing SSTmean related to decreases in coral cover. Only 

the top two consensus moderators were included in the main presentation of results 

(Figure 3.4, Table 3.2). Although three of four coral cover models agreed on these two 

moderators, one model that included the full two years of data (after the El Niño/La Niña 

peak, constructed with glmulti) also included a small, but statistically significant 

interaction between MaxDHW and TimeLag (Appendix A Figure S3a). The model 

including full two years of data (constructed with glmulti) did not include MaxDHW, 

although the other models (full two years of data constructed with glmulti, one year of 

data only and full two years of data constructed with reverse stepwise ANOVAs) did 

include MaxDHW as a significant moderator. Since SSTmean is a significant moderator 

in both bleaching and cover models, if we accept long-term mean temperature as a proxy 

for latitude, then low-latitude coral communities experience both higher bleaching and 

coral cover loss during El Niño/La Niña events (Figure 3.4) than corals at higher 
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latitudes. However, the thermal gradient in coral cover loss we demonstrate in this meta-

analysis (and the proposed corresponding decrease in coral loss with increasing latitude) 

is in contrast to a previously observed latitudinal gradient coral bleaching (increasing 

bleaching with increasing latitude) (Ulstrup et al. 2006). This lends support to the 

hypothesis of increased recovery at higher latitudes, where corals bleach more frequently, 

but are either acclimated or adapted to recover from bleaching stress. 

Residual heterogeneity 

Within all models, there was a significant degree of heterogeneity remaining after 

accounting for all significant moderators (Table 3.2). This suggests additional factors not 

included within these models have a significant influence upon coral bleaching and cover 

loss during ENSO. This may also be due to non-linearities in moderator-response 

interactions, which we were unable to test with the available data. With more data, or 

with a more constrained question (e.g. local- or regional-scale analyses), exploring non-

linear models may be instructive for understanding residual heterogeneity not resolved 

with linear modelling. Factors not included within our models that could account for this 

heterogeneity include coral taxa, local adaptation, and coral depth, as well as a suite of 

abiotic factors including wind, upwelling and currents, and localized (i.e. meter to 

kilometer scale) thermal anomalies. The intensity and distribution of coral bleaching can 

be affected by the taxonomic composition of individual reefs, based on species-specific 

bleaching susceptibilities (Marshall & Baird 2000). Reef location, both depth and 

distance to shore, are also important factors determining the vulnerability of corals to 

thermal bleaching and subsequent mortality (Furby et al. 2013). Local acclimation and 

adaptation were not considered in our study, but almost certainly influence coral 
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bleaching patterns as well (Guest et al. 2012). For example, local oceanographic 

conditions affect susceptibility to bleaching, as high water flow (McClanahan et al. 2005) 

and upwelling (D’Croz & Maté 2004) potentially limiting acclimation and decreasing 

coral tolerance to warming. Many additional factors contribute to heterogeneity in coral 

bleaching patterns, ranging from cloud cover (Mumby et al. 2001) and water quality 

(Wooldridge 2009, Wiedenmann et al. 2012), to basic coral biology and micro-

complexity (Putnam et al. 2017). These factors are fundamentally important to 

understanding patterns in coral bleaching, survival, and resilience, and continued 

investigation and synthesis are encouraged as more data become available. 

The novelty of the 2015-2016 El Niño event 

Prior to 2015, the most extreme El Niño events observed to impact coral reefs 

globally occurred in 1982-83 and 1997-98. The 2015-2016 El Niño surpassed these 

events both in terms of ocean warming intensity and extent (Eakin et al. 2016), causing 

unprecedented ecological consequences worldwide. While areas affected by typical 

Eastern Pacific El Niño events (i.e. the coast of Central America) were still not affected 

worse than the massive El Niño in 1997-1998, the 2015-2016 El Niño now dominates 

tropical waters as the highest cumulative stress on corals globally on record (Figure 3.5). 

In fact, for several reefs in the Central Pacific region, the 2015-2016 El Niño exceeded 

the threshold "Not experienced by reefs as yet" (24 degree heating weeks) described by 

Hoegh-Guldberg merely 6 years ago (Hoegh-Guldberg 2011). As the return time between 

bleaching events decreases, we expect that the balance of long-term influence of coral 

resistance versus recovery from bleaching events will shift, making coral resistance 

incrementally more important than recovery (Côté & Darling 2010). 
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Figure 3.5. El Niño events with the greatest heat stress. Both figures show which El Niño event 

caused the greatest maximum DHW for each area. Note that this figure does not demonstrate 

bleaching response, only maximum cumulative heat stress per El Niño event. The events are 

color-coded by year. The 1997/1998 El Niño event (green) was the most severe event in the 

Eastern Pacific around the South American coast. a) All El Niño events from 1982-2010, showing 

how much heterogeneity there is in the geographic distribution of the most extreme heat stress. b) 

All El Niño events since 1982, including the 2015-2016 El Niño event, demonstrating the coral 

heat stress homogenization that occurred during this most recent El Niño/La Niña warming event. 

 

Recommendations 

Based on the outcomes of this systematic review of the published ENSO-warming 

related coral literature, we make several recommendations for future coral reef bleaching 

studies. First, researchers should include at least the following El Niño/La Niña warming 

parameters: 
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• Magnitude of warming: current local Degree Heating Week at the time of field 

sampling;  

• Timing and trajectory of warming (e.g. include figure with temperature or DHW 

trajectory leading up to sampling time point); 

• A history of bleaching events for the study location(s). We suggest including a 

supplementary figure of heat stress over time since 1982 (e.g. by extracting data 

from our new DHW data product). This would allow for examination of historic 

heat stress, as well as the potential for local acclimation and adaptation due to 

previous heat stress conditions. 

Additionally, it is imperative that researchers present all study parameters including: 

• Exact sampling dates for each location sampled; 

• Exact GPS coordinates for each location sampled, including multiple GPS 

coordinates in cases where there is more than one study site; 

• Sample size, at the smallest measured scale (e.g. samples per site); 

• Sampling error (e.g. standard deviation or standard error); 

• Any available before-impact data: coral cover, coral bleaching, including 

corresponding sampling errors, dates, and methods; 

• Exact coral survey depth(s). Large depth ranges (e.g. 5-20 m depth), and even 

moderate ranges at critical depths (e.g. 2-10 m depth) obfuscate patterns in coral 

bleaching by greatly increasing unexplained variability in light exposure. If a 

study examines coral bleaching at different depths, this should be reported, with 

data and results specified by depth. 

As well as study-specific taxonomic information including: 
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• Taxonomic composition of the surveyed corals, as well as species-specific coral 

responses to heat stress; 

•  Overall coral community response, in cases where the primary purpose of the 

study is to investigate single (or a few) coral species. 

Finally, we encourage researchers to make their data and results fully open upon 

publication of their study. This includes but is not limited to: photo/video survey methods 

which can produce archives of coral reef status. Reproducibility, and consequently future 

synthesis work, would be enhanced by making images available online (through sites like 

CoralNet; Beijbom et al. 2015), and by making analyses transparent by providing data, 

code, and results (via sites like GitHub). 

We found that only a subset of papers considered for this meta-analysis included both 

the temperature stress (i.e. either temperature anomaly at the time of sampling or 

cumulative DHW) and a specific time period of when the sampling took place. It will be 

much easier to identify patterns in bleaching and mortality if we can rectify the data we 

already have to a quantitative time frame of thermal stress. Additionally, we found that 

20 out of 44 coral bleaching papers and 20 out of 61 coral cover papers did not include 

sample size, sampling error, or both. Finally, we note that long-term monitoring data sets 

are important, as they provide a baseline against which to compare changes to coral reef 

ecosystem structure and health, and we strongly support the development of such data 

sets. Building a mechanistic understanding of how local variability in baseline coral 

cover and bleaching changes during El Niño/La Niña warming will allow us to identify 

the processes that give rise to bright spots (Cinner et al. 2016) that foster coral reef 

resilience and recovery over the long term.  
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Conclusion 

Understanding how El Niño/La Niña events impact coral reefs is crucial for 

developing strategies for coral reef conservation, which is important not only for 

biodiversity conservation, but also because tens of millions of people in over 100 

countries rely on coral reefs for subsistence and to maintain their livelihoods (Salvat 

1992). The additional benefits that coral reefs provide are extensive, including protection 

against wave action, provision of fish habitat (Friedlander & Parrish 1998), recreation 

and tourism, and aesthetic and cultural benefits (Spurgeon 1992, Moberg & Folke 1999, 

Ahmed et al. 2007). The resilience of these benefits is incrementally being eroded, as 

local stressors decrease baseline resilience (Wilkinson 1996, Souter & Lindén 2000) and 

climate change disables coral bleaching protection by shifting ocean warming trajectories 

on reefs from “protective” (trajectories that include a moderate amount of warming 

followed by a period of recovery before more intense heating instigates a bleaching 

event, essentially priming the corals to better respond to the heat),  to “lethal” 

(trajectories that either spike rapidly and/or remain above bleaching thresholds) 

(Ainsworth et al. 2016). Our meta-analysis confirms that El Niño and La Niña-associated 

heat stress, as measured by maximum DHW, is a likely contributor to patterns of coral 

cover loss across the world's oceans. We also found that this trend is mediated by a 

temperature gradient in ENSO-associated coral cover loss, suggesting that higher latitude 

reefs may experience a smaller amount of El Niño and La Niña-associated decline 

compared to equatorial reefs. We show that there is a dearth of published studies 

reporting taxa-specific responses and changes in broad-scale ecosystem metrics to El 

Niño and La Niña, and we recommend that future studies should incorporate a broader 

range of resilience metrics in order to cope with measurement uncertainty and ecological 
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surprise (Bellwood et al. 2004). Future syntheses of recent and emergent bleaching events 

will allow us to discover where reefs are doing better than expected, and to more 

accurately focus global research, management, and conservation efforts. 
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Abstract 

The frequency and duration of episodic ocean warming events are increasing, 

threatening the integrity of coral reefs globally. Interspecific differences in susceptibility 

to heat stress result from variable capacities of corals to resist bleaching or to persist in a 

bleached state. During shorter bleaching events, stress responses occur rapidly and the 

‘window’ for detecting bleaching is tightly constrained. However, during longer 

bleaching events, we argue that the timing of surveys can radically influence results, 

which need to be interpreted with care. For example, although ‘heat resistant’ corals may 

survive prolonged bleaching events, they have a greater chance of being recorded as 

having bleached because they can persist for longer in a bleached state. This could lead to 

erroneous conclusions about their vulnerability to heat stress compared with taxa that 

bleach and die rapidly. Therefore, as bleaching events lengthen, it is vital to consider not 

only temperature at the time of sampling, but also the accumulation of heat stress over the 

entire warming event. We present a simplified conceptual framework and an example 

from the Central Pacific to emphasize the importance of survey timing to perceived 

susceptibility of coral taxa to bleaching. 
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Main Text 

Coral bleaching events are increasing in frequency and severity worldwide at an 

alarming rate (van Hooidonk et al. 2013, Heron et al. 2016). The corollary of this 

dramatic increase is that recovery intervals separating major bleaching events have 

diminished (Hughes et al. 2018). Additionally, coral bleaching events have recently 

shifted from heat stress exposures between 4 and 12°C-weeks on average (Hoegh-

Guldberg 2011), to exceeding exposures of 24-35°C-weeks in some locations (Boyle et 

al. 2017, Brainard et al. 2018, Claar et al. 2018). Climate change models predict that 

these events will continue to increase this century (Cai et al. 2014). This underscores the 

importance of understanding how different coral species respond to episodic pulse heat-

stress events, in order to determine which species and reefs will persist, and therefore 

how the structure and diversity of overall coral communities will be impacted over the 

coming decades. 

Corals can exhibit marked intra- and inter-specific differences in their responses 

to heat stress events, with some colonies succumbing quickly to bleaching and death and 

others able to endure longer periods at elevated temperatures either in the fully pigmented 

or bleached state (Marshall & Baird 2000). Species-specific response differences, which 

may be attributed to coral life history traits (Darling et al. 2012, Madin et al. 2016) such 

as colony growth rate (Gates & Edmunds 1999) and investment in energy storage (Loya 

et al. 2001, Rodrigues & Grottoli 2007), have given rise to the concept of “winners” and 

“losers” (Loya et al. 2001). Because areas with thermally sensitive coral species tend to 

bleach more readily and more frequently than those with thermally tolerant coral species 

(Marshall & Baird 2000), species-specific responses can significantly alter the relative 

abundance of coral taxa at individual reefs toward thermally tolerant species, over the 
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course of one or multiple bleaching events (Loya et al. 2001, Grottoli et al. 2014). Due in 

part to variability in coral species composition, the effect of pulse heat-stress events on 

coral reefs varies across scales, with susceptibility of corals varying amongst regions, 

islands, and reefs. 

Typically, slow-growing mounding corals (e.g. massive Porites) are resistant to 

bleaching and are considered to be stress-tolerant (Loya et al. 2001, Darling et al. 2012). 

Conversely, fast-growing, branching coral species (e.g., Pocillopora and Acropora) are 

thermally sensitive and susceptible to bleaching (Loya et al. 2001, Putnam et al. 2012, 

Darling et al. 2012). Stress-tolerant corals are therefore generally “winners” and 

thermally sensitive species “losers” during thermal stress (Gleason 1993, Loya et al. 

2001, Edwards et al. 2001, Hongo & Yamano 2013). However, recent monitoring studies 

(Chou et al. 2016), as well as rapid coral bleaching assessments in the Indo-Pacific Ocean 

during the 2015-2016 El Niño event have documented cases where this pattern appears to 

be reversed, with greater frequencies of bleaching observed in ‘stress-tolerant’ species, 

such as Porites, than in putatively thermally sensitive species. In this perspective piece, 

we examine the question: Why are “heat-resistant” corals sometimes observed to bleach 

more than “heat-sensitive” corals? We acknowledge that some seemingly counterintuitive 

observations in bleaching patterns of Acropora and Porites may reflect the capacity of 

these species for acclimation (Guest et al. 2012). We do not discount observed changes in 

bleaching frequency due to acclimation, and we agree that species-specific rates of 

acclimation and adaptation fundamentally impact bleaching resilience (Pandolfi et al. 

2011). Instead, we propose an alternative survey-dependent mechanism to explain 

counterintuitive bleaching observations that does not depend upon coral acclimation or 
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adaptation. We suggest that because coral species and colony-specific holobiont 

assemblages exhibit variable capacities to resist bleaching or to persist in a bleached state 

during prolonged heat stress events, the timing of bleaching surveys can influence 

perceptions of coral species’ susceptibility to bleaching.  

Species-specific bleaching responses 

We frame our discussion around two evolutionarily and physiologically distinct 

coral taxa (i.e. one idealized heat tolerant, e.g. massive Porites; and one idealized heat 

sensitive, e.g. Pocillopora) for simplicity while recognizing that on natural reefs these 

strategies are more realistically represented by a gradient of potential responses. Heat-

sensitive coral species may be able to retain their symbionts (or symbionts avoid being 

expelled; Silverstein et al. 2017) for a short time. However, once a sensitive coral starts to 

bleach, a combination of physiological factors (Putnam et al. 2017; including thin tissues 

and limited energy reserves, Loya et al. 2001 but see Lesser 2013), and a higher 

probability of containing thermally tolerant but potentially opportunistic symbionts 

(Putnam et al. 2012, Silverstein et al. 2017), mean that it can persist in the bleached state 

for only a limited amount of time before either recovering or dying (Baird & Marshall 

2002, Jones 2008). Since thermally sensitive coral species are generally more likely to 

bleach, when a researcher surveys a reef during a short bleaching event, they would most 

likely predominantly observe bleaching of these sensitive species. In contrast, heat-

tolerant species can generally resist bleaching for longer than thermally sensitive corals 

(Putnam et al. 2012). For example, in heat-tolerant massive Porites, this is due in part to a 

more evolutionarily-derived symbiosis between Porites and Symbiodiniaceae of the 

genus Cladocopium (C15; LaJeunesse 2005, LaJeunesse et al. 2018). Additionally, corals 
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with thick tissues may be pre-conditioned to disturbances by environmentally-mediated 

priming, where internal (i.e. within-tissue) variability of physiochemical conditions 

allows microscale acclimation that prepares corals for external stress (Putnam et al. 

2017). Furthermore, Porites lobata can increase heterotrophy and potentially dissolved 

organic carbon (DOC) uptake, which facilitates the maintenance of energy reserves 

during bleaching (Levas et al. 2013). These characteristics allow thick-tissued corals to 

resist, persist in, and recover from the bleached state over longer periods than thermally 

sensitive corals, making them generally less likely to bleach during ‘normal’ (i.e., short-

term) thermal stress events. After heat stress subsides, thermally tolerant corals are 

generally able to recover (either fully, or with partial tissue loss), unless heat stress is 

extreme, although recovery may take longer than in thin-tissue corals (Gleason 1993). 

These taxa-specific bleaching patterns have been observed consistently on reefs around 

the globe, making recent observations of reversed bleaching dynamics appear 

conspicuous.  

Bleaching observations during extended heat stress events are survey-timing dependent 

With limited resources, local bleaching surveys and broad-scale monitoring 

efforts are often constrained to a single survey time point during the course of a heat 

stress event (Marshall & Baird 2000, Berkelmans et al. 2004, Zapata et al. 2010, Kelmo 

& Attrill 2013). Many coral bleaching studies also have been reactive, with sampling 

occurring only after the onset of widespread coral bleaching across the reef, at sites 

without any data on the ‘pre heat-stress’ coral community composition. Costs and 

complex logistics of ecological monitoring exacerbate these constraints in remote reef 

locations. When bleaching events are short-lived, it is likely that single surveys can 
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accurately summarize the impacts of heat stress. However, as cool-season reprieves 

diminish (Heron et al. 2016) and bleaching events become longer, multiple monitoring 

surveys for each event likely will be needed to accurately quantify the impacts of heat 

stress. If multiple surveys during a bleaching event are not feasible due to logistical 

constraints, explicit consideration of survey timing with respect to heat stress is 

imperative so that the impact of bleaching can be accurately quantified and compared 

across studies and regions (Claar et al. 2018).  

We now consider how a change in the timing of bleaching surveys could 

influence perceived species-specific bleaching responses during an extended heat stress 

event. We assume that monitoring in this example is reactive (i.e. all surveys occur after 

the onset of bleaching). This is often the case, even in repeatedly monitored sites, as 

researchers are interested in documenting bleaching patterns and prevalence and increase 

sampling efforts in response to a bleaching event. Before heat stress begins, we assume 

that effectively all existing corals are healthy, and negligible bleaching is observed 

(Figure 4.1). This assumption may not hold for reef ecosystems, since changes in 

coloration and minor bleaching (<25% of a coral colony) may occur due to seasonal 

variability (Gates 1990). This, along with other simplifying assumptions herein, should 

be carefully considered when applying this theoretical framework to real ecosystems. If 

researchers surveyed the reef at the onset of heat stress (Figure 4.1, time point A), they 

would document minimal bleaching of sensitive species (e.g. Pocillopora; depending on 

the dominant symbiont or local host/holobiont characteristics), as well as either some or 

no bleaching of thermally tolerant species (e.g. Porites). Observers would record no 

recent mortality at this time point. At the peak of heat stress (Figure 4.1, time point B), 



 

 

70 

the prevalence of bleaching in thermally sensitive corals may appear very similar to the 

onset of heat stress (Figure 4.1, time point A). However, if time point B represents a 

significant amount of heat stress, the underlying symbiont community structure of 

affected corals may have already shifted. By this point, Pocillopora corals with thermally 

sensitive symbionts, genotypes, or phenotypes may have already started to die, while 

those with thermally tolerant symbionts, genotypes, or phenotypes may begin to bleach. 

If the reef was surveyed only at this time point one might conclude that thermally tolerant 

corals are as, or more, sensitive to heat stress than thermally sensitive ones since colonies 

of both types would be bleaching. By time point C, most heat stress has dissipated from 

the system (since a DHW of 0 indicates no accumulation of heat stress for 12 full weeks), 

and most thermally sensitive corals will have reached their end status; that is, if they are 

going to survive the event, they will have regained their symbionts, otherwise, they will 

have exhausted their energy reserves and died. Thermally tolerant coral species may still 

be bleached at time point C, relying on either heterotrophic feeding or energy reserves to 

maintain biological function. If the reef was surveyed only at this time point, it could lead 

to the incorrect conclusion that thermally tolerant coral species were more affected by the 

heat stress than thermally sensitive ones (i.e. if the thermally sensitive colonies that died 

are not recorded at all in surveys, and thermally tolerant colonies are recorded as being 

bleached). This scenario also highlights the importance of recording not only bleached 

corals, but also recent mortality. Finally, the outcome of the bleaching event (Figure 4.1, 

time point D) records either survival or mortality of each of sensitive and tolerant corals. 

Therefore, depending on the timepoint the survey take place (and whether recent 

mortality is recorded), results may appear counter to expectations from lab studies 
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presented above. 

 

 

Figure 4.1 Potential trajectories of coral bleaching, survival or mortality for three model 

coral types over the course of a prolonged heat stress event (measured in degree heating 

weeks (DHW, °C-week)) : i) a sensitive coral (e.g. Pocillopora) in symbiosis with 

persistent Symbiodiniaceae (e.g. Durusdinium, previously Symbiodinium clade D), ii) a 

sensitive coral (e.g. Pocillopora) in symbiosis with a less persistent Symbiodiniaceae 

(e.g. Cladocopium, previously Symbiodinium clade C), and iii) a thermally tolerant coral 

(e.g. Porites lobata or Platygyra daedalea). Trajectories are color-coded as follows: 

green represents a healthy, unbleached coral; yellow represents a bleached coral colony; 

black represents a colony that died. Letters (A-D) denote four potential sampling time 

points during the heat stress event. 

 

 The importance of survey timing was also emphasized by a previous study in 

which repetitive bleaching surveys were conducted during the 1997/1998 El Niño 

(surveyed 6, 10, 14, 20, 28, and 40 weeks after bleaching began; Baird & Marshall 2002). 
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This study found that six weeks after bleaching began, when all living Acropora were 

bleached and massive corals (e.g. Porites, Platygyra) were only nominally affected, that 

70% of the previously abundant Acropora hyacinthus population were already dead. 

Between six and ten weeks after bleaching began, more Acropora died, but others had 

completely recovered. Within this same period, bleaching increased across the 

community and more than half of the massive corals became severely bleached. Fourteen 

weeks after bleaching began (when temperatures dropped to the seasonal average), 

Acropora had reached their end status (i.e. fully recovered, or dead), but many massive 

colonies remained bleached for several months after. Without baseline data, the loss of a 

large proportion of Acropora colonies could have been missed. Furthermore, if sampling 

had only taken place at any one of these timepoints, the conclusions drawn would not 

have shown the complete picture of coral species-specific responses during this bleaching 

event. For example, at 10 or 14 weeks into the event, one might have erroneously 

concluded that Acropora were not affected but that massive corals were. By surveying 

bleaching at multiple time points during this event, the authors accurately captured the 

dynamics of bleaching and mortality and provided a foundation for future work. 

Specific example - Kiritimati Island during the 2015-2016 El Niño 

A more recent example of the importance of survey timing comes from a study of 

coral bleaching, mortality, and survival during extended heat stress on Kiritimati atoll 

over the course of the 2015-2016 El Niño event, we observed what at first appeared to be 

counterintuitive species-specific bleaching patterns (Figure 4.2). We note that this 

example is unusual compared to previous bleaching events, in that this is the first record 

of a year-long continuous heat stress event. While not representative of most coral 
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bleaching events to date, the extended nature of this heat stress event underscores the 

importance of bleaching survey timing, as heat stress events continue to lengthen under 

climate change. After two months of heat stress (reaching DHW = 11.8°C-week;  

 

Figure 4.2 Example images from the 2015-2016 El Niño bleaching event on Kiritimati 

Island. This extended bleaching event lasted for over ten months and reached 24.7°C-

weeks (Chapter 8). Left panels: Two months after heat stress began, July 2015 (~11.8°C-

weeks), showing bleaching massive corals (a, b: Goniastrea stelligera; c: Dipsastraea 

speciosa, Astreopora sp.; d: Porites lobata) adjacent to apparently healthy branching and 

plating corals (e-h: Montipora aequituberculata); Right panels: Near the end of the 

bleaching event (nine months after heat stress began, March 2016) showing dead 

branching and plating corals (i: M. aequituberculata, j-k: Pocillopora grandis, l: 

Acropora sp.), and bleaching (m, n: P. lobata) and recovering/apparently healthy (o: P. 

lobata, p: Platygyra daedalea) massive corals. 
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approximately halfway between Figure 4.1 time points A and B), many heat-tolerant 

corals (e.g. Platygyra daedalea, Porites lobata, Dipsastrea matthaii) were mostly or fully 

bleached, while thermally sensitive corals (e.g. Pocillopora eydouxi and Montipora 

aequituberculata) still appeared fully pigmented. If we had surveyed this atoll’s reefs 

only on this one occasion, we might have concluded that Kiritimati has extraordinarily 

resistant Pocillopora and Montipora (or extraordinarily sensitive Merulinids, e.g. 

Platygyra and Dipsastrea). However, when we returned after ten months of heat stress 

(peak DHW = 24.7°C-week; sampling just before Figure 1 time point C), we found 

nearly the opposite pattern: mass mortality of the thermally sensitive species and many 

colonies of thermally tolerant species that had either persisted in the bleached state or 

recovered to full pigmentation (Figure 2). These patterns (with example photos in Figure 

2) were observed at many sites around the atoll. Subsequent sampling in late 2016 and 

2017 revealed that indeed many colonies of these thermally tolerant species had survived 

the event. 

This study also underscored the importance of sampling before a bleaching event 

for accurate documentation of coral mortality and changes to overall coral community 

composition. For example, large table Acropora were present at several of our sites prior 

to the heat stress event. While these Acropora were variably bleached two months into 

the heat stress event (adjacent colonies exhibited all states between full “healthy” 

coloration and severe bleaching), they were all dead after ten months of heat stress. Since 

it is difficult to determine a coral’s “time of death” from a skeleton (as turf and/or 

macroalgae are quick to overgrow exposed coral skeleton), it is vital to have quantitative 

pre-bleaching estimates of taxa-specific cover. These baseline measurements are 
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particularly important during prolonged bleaching events, because as the duration and 

severity of warming increases, the possibility of local extirpation of entire coral taxa also 

increases, erasing knowledge of the historical state. Long-term coral reef monitoring 

programs, such as that of the National Science Foundation’s Long-term Ecological 

Research (LTER) site at Moorea, French Polynesia (e.g. Adam et al. 2011, Holbrook et 

al. 2018), NOAA’s Pacific Reef Assessment and monitoring program (Kenyon et al. 

2006, Brainard et al. 2018) and the AIMS Long Term Monitoring Program (LTMP) on 

the Great Barrier Reef (e.g. Sweatman et al. 2004), are of critical importance in this 

regard. These extensive data sets record baseline dynamics against which responses to 

acute disturbances can be compared, providing vital insights into underlying biological 

and ecological mechanisms of community change.  

We suggest that counterintuitive observations in species-specific bleaching 

patterns may be emerging due to a mismatch between the frequency of ecological 

bleaching surveys and the fundamental shift in the severity of thermal stressors facing 

coral reefs today. As the temporal extent of bleaching events expands, timing of surveys 

will increasingly influence observed trends in species-specific bleaching. In conclusion, 

we propose that timing of coral bleaching monitoring influences observations and 

species-specific conclusions. If unaccounted for, the timing of coral monitoring will 

become a more commonly confounding factor in bleaching studies, as pulse heat stress 

events become prolonged and more intense on a global scale. We recommend that, if at 

all possible, repeat surveys should be conducted throughout the course of long bleaching 

events, as well as following recovery. At minimum, we recommend researchers report the 

amount of accumulated heat stress at the time of sampling (DHW) compared to the 
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overall event (i.e. at what point in the timeline of the overall heat stress event the survey 

was conducted), and explicitly consider this factor when interpreting the results of their 

bleaching surveys. Additionally, recent coral morality should be recorded in the field 

when possible and compared to baseline coral abundances to ensure that changes outside 

of the bleaching survey are not missed. Ideally, long-term surveys can establish accurate 

baselines before bleaching events and can be used to detect overall changes in response to 

episodic thermal stress. Careful consideration of survey timing will minimize spurious 

conclusions and maximize the amount of knowledge extracted from coral bleaching 

studies. 
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Abstract 

Chronic disturbance can alter marine communities, threatening ecological 

interactions including the foundational symbiosis between reef-building corals and 

Symbiodinium. Symbiodinium are photosynthetic endosymbionts necessary for coral 

survival, but they can also be free-living in the environment. With bleaching events in 

which corals lose their symbionts becoming increasingly frequent, and most corals 

acquiring Symbiodinium from the environment each generation, free-living populations 

represent important pools from which corals draw their symbionts. Yet, little is known 

about the diversity of free-living Symbiodinium or how disturbances alter these 

communities. To determine how chronic (i.e. local human disturbance) and pulse (i.e. a 

storm event) stress influence Symbiodinium communities, we sampled three ecological 

compartments - sediment, water, and coral - at two levels of chronic disturbance, three 

times over nine months. We found that chronic stress was consistently associated with 

higher symbiont beta diversity (i.e. variability amongst assemblages). We also found a 

change in community composition (i.e. turnover) due to chronic disturbance in all 

compartments except one coral species. Pulse stress exhibited some influence on 
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symbiont beta diversity, but the effect was inconsistent. This suggests that the effects of 

chronic stress are more prominent than temporal variability during a pulse stress event for 

shaping these symbiont communities. 

Introduction 

Disturbances, both natural and anthropogenic, can alter diversity and cause stress 

on ecosystem structure and function. Stress can manifest as chronic disturbance (i.e. 

long-term or press disturbance) or pulse disturbance (i.e. short-term or acute disturbances 

events) (Bender et al. 1984, Novak et al. 2016). Both types of disturbance can alter not 

only alpha diversity (i.e., species diversity within a community; e.g. Hobbs & Huenneke 

1992, Cayuela et al. 2006) but also beta diversity (i.e., differences in species composition 

among communities (Anderson et al. 2011, Clavel et al. 2011, Magurran et al. 2015, 

Socolar et al. 2016), which has recently emerged as a sensitive indicator of ecosystem 

change under stress (Dornelas et al. 2014, McGill et al. 2015). Beta diversity metrics can 

be split into two working definitions: ‘turnover’ can be defined as compositional changes 

of species assemblages across a gradient, while ‘variation’ can be defined as the amount 

of variability among species assemblages within each community (Anderson et al. 2011). 

When communities are analyzed in a multivariate context, ‘turnover’ represents 

multivariate location, while ‘variation’ represents multivariate spread (beta dispersion). A 

growing body of literature has shown that at large scales, disturbances often cause a 

decrease in beta diversity, leading to ‘biotic homogenization’ (i.e. communities become 

simplified and more similar to one another; (McKinney & Lockwood 1999, Olden & Poff 

2004, Karp et al. 2012, Iacarella et al. 2018). At microecological scales, however, 

emerging evidence suggests that disturbance may have the opposite effect, resulting in 
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increased beta diversity (e.g. Zaneveld et al. 2016, McDevitt-Irwin et al. 2017; reviewed 

in Zaneveld et al. 2017). This effect has been attributed to the ‘Anna Karenina’ principle, 

wherein stress causes an increase in stochastic changes (i.e. variation) and community 

dispersion within a microbiome, as opposed to directional changes (i.e. turnover) in 

community structure (Zaneveld et al. 2017).  

Understanding how disturbances alter the diversity of coral reefs is of high 

priority, given the biological and socioeconomic importance of these diverse tropical 

ecosystems (Costanza et al. 1997, Bellwood et al. 2004), and one of the most critical and 

susceptible components of these ecosystems is the symbiosis between scleractinian corals 

and the diverse dinoflagellate genus Symbiodinium. These coral-algal symbioses are an 

important component of coral health, but sensitive to chronic stressors, such as poor 

water quality and eutrophication (Wiedenmann et al. 2012, Cunning & Baker 2013, Vega 

Thurber et al. 2014, Browne et al. 2015). There is significant functional diversity within 

Symbiodinium (Stat et al. 2008), and local conditions such as natural environmental 

variability and chronic human disturbance act as filters to limit the types of 

Symbiodinium available for coral symbiosis (Quigley et al. 2017). Therefore, local 

conditions are important drivers that set the baseline and potential scope of corals’ ability 

to respond to pulse stress events. Thermal gradients have a strong influence on 

Symbiodinium biogeography, but chronic local stressors may also influence these patterns 

(Tonk et al. 2013, Kennedy et al. 2016). When the symbiosis between corals and 

Symbiodinium breaks down due to environmental stress, corals bleach (Brown 1997). 

Bleaching events are now occurring globally at an alarming rate, exacerbated by global 
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warming and chronic local stressors such as fishing, pollution, and eutrophication 

(Hoegh-Guldberg 1999, Hughes et al. 2003, Hughes, Anderson, et al. 2018). 

 Since 80-85% of all scleractinian (reef building) coral species must uptake 

symbionts anew from the environment each generation (Richmond & Hunter 1990, Baird 

et al. 2009), Symbiodinium in the environment are vital for the initiation of new 

symbioses with coral larvae and newly settled recruits. Symbiodinium in the environment 

may also provide a source for adult corals to uptake new Symbiodinium after disturbance 

and bleaching (LaJeunesse et al. 2010, Boulotte et al. 2016), but the frequency and 

ecological relevance of this uptake is contested (Little et al. 2004, Coffroth et al. 2010). 

Symbiodinium are found in several environmental “compartments”, including sediment, 

the water column and as epiphytes on macroalgae and seagrass (Littman et al. 2008, 

Manning & Gates 2008, Hirose et al. 2008, Takabayashi et al. 2012, Yamashita & Koike 

2013, Sweet 2014, Granados-Cifuentes et al. 2015). Symbiodinium found in the 

environment (“free-living Symbiodinium”) can be divided into two categories: 1) 

Symbiodinium that do not participate in symbioses and only live separate from other 

organisms are referred to as “exclusively free-living Symbiodinium”; and 2) symbiotic 

Symbiodinium, which are typically associated with invertebrate hosts but can be transient 

in the environment, are known as “transiently free-living Symbiodinium” (Coffroth et al. 

2006, Yamashita & Koike 2013, Nitschke et al. 2016). It is likely that transiently free-

living Symbiodinium do not persist perpetually outside host corals, but rather that these 

populations are ephemeral and consistently replenished (Thornhill et al. 2017). Therefore, 

the diversity and stability of free-living Symbiodinium communities are likely subject to 

environmental fluctuations (Pochon et al. 2010, Huang et al. 2013).  
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Although free-living Symbiodinium provide a pool of potentially viable symbionts 

for coral uptake, little is known about how these Symbiodinium communities vary in 

response to chronic stressors (which often vary across locations) and pulse stressors 

(which typically are of short-duration and hence require measurement over time). Initial 

research showed that free-living Symbiodinium abundance can be spatially variable at 

local scales, with cells preferentially aggregating in reef habitats (Littman et al. 2008). 

Additional research  showed that free-living Symbiodinium communities may vary over 

space (km-scale), but can remain consistent over time (~17 months; Sweet 2014), and 

that thermal variability may drive differences in Symbiodinium beta diversity (Cunning et 

al. 2015) . Nonetheless, significant questions remain about the variability of 

Symbiodinium communities across distinct environmental compartments, and how 

chronic and pulse disturbances influence them, including: 1) Does chronic stress change 

the beta diversity of free-living Symbiodinium communities? 2) Can pulse physical 

disturbance events instigate ecologically meaningful changes in Symbiodinium beta 

diversity, thereby altering the availability of certain symbiont types for uptake into 

symbiosis? and 3) Are the impacts of chronic and pulse disturbances consistent across 

coral species, and other environmental compartments?  

In this study, we investigated how chronic and acute disturbance alters the beta 

diversity of Symbiodinium communities. First, we examined the influence of chronic 

local disturbance (fishing pressure, decreased water quality, pier infrastructure) by 

sampling free-living symbionts in the water and sediment, and three dominant coral 

species at two sites with different disturbance intensities (medium and very high). We 

hypothesized that, unlike for macro-organisms, these disturbances would increase 
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observed Symbiodinium beta diversity in both coral-associated and free-living symbiont 

communities, causing turnover and increased variation. Second, we tested whether and 

how a natural pulse disturbance, namely a major winter swell event, altered 

Symbiodinium communities across compartments. Since seasonality is minimal at our 

equatorial field site, such storm waves generated in the western Pacific may be one of the 

main drivers of intra-annual temporal variability in Symbiodinium exchange among 

compartments in this region. Storm wave events can lead to mechanical homogenization 

of the water column and suspension of the benthos, as well as releasing Symbiodinium 

from corals through coral injury and death and may provide important opportunities for 

exchange among these compartments. We hypothesized that physical disturbance caused 

by a major storm swell event would homogenize Symbiodinium communities between 

free-living Symbiodinium pools, thus decreasing beta diversity, but that it would not 

significantly alter coral-associated Symbiodinium communities. Understanding the 

variability of Symbiodinium communities in response to multiple stressors can provide 

insights into how coral symbioses interact with their dynamic environment, and hence 

how these critical symbioses may be re-established following disturbance events. 

Methods 

Study design  

We collected coral, water, and sediment samples from four sites on the fore reef 

(all at 10-12 m depth; Fig. 1) of Kiritimati (Christmas Island, Republic of Kiribati), a 

large atoll in the central equatorial Pacific (01°52′N 157°24′W) in August 2014, January 

2015, and May 2015. Two of the sample sites (VH1 and VH2) experience very high 

human disturbance in the form of localized fishing pressure, sedimentation and pollution 

due to pier infrastructure near VH2, and localized sewage runoff from adjacent villages, 
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while the other two sites (M1 and M2) experience a moderate level of human 

disturbance, primarily from fishing (Figure 5.1; Walsh 2011, Watson et al. 2016). Large 

swell from a major storm that hit the leeward (western) side of the atoll in January 2015 

significantly impacted the reefs at all four sites. We quantified the intensity of storm 

waves during this time using NOAA’s Multi-grid WaveWatch III Hindcast (Appendix B 

Supp. Material and Appendix B Fig. S1). We collected a small subset of coral samples in 

the days immediately preceding the storm disturbance but were unable to collect water or 

sediment samples before the arrival of the storm waves. Water, sediment, and coral 

samples were collected from all four sites immediately after the waves subsided enough 

to allow diving, but while the water was still well-mixed and turbid from the storm.   
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Figure 5.1 Sample sites on Kiritimati, showing locations with medium (M1 and M2) and 

very high (VH1 and VH2) local human disturbance. Inset shows Kiritimati’s location in 

the central equatorial Pacific Ocean (open triangle). 

Sample collection and processing 

 To quantify Symbiodinium sequence identities, we collected coral tissue samples 

from Pocillopora grandis (n = 70; previously Pocillopora eydouxi), Montipora 

aequituberculata (n = 78), and Porites lobata (n = 73), along with water (n = 39) and 

sediment (n = 58) samples (see Appendix B Table S1 for sample size by site). We 

sampled coral colonies along a 60 m transect at each site, using a small metal chisel to 

biopsy the coral tissue (<1 cm3). Coral samples were transferred to sterile sample bags, 

and then stored in a cooler until laboratory processing began. We collected water samples 

(2.98-10.95 L seawater per sample; Appendix B Table S2) within 1 m of the reef surface, 
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with the goal of collecting four samples per site during each field season. We collected 

sediment samples (2-7 mL per sample; Appendix B Table S3) along the same transect as 

the coral colonies (i.e. <1 m distance from the transect tape), sampling the top layer of 

sediment within 3 cm of the water-sediment interface, which was generally loose and 

well-mixed. 

 During processing, we cleaned coral biopsies using filtered freshwater to remove 

as much skeleton as possible, and approximately 50 µL of coral tissue was preserved in 

400 µL of guanidinium buffer (50% w/v guanidinium isothiocyanate; 50 mM Tris pH 

7.6; 10 µM EDTA; 4.2% w/v sarkosyl; 2.1% v/v-mercaptoethanol). All samples were 

stored at 4°C until DNA extraction. To process the sediment samples, we resuspended 

each sample in 350-400 mL filtered seawater and filtered them using a two-step process. 

First, the resuspended sediments were gravity filtered through a 20 µm pore size nylon 

mesh filter, and the resulting solids were discarded. Secondly, the filtrate was passed 

through a Whatman Nucleopore track-etched 5 µm pore size filter. Each 5 µm filter and 

its contents was preserved in a 1.5 µL centrifuge tube with 400 µL of guanidinium buffer, 

and the filtrate was discarded. We filtered the water samples using the same two-step 

filtering process, and then stored them in the same way as the sediment samples. 

Quantities of water and sediment filtered for each sample are listed in Appendix B Tables 

S3 and S4.  

 DNA was extracted from all samples using a modified guanidinium-based 

extraction protocol (Supplementary Methods; Stat et al. 2009, Cunning et al. 2015). 

Samples were prepared for ITS-2 amplicon sequencing on the Illumina MiSeq platform 

(see Supplementary Methods). 
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Bioinformatics 

All code for this bioinformatics pipeline is available on GitHub 

(https://github.com/baumlab/ Claar_et_al_2019_KI_Compartment). Illumina-Utils 

(Bokulich et al. 2013, Eren et al. 2013) was used to filter raw fastq reads (iu-filter-

quality-bokulich) and merge paired-end sequences (iu-merge-pairs, max-mismatch = 3 

bases between reads per sequence). After initial quality filtering, we processed all 

sequences, generated operational taxonomic units (OTUs) by clustering at 97% sequence 

similarity within each sample, and identified Symbiodinium types following the 

procedure in (Cunning et al. 2017). Resulting OTU tables, taxonomic information, and 

sample metadata were analyzed using the phyloseq package (McMurdie & Holmes 2013) 

implemented in R (R Development Core Team 2008). OTUs were removed if they were 

observed fewer than 5 times in the entire dataset (removed n = 150 of 504 initial OTUs; 

removed n = 424 sequences, or <0.0001% of all sequences), and samples were removed 

if they were comprised of fewer than 100 sequences (removed n = 20 of 338 samples). A 

total of 318 samples were successfully amplified and sequenced (coral n = 221; sediment 

n = 58; water n = 39; Appendix B Table S1), yielding a final dataset consisting of 

4,166,542 sequences. Finally, a phylogenetic tree (similar to Putnam et al. 2012) was 

built by separating Symbiodinium sequences by clade identity. Sequences were aligned 

within each clade separately (align_seqs.py from QIIME; Caporaso et al. 2010) using the 

muscle program (Edgar 2004). A distance matrix was created based on nr28s-rDNA 

distances (Pochon & Gates 2010) and within-clade alignments, and upgma (R package 

phangorn v.2.2.0; Schliep 2011) was used to build a representative phylogenetic tree that 

was incorporated into the phyloseq object. 
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The genus Symbiodinium is highly diverse (Rowan & Powers 1992), and is thus 

divided into nine ‘clades’ (named clades A - I) which are further divided into many 

subclades. OTUs are study-specific, but each OTU can be mapped back to a documented 

Symbiodinium subclade. Since OTUs are a finer taxonomic level than subclades, there 

can be one or many OTUs detected within a subclade present in a sample or study. 

Understanding OTU presence and abundance provides insight into the sequence diversity 

within samples and among compartments, while aggregating at the subclade level 

provides information that is easily compared across studies. Thus, we provide results for 

both levels of taxonomic organization. 

Statistics and visualization 

 We used multivariate statistics and visualization to examine variability in 

Symbiodinium beta diversity: 1) between sites with distinct chronic disturbance levels 

(for each individual compartment), and 2) over time (i.e. across a pulse disturbance), for 

each compartment and disturbance level. For each question, we evaluated changes in 

symbiont community composition, first evaluating community structure, by assessing the 

multivariate location of Symbiodinium sequence assemblages, using a permutational 

multivariate analysis of variance (adonis function in the R package vegan; Oksanen 

2017). Second, we evaluated variation by quantifying changes in multivariate dispersion 

(i.e. beta dispersion) using PERMDISP (betadisper function; vegan). To display the beta 

dispersion (multivariate dispersion) of Symbiodinium communities at each sampling time 

point, we conducted PCoA analysis with the betadisper function (in vegan), using 

weighted UniFrac distances. Weighted UniFrac is a phylogenetically informed beta 

diversity distance metric that is useful for examining differences in community structure 
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in environmental samples (Lozupone et al. 2011). Furthermore, we conducted an 

indicator species analysis using the package indicspecies (De Cáceres 2013) to determine 

whether certain Symbiodinium taxa were specifically associated with different 

compartments, and the stability of these associations. We used the Eulerr package in R 

(Larsson 2018) to create Venn diagrams to visualize shared Symbiodinium taxa among 

compartments and over space and time. We utilized the iNEXT package to quantify and 

visualize taxa accumulation curves in order to visualize the relationship between 

sampling depth and number of OTUs observed (Chao et al. 2014; Appendix B Figs. S4, 

S5, S6). Finally, ggplot2 (Wickham 2016) was used for visualizing our results. All 

analyses were conducted in R version 3.4.3, and all code is available at 

https://github.com/baumlab/Claar_et_al_2019_KI_Compartment.  

 

Results 

 Symbiodinium sequence diversity varied substantially across the three distinct 

compartments sampled (coral, water, sediment; Figure 5.2A, C-E), as well as amongst the 

three coral species (Figure 5.2B). In total, we detected 351 operational taxonomic units 

(OTUs; coral, n = 213; sediment, n = 124; water, n = 94), which mapped to 58 

Symbiodinium subclades (Appendix B Fig. S3) from six of the nine known Symbiodinium 

clades (A, C, D, F, G, I; Appendix B Fig. S2; Appendix B Table S4). Despite occurring 

in close proximity on the reef, less than 6% (n=20) of the Symbiodinium OTUs were 

found in all three ecological compartments; a further 11.4% were found in two 

compartments (Figure 5.2A). Almost half of all Symbiodinium OTUs (n=171) were found 

uniquely in the coral compartment; twenty-one percent (n=75) were found uniquely in 
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sediment, and 13% (n=45) occurred only in water (Figure 5.2A). Very few Symbiodinium 

OTUs (5.6% of all coral-associated taxa) were shared amongst the three coral species 

(Figure 5.2B; Appendix B Table S5). P. grandis had the most unique OTUs (n = 82; 

38.5% of all coral-associated taxa), followed by M. aequituberculata (n = 56; 26.3% of 

all coral-associated taxa), and P. lobata (n = 41; 19.2% of all coral-associated taxa) 

(Figure 5.2B). Compared to the two free living compartments, P. grandis had more 

unique OTUs than either sediment or water (Figure 5.2C); it was also the only coral 

species with unique Symbiodinium subclades that were not represented in either of the 

other two coral species (Appendix B Table S6). M. aequituberculata had fewer unique 

OTUs than sediment but more than water (Figure 5.2D), and P. lobata had fewer unique 

OTUs than either sediment or water (Figure 5.2E). 
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Figure 5.2 Symbiodinium denovo OTUs (at 97% similarity) at all sites and time points 

combined a) in each ecological compartment (i.e. coral, sediment, water), and b) in each 

coral species (i.e. P. grandis, M. aequituberculata [M. aequ.], P. lobata [P. lob.]). Venn 

diagram shows the number of Symbiodinium OTUs present in each sample type, as well 

as the amount of overlap between and among sample types. 

 

Chronic local disturbance  

There were significant differences in beta diversity between symbiont 

communities exposed to medium and very high chronic disturbance levels for all 

compartments, except for the coral P. lobata (Figure 5.3). Multivariate location, a metric 

for turnover, was significantly different between disturbance levels for P. grandis (F = 

11.3, R2 = 0.14, p = 0.001; Figure 5.3A), M. aequituberculata (F = 2.8, R2 = 0.04, p = 

0.022; Figure 5.3B), sediment (F = 12.6, R2 = 0.18, p = 0.001; Figure 5.3D), and water   
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(F = 3.4, R2 = 0.08, p = 0.019; Figure 5.3E), but not for P. lobata (p > 0.05; Figure 5.3C). 

Beta-dispersion, a measure of multivariate spread indicative of the variation component 

of beta diversity, was greater in the very high disturbance sites than in the medium 

disturbance sites for P. grandis (F = 35.8, p < 0.001; Figure 5.3A), M. aequituberculata 

(F = 12.0, p < 0.001; Figure 5.3B), and the sediment (F = 14.1, p < 0.001; Figure 5.3D), 

but was not significantly different for P. lobata or water (p > 0.05; Figure 5.3C, E). 

Interestingly, P. grandis also showed the most dramatic change in clade-level 

Figure 5.3 Multivariate ordination (PCoA) of Symbiodinium communities associated with 

coral (A-C), free-living (D, E) samples, and all samples combined (F). Points indicate 

individual samples (connected to the centroid point in the center), color indicates human 

disturbance level, and shaded areas indicate boundaries of observed community structure. 

F and p-values represent statistics from the beta dispersion analysis. Significance level of 

each test is denoted by *** < 0.001, ** < 0.01, * < 0.05. 
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Symbiodinium community structure with chronic disturbance (Appendix B Fig. S3). P. 

grandis at medium disturbance sites were primarily dominated by clade C, with zero or 

very low abundances of clade D, while at the very high disturbance level, clade D was 

present in several samples at sequence abundances >20%. This suggests that, compared 

to the other two coral species, P. grandis exhibit more flexible symbioses across all 

analyzed taxonomic levels.  

Pulse disturbance overlaid on two levels of chronic disturbance 

The pulse disturbance had a variable influence on Symbiodinium beta diversity, 

depending on the compartment and the underlying level of chronic disturbance. In P. 

grandis and the water column, community structure and beta dispersion (i.e. variation) 

differed significantly over time at the medium disturbance sites, but not at the very high 

disturbance sites (Table 5.1; Figure 5.4A, B, I, J). In M. aequituberculata and sediment, 

the opposite occurred, with evidence of a change in community structure and variation 

over time at the very high disturbance sites, but not at the medium disturbance sites 

(Table 5.1; Figure 5.4E, F, G, H). Beta diversity metrics for P. lobata colonies did not 

change over time in either disturbance treatment (Table 5.1; Figure 5.4C, D). 
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Figure 5.4 Multivariate 

ordination (PCoA) of 

Symbiodinium communities 

associated with coral (A-F), 

sediment (G, H), and water (I, 

J) samples. Points indicate 

individual samples (connected 

to the centroid point in the 

center), color indicates 

sampling time point, and shaded 

areas indicate boundaries of 

observed community structure. 
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Table 5.1 Changes in symbiont beta diversity over time, with compartments subjected to a 

pulse disturbance. Beta dispersion (PERMDISP) and multivariate location 

(PERMANOVA) over time for each Symbiodinium compartment. Shaded boxes indicate 

non-significant model results. 

 Very High Disturbance Medium Disturbance 

 
Multivariate 

location 

Beta  

dispersion  

Multivariate 

location 

Beta  

dispersion  

P. grandis p > 0.05 p > 0.05 

F = 4.2 

R2 = 0.27 

p = 0.001 

F = 8.2 

p < 0.001 

M. 

aequituberculata 

F = 3.2 

R2 = 0.16 

p = 0.006 

F = 3.5 

p = 0.04 
p > 0.05 p > 0.05 

P. lobata p > 0.05 p > 0.05 p > 0.05 

 

p > 0.05 

 

Sediment 

F = 5.1 

R2 = 0.28 

p = 0.001 

F = 4.9 

p = 0.016 
p > 0.05 p > 0.05 

Water p > 0.05 p > 0.05 

F = 3.7 

R2 = 0.27 

p = 0.001 

F = 5.3 

p = 0.014 

 

Despite some observed differences in symbiont beta diversity across the three 

sampling time points (Table 5.1; Figure 5.4), much of the symbiont community remained 

consistent within each compartment over the course of this pulse disturbance (Figure 

5.5). For example, nearly half of all subclades present in each compartment were 

observed during all three time points (coral = 46%, sediment = 41%, water = 46%; Figure 

5.5). Only a few subclades were found in only two time points (up to 15% in any one 
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compartment), and a moderate number of subclades were observed during only one time 

point (coral = 29%, sediment = 44%, water = 38%). Known coral associates (e.g. 

Symbiodinium C31, C42, C15, C1, C3, D1) were present at all time points in water and 

sediment. Additionally, Symbiodinium subclades A5 and I4 are present throughout the 

sediment time series but were only present in the water column during the storm event.  

 

Figure 5.5 Consistency of Symbiodinium subclades in each compartment before (August 

2014), immediately post-storm (January 2015), and after (May 2015) the pulse 

disturbance caused by the winter storm wave event.  Venn diagrams show the number of 

Symbiodinium subclades present during each time point, as well as the amount of overlap 

between and amongst the time points. 

 

Discussion 

Beta diversity increases at a high level of human disturbance 

A fundamental ecological question is whether local disturbance increases beta 

diversity by allowing for habitat expansion by a diversity of potentially opportunistic 

symbionts (in accordance with the Anna Karenina principle), or whether it decreases beta 

diversity due to environmental filtering or biotic homogenization. Thus far, the former 

mechanism appears to be more common in microbial systems, with increased beta 

diversity with disturbance has been documented in multiple ecosystems including soil 

bacteria in the tropics (Lee-Cruz et al. 2013, de Carvalho et al. 2016), animal 
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microbiomes (Zaneveld et al. 2017), and coral microbiomes (Zaneveld et al. 2016). Our 

study provides further evidence of the Anna Karenina principle, and supports our 

hypothesis that local human disturbance is associated with consistent increases in beta 

diversity (specifically, beta dispersion) across Symbiodinium communities in most 

ecological compartments. This means that there was an increase in the number of 

potential Symbiodinium community compositions, and that individual samples were more 

different than one another at highly disturbed sites compared to moderately disturbed 

sites. In some systems, biotic homogenization is considered a negative result of 

anthropogenic stress, but in this specific case, increased diversity may negatively impact 

the stability of coral symbioses. 

Contrary to our second hypothesis, despite some variability among sampling time 

points, we did not detect consistent changes in the Symbiodinium communities of 

different compartments over time (Figure 5.4, Table 5.1). However, there was some 

variability over time, raising questions about whether these changes are due to 

stochasticity in Symbiodinium populations, or whether site-specific environmental drivers 

might be at play. For example, P. grandis had variable Symbiodinium community 

structure over time at moderately disturbed sites, but not at highly disturbed sites, while 

M. aequituberculata exhibited the opposite pattern (Figure 5.4, Table 5.1). Consistent 

with previous results, we found that Porites symbioses are highly specific (Figure 5.4, 

Table 5.1), dominated by Symbiodinium C15 (and C15-like OTUs), and stable across 

both time and space (Putnam et al. 2012, Cunning et al. 2017). One potentially interesting 

temporal observation is that Symbiodinium I4, commonly associated with benthic forams, 

was found in seawater only during the storm time point and could potentially represent 



 

 

97 

mixing or breakage of benthic forams during mechanical disturbance. Coral associates 

were found consistently in the environment, which is different than a previous study 

(Pochon et al. 2010) that did not find Symbiodinium subclades C1, C1d, C3, C15, or C31 

in water or sediment samples. Detecting these subclades in the environment is notable 

because sediment is important for Symbiodinium uptake and the initiation of coral 

symbiosis (Cumbo et al. 2018), and symbiont uptake is greater in the presence of 

sediment compared to seawater only (Adams et al. 2009, Nitschke et al. 2016).  

Similarity and overlap between Symbiodinium communities in different compartments 

 Although there has been a recent increase in the use of next-generation 

sequencing techniques for quantifying in hospite Symbiodinium communities (Quigley et 

al. 2014, Green et al. 2014, Arif et al. 2014), the use of these methods for other 

Symbiodinium compartments is still limited (but see Quigley et al. 2017, Cunning et al. 

2017). We add to this nascent literature here, expanding our understanding of spatial and 

temporal variability in Symbiodinium communities, and how they vary under the 

influence of multiple stressors. In contrast with two recent studies on the Great Barrier 

Reef (GBR) that found four times more unique taxa in sediments than in juvenile corals 

(Quigley et al. 2017) and two times more unique taxa in water and sediment than in adult 

corals (Ziegler et al. 2018), we found 1.7-fold more unique taxa (OTUs at 97%) in adult 

corals than in sediment, and 1.2-fold more unique taxa in adult corals than in water and 

sediment combined. From the host perspective, it is possible that the difference in the 

number of taxa in coral and sediments between these studies was due to the focal coral 

species and life stages sampled in each study. However, we view this as unlikely because 

although Quigley et al. (2017) sampled juveniles of two closely related Acroporids (A. 
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tenuis and A. millepora), Ziegler et al. (2018) sampled a range of adults from 

endosymbiotic taxa that encompassed more diversity than our study. Conversely, from 

the symbiont perspective, it is possible that there are fewer free-living Symbiodinium taxa 

on Kiritimati compared to the Great Barrier Reef, due to the isolation of this remote atoll. 

While symbiotic Symbiodinium could potentially arrive on Kiritimati in association with 

coral larvae with long planktonic larval durations, connectivity of free-living 

Symbiodinium from reefs several hundred to thousands of kilometers away may be 

limited (Treml et al. 2008, Baums et al. 2014). This idea is supported by previous 

research demonstrating that Symbiodinium tend to disperse locally (Fitt & Trench 1983, 

Kirk et al. 2009), are negatively buoyant (Howells et al. 2009), and are competent in the 

water column for only approximately seven days (Nitschke 2015), while coral larval 

competency can be one month or more (Harii et al. 2010, Connolly & Baird 2010).  

Despite the discrepancy between symbiotic and free-living Symbiodinium 

diversity observed between these studies, the proportion of taxa shared between coral and 

sediment was similar (10.1% of taxa excluding those found only in water in our study, 

compared to 10.6% of taxa shared between sediment and juvenile corals in (Quigley et al. 

2017). However, both of these studies found different proportions of shared taxa than 

Ziegler et al. (2018), which found that half of all environmental Symbiodinium OTUs 

were also found in symbiosis, although this may in part be due the fact that they surveyed 

symbioses of not only scleractinian corals but also soft corals and Foraminifera. Our 

research also agrees with previous findings showing that certain subclades are not found 

in symbiosis, but are instead exclusively free-living (e.g., Symbiodinium subclades A2 

and F1; LaJeunesse 2001, Thornhill et al. 2017). Future research on Symbiodinium 
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connectivity and diversity on a variety of reefs across a broad geographic range may help 

to reveal how environmental and biological drivers shape patterns of Symbiodinium 

survival and persistence in both symbiotic and free-living environments on a reef.  

Although we consider all Symbiodinium found in the sediment to be free-living 

(either transiently or exclusively), some Symbiodinium also occur in symbiosis with 

benthic Foraminifera (e.g., Symbiodinium C91) that may be captured during sediment 

collection. It is possible that even after pre-filtering at 20 µm (which should remove all 

living symbiotic benthic forams), mechanical damage could have broken open forams 

and released endosymbiotic algae that were then detected as part of the sediment-

associated free-living community. We expect that this represents a small amount of the 

sequences extracted from the sediment, but future work could focus on comparisons 

between endosymbiotic Symbiodinium in forams and free-living Symbiodinium from the 

same sediment samples. Interestingly, a previous study showed that foram assemblages 

on Kiritimati have changed in response to chronic human disturbance over the past 40 

years, towards heterotrophic rather than symbiotic assemblages (Carilli & Walsh 2012). 

Additionally, foram-associated Symbiodinium may participate in driving the evolution of 

Symbiodinium (Pochon et al. 2006), so further research on the exchange of symbionts 

among foraminiferans, sediment, and corals may reveal ecological and evolutionary 

connectedness among these major Symbiodinium compartments. 

Symbiodinium community overlap among coral species 

Although overall Symbiodinium community structure varied amongst the three 

coral species, there was overlap in the presence of Symbiodinium subclades amongst the 

three species which may provide reservoirs of symbiosis-ready Symbiodinium cells. In 
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this study, we focused on three coral species common on Kiritimati reefs that are direct 

transmitters of Symbiodinium (Symbiodinium propagules are passed from parent colonies 

to offspring, limiting the necessity for these species to uptake Symbiodinium from the 

environment) (Kojis & Quinn 1981, Willis et al. 1985, Baird et al. 2009). However, 

recent research has shown that Symbiodinium uptake by larvae may still be important, 

even for direct transmitters (Byler et al. 2013, Quigley et al. 2018). Additionally, since 

there is substantial overlap in symbiont communities among these three phylogenetically 

disparate coral species, it is likely that there is also overlap with other species in the coral 

community that rely primarily on horizontal uptake of symbionts each generation. 

Potential implications of increased Symbiodinium beta diversity, and future research 

Measuring changes in Symbiodinium communities at varying levels of local 

human disturbance is an important aspect of understanding coral reef resilience, since 

coral reproduction and recruitment is a vital part of coral recovery after severe bleaching 

events and Symbiodinium uptake by juvenile corals is bipartite (i.e., selective within the 

available pool of symbionts; Quigley et al. 2017). There is currently no empirical 

evidence demonstrating whether increased beta diversity in Symbiodinium meta-

communities is beneficial or harmful to coral health and survival. We provide evidence 

that Symbiodinium beta diversity is indeed higher at very high levels of local disturbance, 

and posit two hypotheses regarding the implications of this increased community 

variability: increased beta diversity could potentially be beneficial, because it may offer 

more combinations of symbionts to the coral host and thus may increase the potential for 

adaptation, or conversely, increased beta diversity could be harmful, because it may 
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allow for the proliferation of more opportunistic Symbiodinium assemblages that stray 

towards parasitism by inadequately provisioning their coral hosts (Baker et al. 2018).  

Additional research is necessary to better understand the dynamic linkages among 

ecological compartments, and to determine how disturbance drives variation in 

Symbiodinium community structure within each compartment. Our results suggest that 

beta dispersion metrics of sediment Symbiodinium communities are potentially useful as 

indicators of water quality or reef degradation. The use of sediment could be beneficial 

because it may limit the need to sample corals for this purpose. However, the filtering 

method we utilized for this study was extremely time consuming, which limits utility for 

rapid assessments in the field. Additionally, this approach warrants further research to 

verify whether this pattern is consistent across other reef environments in different 

geographic regions. Future research investigating this idea would need to quantify 

differences in Symbiodinium community structure across the spectrum of local human 

disturbance at many different reef locations and for more coral taxa. While our study 

found no consistent change amongst compartments across three sampling dates, 

assessment of seasonal changes in Symbiodinium community structure would necessitate 

additional studies including increased sampling (i.e. multiple years during the same 

month). Additional time series studies are warranted in order to determine whether 

observed community changes are stochastic, seasonal, or driven by other cyclic or 

irregular environmental or biological drivers. In conclusion, chronic disturbance appears 

to increase beta diversity consistently across compartments, while pulse physical 

disturbance does not consistently alter Symbiodinium beta diversity. If increased beta 

diversity is consistent in locations with high levels of local human impact, empirical and 
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modelling studies should address whether increased Symbiodinium community variability 

bolsters or erodes a reef’s capacity for resilience to future stressors. 
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Abstract 

Coral-associated bacteria and endosymbiotic algae (Symbiodiniaceae spp.) are 

both vitally important for the biological function of corals. Despite their importance, little 

is known about the co-occurrence of these organisms within corals, how the abundance 

and diversity of these communities vary across different coral species, or how they are 

impacted by anthropogenic disturbances. Here, we quantified relative abundance and 

diversity of coral-associated Symbiodiniaceae and bacterial communities across a 

gradient of local human disturbance (n = 11 sites on Kiritimati (Christmas) atoll) in the 

central equatorial Pacific. We sampled 479 colonies from seven coral species that 

encompass a range of life history traits and found that very high chronic human 

disturbance was associated with higher microbial alpha and beta diversity for both 

Symbiodiniaceae and bacteria. When all coral species were considered together, we also 

found there was concordance between the bacterial and Symbiodiniaceae community 

structure, suggesting both Symbiodiniaceae and bacteria respond similarly to 

environmental change. However, when host species were considered separately, there 
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was only concordance between Symbiodiniaceae and bacterial communities for two 

massive species, Hydnophora microconos and Favites pentagona, implying that 

concordance at the coral community level may be due to species-specific coral 

associations. Furthermore, the presence of rare Symbiodiniaceae (genera Symbiodinium 

sensu stricto, Durusdinium, and Gerakladium, formerly Symbiodinium clades A, D, and 

G, respectively) was associated with differential abundances of several bacterial taxa 

which may be indicative of changes in the symbiotic state, although this requires further 

research. These results suggest that Symbiodiniaceae and bacterial communities are both 

affected at high levels of chronic disturbance, and that there are links between these 

communities at an island scale. 

 

 

Introduction 

Coral-associated communities of microorganisms are vitally important for the 

growth, reproduction, and resilience of corals (Ainsworth et al. 2010, 2015, Bourne et al. 

2016, Peixoto et al. 2017). Corals function as ‘meta-organisms’, associating with a 

diverse array of Symbiodiniaceae (prev. Symbiodinium; LaJeunesse et al. 2018) 

(dinoflagellates), bacteria, archaea, viruses, and other single-celled eukaryotic organisms 

(Rosenberg et al. 2007). Despite burgeoning research on their individual roles (Ainsworth 

et al. 2010, Claar et al. 2017, Putnam et al. 2017), the interactions between corals, 

bacteria, and Symbiodiniaceae are still not well understood.   

Understanding the dynamics among the constituents of the coral meta-organism is 

vital in the face of increasing threats to coral reefs by a suite of anthropogenic stressors 

that operate at local and global scales (Hoegh-Guldberg et al. 2007, Hughes et al. 2018). 
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Globally, climate change is impacting corals through gradually increasing stress (e.g. 

ocean warming and acidification), and through pulse heat stress events (e.g. El Niño) 

(Ainsworth et al. 2016, Heron et al. 2016, Claar et al. 2018). Local stressors can decrease 

coral reef health by eroding resilience capacity over time, making them more sensitive to 

climate stressors over the long term (Zaneveld et al. 2016). Stress can weaken the coral 

meta-organism by harming single components within it (e.g. by increasing pathogenic 

bacteria within the microbial community; Vega Thurber et al. 2009), by impacting 

interactions among components (e.g. by decoupling coral-algal symbioses; Brown 1997), 

or both. These impacts increase the probability of coral bleaching (Wiedenmann et al. 

2012), disease (Vega Thurber et al. 2014), and consequently mortality. In this 

manuscript, we investigate the responses of two vital groups of microorganisms residing 

within corals, Symbiodiniaceae and bacteria, to varying levels of local disturbance. 

A vital component of the coral meta-organism is the Symbiodiniaceae, single-

celled endosymbiotic dinoflagellates that provide their host with photosynthetic 

metabolites in exchange for inorganic nutrients and a relatively stable symbiotic 

environment.  Symbiodiniaceae is divided into seven defined genera, which are each 

further divided into numerous subclades (LaJeunesse et al. 2018). Some Symbiodiniaceae 

subclades (e.g. Cladocopium C15 and related) are more evolutionarily derived, and thus 

provide their host with a greater proportion of their photosynthetic products. Conversely, 

other Symbiodiniaceae subclades are more opportunistic and flexible, leading to selfish 

symbiotic interactions that can deviate towards parasitism (Baker et al. 2018). The 

sensitivity of coral symbioses to environmental stress is dependent on both the identity 

and abundance of their Symbiodiniaceae partners (Cunning & Baker 2013). Nutrient 
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enrichment can destabilize Symbiodiniaceae communities and increase symbiont 

abundance, making corals more susceptible to bleaching and disease (Wiedenmann et al. 

2012, Cunning & Baker 2013, Vega Thurber et al. 2014).  

The coral microbiome is comprised of a diverse range of microbes, including 

bacteria, Archaea, fungi, and viruses (Knowlton & Rohwer 2003, Ainsworth et al. 2010). 

The most thoroughly studied members of the coral microbiome are the bacteria, which 

may act both in beneficial roles (Lesser et al. 2004), or as coral pathogens (Ben-Haim et 

al. 1999). Thermal stress can cause shifts in bacterial community structure (Littman et al. 

2010), and increase the prevalence of opportunistic pathogens (Bourne et al. 2008, 

Ainsworth & Hoegh-Guldberg 2009). It can also increase coral production of 

dimethylsulfoniopropionate (DMSP), which elicits a chemotactic response in pathogenic 

bacteria (e.g. Vibrio) and guides them towards heat-stressed corals (Garren et al. 2014). 

Local human disturbance (e.g. pollution, excess nutrients) can increase alpha and beta 

diversity of microbial communities (McDevitt-Irwin et al. accepted; Vega Thurber et al. 

2009). A variety of stressors can cause increases in the abundance of microbial genes 

involved in virulence and stress resistance, as well as a shift from healthy microbial 

communities to unhealthy communities often found in association with diseased corals 

(Vega Thurber et al. 2009). Additionally, anthropogenic stressors generally increase 

coral-associated microbial taxonomic richness and abundance of opportunistic microbial 

taxa while decreasing the abundance of a purported coral microbial symbiont 

(Endozoicomonas) (McDevitt-Irwin et al. 2017).  

Stress often increases beta diversity in many microbial communities. This stress 

response has been dubbed the Anna Karenina Principle, which states that, “all happy 
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families [microbiomes] look alike; each unhappy family [microbiome] is unhappy in its 

own way” (Zaneveld et al. 2017). This suggests that microbial communities within 

multiple individuals of the same taxa or environment will be more dissimilar from one 

another under stress than they are under healthy or baseline conditions (i.e. stress causes 

increased microbial beta diversity) (Zaneveld et al. 2017). Since changes in microbial 

community composition can influence the overall health of a coral, determining how 

these changes relate to Symbiodiniaceae within corals is important for understanding 

coral resilience under stress.  

Since both Symbiodiniaceae and the microbiome are crucial components of the 

coral meta-organism, it is important to understand interactions between them. Research to 

date has not found any evidence of bacterial presence within the symbiosome (i.e. the 

membrane-bound organelle within corals that houses Symbiodiniaceae cells; (Yellowlees 

et al. 2008, Emerich & Krishnan 2014)) (Venn et al. 2009b, Pernice et al. 2012), but 

despite the lack of immediate contact between Symbiodiniaceae and bacteria, the transfer 

of metabolic products among coral, Symbiodiniaceae, and bacteria are likely important to 

symbiotic interactions (Ainsworth et al. 2015). For example, Pocillopora damicornis 

larvae provide their Symbiodiniaceae with nitrogen acquired from bacteria (Ceh et al. 

2013). In a coral model system (Aiptasia), distinct bacterial communities associated with 

symbiotic and aposymbiotic states with direct links to sulfur- and nitrogen-cycling 

bacterial abundance (Röthig et al. 2016). In coral tissue, bacterial diazotrophs fix nitrogen 

that Symbiodiniaceae communities need to grow and reproduce (Rädecker et al. 2015), 

and the abundance of nitrogen-fixing gamma proteobacteria has been associated with the 

abundance of Symbiodiniaceae (Olson et al. 2009).  
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Recent studies also provide evidence that the interactions between these symbiotic 

partners can change under stress. For example, in Acropora tenuis juveniles, thermal 

stress caused a dramatic shift in the microbial community structure of corals dominated 

by Durusdinium (previously Symbiodinium clade D), but no observable changes in the 

microbial communities of corals dominated by Cladocopium C1 (previously 

Symbiodinium subclade C1) (Littman et al. 2010). Furthermore, during coral bleaching 

(the breakdown of the symbiosis between corals and Symbiodiniaceae), coral 

microbiomes may shift from healthy communities towards opportunistic taxa such as 

Vibrio (Bourne et al. 2008). Additionally, environmental adaptation of corals likely 

involves multiple members of the meta-organism (e.g. coral, microbes, Symbiodiniaceae; 

van Oppen et al. 2018). Although their interactions are important, the relationships 

between Symbiodiniaceae and bacteria may not be easily discernible, because  

interactions may be masked by disproportionate variability within the microbiome 

compared to algal symbionts (Chen et al. 2011). Alternatively, extrinsic factors such as 

habitat or location may be more influential to the coral microbiome than intrinsic factors 

such as host genotype or Symbiodiniaceae taxa (Pantos et al. 2015). Furthermore, co-

occurrence (i.e. the simultaneous presence of two different microbial taxa in one coral 

sample) and concordance (i.e. similarity in multidimensional microbial community 

shapes and response to external forcing) may be difficult to detect, and co-occurrence 

does not necessarily imply interactions between taxa (Freilich et al. 2018). Regardless, 

discovering associations between these important symbiotic partners and potential 

parasites and pathogens may provide insights into species-specific mechanisms of 

resilience from a coral-meta-organismal view. 
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To evaluate coral-associated Symbiodiniaceae and bacterial communities under 

stress, we examined paired coral-associated Symbiodiniaceae and microbe communities 

across a spatial gradient of local human disturbance on Kiritimati atoll (Christmas Island, 

Republic of Kiribati, 01°52′N 157°24′W; Walsh 2011, Watson et al. 2016) in seven 

different coral species that span a range of life history strategies. Within this natural 

experimental context, we tested two major hypotheses: First, we hypothesized that alpha 

and beta diversity of both Symbiodiniaceae and microbial communities would increase 

across the disturbance gradient (McDevitt-Irwin et al. 2017, Zaneveld et al. 2017). 

Second, we hypothesized that microbial communities would be more sensitive to 

disturbance, and exhibit more site-to-site variability, than Symbiodiniaceae communities, 

however, we expected that the human disturbance gradient would still drive broad 

concordance between Symbiodiniaceae and microbial communities due to coral species-

specific associations within both communities.  

 

Methods 

Study design and sampling 

To investigate the effects of human disturbance on the diversity and structure of 

the coral holobiont, we sampled coral colonies at eleven fore reef sites (all 10-12 m 

depth) spanning the local disturbance gradient on Kiritimati (Fig. S1). Sites in the very 

high human disturbance category experience localized fishing pressure, sedimentation 

and pollution associated with pier infrastructure near VH2, and localized sewage runoff 

from adjacent villages, while moderately disturbed sites experience human disturbance 

primarily caused by fishing (Figure 5.1; Walsh 2011, Watson et al. 2016). Low and very 

low disturbance sites experience intermittent fishing pressure but are generally protected 
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from most local disturbance. Sites were sampled in August 2014. We also included 

Symbiodiniaceae samples from January 2015, to add an additional human disturbance 

level for our analysis which was not sampled in August 2014 due to logistical constraints. 

This is unlikely to influence Symbiodiniaceae results, since Symbiodiniaceae 

communities within corals on Kiritimati do not appear to change seasonally (Chapter 5). 

These sites span a gradient of local human disturbance, which has been quantified based 

on human population densities, fishing pressure and infrastructure, with sites divided into 

five disturbance categories, termed very low, low, medium, high, and very high 

(Appendix C, Fig. S1; Walsh 2011, Watson et al. 2016). All sampling occurred during 

“normal” non-warming conditions, prior to the onset of heat stress caused by the 2015-

2016 El Niño event. 

At each site, we sampled approximately 8-12 colonies of each of three focal 

species Montipora aequituberculata (nTOTAL = 124), Pocillopora grandis (previously 

Pocillopora eydouxi; nTOTAL = 116)), and Porites lobata (nTOTAL = 101), plus four additional 

less abundant species: Hydnophora microconos (nTOTAL = 49), Platygyra daedalea (nTOTAL = 

42), Favites pentagona (nTOTAL = 29), and Favia matthaii (nTOTAL = 18). These coral species 

represent a range of symbiotic flexibility (Putnam et al. 2012) (Appendix C Table S1).  

Coral biopsies (<1 cm3) were collected using a small steel chisel. Samples were 

stored on ice in individual sterile sample bags until processing. Coral biopsies were 

manually cleaned to remove as much skeleton as possible and subsampled into two 

separate tubes. Approximately 50 µL of coral tissue was rinsed with filtered fresh water 

and preserved in 400 µL of guanidinium buffer and stored at 4°C until DNA extraction 

for ITS-2 sequencing preparation. For 16S sample preparation, another 50 µL aliquot of 
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coral tissue was immediately frozen at -20°C in the field and subsequently stored at         

-80°C.  

A total of 479 coral colonies were sampled and processed for Symbiodiniaceae 

identification (Appendix C Table S1), and a total of 241 coral colonies were sampled and 

processed for microbe identification (Appendix C Table S2). Due to logistical 

constraints, not every coral colony has data available for both Symbiodiniaceae and 

bacteria. However, to increase sample size for individual Symbiodiniaceae and bacteria 

analyses (i.e. alpha and beta diversity), we used all available samples, even if a 

corresponding sample was not available for the other community. A subset of coral 

colonies (n = 220) was successfully collected and amplified for both Symbiodiniaceae 

and microbe communities, and only this subset of samples was used for all comparisons 

between the two communities (Appendix C Table S3).  

 

Amplicon sequencing 

For Symbiodiniaceae identification, DNA was extracted from guanidinium-

preserved samples using a modified guanidinium-based extraction protocol (Stat et al. 

2009, Cunning, Silverstein, et al. 2015, Chapter 7). Extracted DNA was cleaned 

following the standard protocol for Zymo Genomic DNA Clean and ConcentratorTM-25 

kits (Catalog Nos. D4064 & D4065). Samples were prepared for ITS-2 amplicon 

sequencing and sequenced on the Illumina MiSeq platform using 2x300 paired-end read 

chemistry. Raw paired-end sequence reads were pre-filtered using the iu-filter-quality-

bokulich script (Bokulich et al. 2013), and then merged using the iu-merge-pairs script 

with a maximum mismatch of three bases between the forward and reverse reads (both 

scripts from Illumina-Utils; Eren et al. 2013). After pre-filtering and merging, chimeric 
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sequences were removed, primers were trimmed, each sample was clustered using 97% 

within-sample OTU clustering, and resulting OTUs were collapsed at 100% identity 

across samples (as in Cunning et al. 2017). Sequences were aligned using the 

Needleman-Wunsch global alignment algorithm (R, R Development Core Team 2008; 

Biostrings package, Pagès et al. 2017), and Symbiodiniaceae sequences were identified 

against a reference database (as in Cunning et al. 2015, 2017; reference database is 

archived, along with full bioinformatic pipeline at 

https://github.com/baumlab/Claar_etal_2019_Symbio_Bacteria). The phyloseq package 

(McMurdie & Holmes 2013) in R was used to store and analyze OTU tables, taxonomic 

information, and sample metadata. The phyloseq object was further filtered to remove 

OTUs observed <5 times in the entire data set (n = 234 taxa removed and n = 519 kept), 

and then the phyloseq object was filtered to remove samples with low sequence 

abundances (<100 sequences; n = 13 samples removed, and n = 483 samples kept). Next, 

a Symbiodiniaceae phylogenetic tree was constructed by aligning sequences from each 

genus separately using align_seqs.py from QIIME (Caporaso et al. 2010) using the 

program muscle (Edgar 2004). After sequences were aligned within each genus, a 

distance matrix was created using nr28s-rDNA distances (divergence of the D1–D3 

region of the 28S; Pochon and Gates 2010, Putnam et al. 2012) to describe between-

genera distances. Using upgma (R package phangorn (Schliep 2011) v.2.2.0), a 

phylogenetic tree was created and imported into the phyloseq object before statistical 

analysis. 

For bacteria DNA extraction, library preparation, and sequencing was conducted 

by the Earth Microbiome Project (EMP) following their standard protocols 
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(http://www.earthmicrobiome.org/protocols-and-standards/16s; Caporaso et al. 2011). 

16S rRNA amplification was conducted using the EMP’s 515fbc/806r primers (Caporaso 

et al. 2012). Sequence data were filtered and trimmed to 90 bp, and singletons were 

removed using the software Deblur (Amir et al. 2017). Deblur is a sub-operational-

taxonomic-unit (sOTU) approach that uses error profiles to obtain single-nucleotide 

resolution clusters. Deblur also includes denovo chimera filtering using UCHIME as 

implemented by VSEARCH (Amir et al. 2017). sOTU assignments were done using the 

16S rRNA database Greengenes 13.8 (McDonald et al. 2012). Chloroplast and 

mitochondrial sOTUs were removed prior to downstream analysis. Pipeline details and 

OTU tables are available on GitHub 

(https://github.com/baumlab/Claar_etal_2019_Symbio_Bacteria) 

All downstream analyses were completed in R (Version 3.4.3, R Development 

Core Team 2008) using the package phyloseq (McMurdie & Holmes 2013). Code for all 

analyses is located on GitHub 

(https://github.com/baumlab/Claar_etal_2019_Symbio_Bacteria). 

 

Alpha diversity 

To estimate alpha diversity, we rarified each sample to an equal level of 

sequences (n = 800) and calculated the Shannon diversity index for each sample. We 

rarified to 800 sequences to strike a balance between having enough sequences for 

downstream analysis, while including as many samples as possible (since samples with 

fewer than the cutoff are discarded). We chose the Shannon Index due to its suitability in 

situations where rare species are as important as abundant species (Morris et al. 2014). To 

quantify differences in alpha diversity among human disturbance levels and coral species, 

http://www.earthmicrobiome.org/protocols-and-standards/16s
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we then fitted a linear model with the Shannon Index as the response variable and 

performed backwards stepwise ANalyses Of VAriance (ANOVAs) to determine the best 

model fit using the Akaike Information Criterion corrected for small sample size (AICc). 

Next, we used the R package lsmeans to extract the least squares means for the best 

model to test for significant differences among the levels of the included categorical 

variables (Lenth 2016). 

 

Beta diversity 

 We consider two components of beta diversity: 1) community structure, defined 

as a difference in multivariate location or structure among sample groups, and 2) 

variation (dispersion), defined as multivariate spread within each sample group. To 

quantify microbial beta diversity, we transformed all sample counts to proportions and 

calculated Bray-Curtis dissimilarity distances. To quantify Symbiodiniaceae beta 

diversity, we transformed all OTU counts to proportions and calculated both Bray-Curtis 

and weighted UniFrac dissimilarity. We chose Bray-Curtis for comparability with 

bacterial samples, and weighted UniFrac because this metric takes into account 

phylogenetic distance among clades, which is likely more important than differences 

between OTUs. We assessed community structure using permutational ANOVAs 

(PERMANOVAs), implemented using the adonis function in the R package vegan 

(Oksanen 2017). For community structure, our models included coral species, as well as 

site nested within human disturbance category. We then assessed the variation component 

of beta diversity using PERMDISP, which tests the homogeneity of multivariate 

dispersions within groups (implemented as function betadisper in R package vegan 

(Oksanen 2017). Since analyses with betadisper can only include one grouping variable, 
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we included only human disturbance category as a predictor in beta diversity variation 

analyses. We conducted this test for each data set (ITS2/Symbiodiniaceae and 

16S/bacteria) among coral species and then among local human disturbance categories. 

 

Concordance of Symbiodinium and microbial communities 

Concordance represents similarity in multivariate community shape between two 

communities across locations or sampling units and can indicate co-occurrence or similar 

responses of both communities in response to environmental drivers. To test for 

concordance between community structures of Symbiodiniaceae and microbes, we used 

Procrustes analysis (functions procrustes and protest in the R package vegan; Oksanen 

2017), using all coral colonies for which we had both Symbiodiniaceae and bacterial 

sequence data (n = 220). Procrustes (Gower 1975) is a symmetric canonical analysis 

method that enables the comparison of multidimensional community shape between two 

communities. Procrustes analysis works by comparing two community matrices, one 

‘target matrix’ that is kept constant, and another ‘rotated matrix’ which is translated to 

superimpose the centroids of both matrices, scaled so dispersion is equal, and then rotated 

to make the matrices match as well as possible. Here, the Symbiodiniaceae community is 

the target matrix, and the bacterial community is the rotated matrix. A significant 

procrustes result indicates that the two matrices exhibit consistent multivariate 

community changes (i.e. similar multivariate “shape”) in response to environmental 

drivers. That is, either both Symbiodiniaceae and bacterial communities are responding 

similarly to external forcing, or the bacterial community (the rotated matrix) is changing 

in response to the Symbiodiniaceae community (the target matrix). We chose Procrustes 
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analysis over Mantel tests because 1) Procrustes has increased statistical power compared 

to Mantel (Peres-Neto & Jackson 2001); 2) Procrustes can be used to compare multiple 

data matrices (Lisboa et al. 2014); and 3) Procrustes is particularly good when the 

compared matrices (communities) are equally applicable as explanatory and response 

variables (Lisboa et al. 2014). We conducted Procrustes analysis for all coral species 

combined, as well as for each coral species individually.  

 

Symbiodiniaceae genera and changes in the microbiome 

We quantified microbiome members that may be associated with 

Symbiodiniaceae genus presence by testing for differential abundance of OTUs using 

DESeq2 (Love et al. 2014). We chose to investigate Symbiodiniaceae genera, as they are 

a conservative indicator of symbiotic flexibility or invasibility at the coral colony level. 

First, we determined the presence of Symbiodiniaceae (genera Symbiodinium, 

Cladocopium, Durusdinium, Fugacium, and Gerakladium) for each microbial sample (i.e. 

Yes/No; Symbiodinium 15/205, Cladocopium 220/0, Durusdinium 159/61, Fugacium 

2/218, Gerakladium 24/196). Since all samples contained Cladocopium, and the total 

number of samples with Fugacium was extremely low (n = 2), we did not calculate 

differential microbial abundances in association with these Symbiodiniaceae genera. For 

symbionts Symbiodinium, Durusdinium, and Gerakladium, we used DESeq2 to calculate 

differential bacterial abundances of all samples combined. Increased abundance of a 

bacterial OTU indicates that there is more of that OTU detected if that Symbiodiniaceae 

genus is present. DESeq2 is able to flag and remove outlier values when sample size is 

greater than six samples per group and thus minimizes false discovery rates. Therefore, 

we also used DESeq2 to analyze differential abundance of the bacterial microbiome for 
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individual coral species that met this criterion (Symbiodinium: P. daedalea; Durusdinium: 

M. aequituberculata, P. lobata, H. microconos; Gerakladium: M. aequituberculata). 

Results 

Symbiodiniaceae sequence diversity 

Symbiodiniaceae 97% OTU alpha diversity was significantly different among 

coral species and human disturbance categories (F = 23.3, adj R2 = 0.43, p < 0.001; 

Figure 6.1A). Across all coral species, Symbiodiniaceae alpha diversity was higher at 

very high human disturbance compared to all of the other four human disturbance 

categories (all p < 0.001; Figure 6.1B). Among coral species, Symbiodiniaceae alpha 

diversity ranged from H. microconos (lowest), followed by F. matthaii, F. pentagona, P. 

daedalea, P. lobata, P. grandis, and finally M. aequituberculata (highest) (Figure 6.1C).  
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Figure 6.1. Coral-associated Symbiodinium OTU alpha diversity; A) by coral species and chronic 

disturbance category, human disturbance increases from left to right within each coral 

species, see 1B for color legend by human disturbance level B) by chronic disturbance 

category (all species combined), and C) by coral species (all sites combined). Coral species in A 

and C are ordered by overall sample size. 

 

 

The variation component of Symbiodiniaceae beta diversity was significantly 

different among human disturbance categories (F = 63, df = 4, p < 0.001; Figure 6.2A, 

Appendix C Table S4), with significantly higher beta diversity at very high human 

disturbance than any of the other disturbance categories (all p < 0.001; Figure 6.2A, 

Appendix C Table S4). Beta diversity variation was also significantly different among 
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coral species (F = 122, df = 6, p < 0.001; Figure 6.2B, Appendix C Table S4). When each 

coral species was analyzed separately, there was also significantly more variation at very 

high disturbance compared to the other disturbance levels for P. grandis (F = 27, df = 4, 

p < 0.001), H. microconos (F = 39, df = 4, p < 0.001), and F. matthaii (F = 55, df = 2, p < 

0.001) (Appendix C Fig S2). P. daedalea was less consistent across the disturbance 

gradient, with significantly more variation at low disturbance compared to high 

disturbance (Appendix C Table S3, Appendix C Fig S2).  

Symbiodiniaceae community structure was also significantly different among 

human disturbance categories (F = 28, df = 4, R2 = 0.11, p < 0.001; adonis from R 

package vegan), and coral species (F = 59, df = 7, R2 = 0.41, p < 0.001). There was also a 

significant interaction of human disturbance category and site (F = 3.4, df = 6, R2 = 0.02, 

p < 0.001), which demonstrates that there is some variability among sites within each 

disturbance category.  

When each coral species was analyzed separately, community structure was 

significantly different among disturbance categories for P. grandis (F = 12, df = 4, R2 = 

0.3, p < 0.001), H. microconos (F = 39, df = 4, R2 = 0.40, p < 0.001), F. pentagona (F = 

36, df = 4, R2 = 0.85, p < 0.001), and F. matthaii (F = 7.9, df = 3, R2 = 0.27, p = 0.016) 

(Appendix C Fig S3). There was also a significant interaction between disturbance 

category and site for M. aequituberculata (F = 2.4, df = 6, R2 = 0.11, p = 0.012), H. 

microconos (F =32, df = 6, R2 = 0.50, p < 0.001), P. daedalea (F = 6.5, df = 4, R2 = 0.43, 

p < 0.001), and F. matthaii (F = 6.4, df = 4, R2 = 0.56, p = 0.016). 
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Coral-associated bacterial diversity 

 As with Symbiodiniaceae, bacterial alpha diversity was significantly different 

among coral species and human disturbance categories (F = 5.2 adj R2 = 0.22, p <0.001; 

Figure 3A). Microbial alpha diversity was significantly higher at very high disturbance 

sites than at medium (p = 0.012) or low disturbance (p=0.002) (Figure 6.3B). Bacterial 

alpha diversity (measured using the Shannon Index) was lowest in H. microconos and 

highest in P. lobata (Figure 6.3C).  

Figure 6.2 Coral-associated 

Symbiodiniaceae beta diversity 

variation (beta dispersion); A) by 

chronic disturbance category (all 

species combined), and B) by coral 

species (all sites combined). 

Significant groupings and 

differences among species are 

shown with lower-case letters. 
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Figure 6.3. Coral-associated microbial alpha diversity; A) by coral species and chronic 

disturbance category, human disturbance increases from left to right within each coral 

species, see 1B for color legend by human disturbance level, B) by chronic disturbance 

category (all species combined), and C) by coral species (all sites combined), each color 

represents a single coral species. 

 

 The variation component of bacterial beta diversity was significantly different 

among human disturbance categories (F = 5.5, df = 3, p = 0.001; Figure 6.4A, Table S5), 

with significantly lower beta diversity at high than at very high (p < 0.001), medium (p = 

0.01), and low human disturbance (p = 0.007). Beta diversity variation was also 

significantly different among coral species (F = 7.9, df = 6, p < 0.001; Figure 6.4B, 

Appendix C Table S5). However, when each species was analyzed separately, there were 
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no significant differences in beta diversity among human disturbance categories 

(Appendix C Fig. S4).  

 

 

 

 

 

 

Community structure was significantly different among human disturbance 

categories (F = 2.8, df = 3, R2 = 0.028, p < 0.001; adonis from R package vegan), and 

coral species (F = 4.3, df = 10, R2 = 0.14, p < 0.001), and there was a significant 

interaction of human disturbance category and site (F = 2.1, df = 5, R2 = 0.035, p < 

Figure 6.4 Coral-associated microbial beta 

diversity variation (beta dispersion); A) by chronic 

disturbance category (all species combined), and B) 

by coral species (all sites combined). Significant 

groupings and differences among species are shown 

with lower-case letters. 
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0.001). When each coral species was analyzed separately, community structure was 

significantly different among disturbance categories for M. aequituberculata (F = 1.9, df 

= 3, R2 = 0.08, p < 0.001), P. lobata (F = 1.6, df = 3, R2 = 0.08, p < 0.001), F. pentagona 

(F = 1.6, df = 2, R2 = 0.16, p = 0.05), and F. matthaii (F = 2.0, df = 1, R2 = 0.19, p = 

0.027; Appendix C Fig S5). There was also a significant interaction between disturbance 

category and site for M. aequituberculata (F = 1.6, df = 5, R2 = 0.11, p < 0.001) and P. 

lobata (F = 1.6, R2 = 0.13, p < 0.001). 

 

Concordance between Symbiodiniaceae and bacterial communities 

 When all coral species were analyzed together, there was significant concordance 

(i.e. similarity in multivariate shape or community structure) between Symbiodiniaceae 

and microbial communities across the disturbance gradient (Procrustes m2 = 0.81, p < 

0.001; Figure 6.5A). Since this concordance was likely due to coral species-specific 

microbial and Symbiodiniaceae communities (i.e. apparently similar responses within 

coral species, Figure 6.5A), we next conducted a Procrustes analysis for each coral 

species individually, and found significant concordance for H. microconos (m2 = 0.91, p 

= 0.024; Figure 6.5B) and F. pentagona (m2 = 0.82, p = 0.05; Figure 6.5C) but not for 

any of the other coral species.  



 

 

124 

 

Figure 6.5 Procrustes plots for A) all coral species (Procrustes m2 = 0.81, p < 0.001), B) 

Hydnophora microconos, and C) Favites pentagona. Each coral colony is represented by two 

points, connected by an arrow; the arrow starts at the Symbiodiniaceae community and points 

toward the bacterial community. All coral colonies that had samples for both Symbiodiniaceae 

and bacteria are included in these plots.  

 

 

Changes in microbial communities related to Symbiodiniaceae taxa presence 

 Symbiodinium sensu stricto (previously Symbiodinium clade A) was present at all 

disturbance categories, and we found that across all coral species the presence of 

Symbiodinium sensu stricto in colonies was associated with a decreased abundance of 

eight bacterial orders from four phyla (Proteobacteria, Chlamydiae, Firmicutes, and 

Bacteroidetes; Deseq2 analysis; Figure 6.6). This included families Endozoicomonaceae 

(order Oceanospirillales), Rhodobacteraceae (order Rhodobacterales), Rhizobiaceae 

(order Rhizobiales), Streptococcacaeae (order Lactobacillales), Flavobacteriaceae (order 
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Flavobacterales), Simkaniaceae (order Chlamydiales), and Legionellaceae (order 

Legionellales). Platygyra daedalea was the only individual coral species with a sufficient 

number of colonies to conduct this analysis for Symbiodinium sensu stricto. When P. 

daedalea corals were considered alone, Symbiodinium sensu stricto was instead 

associated with increased abundance of four alphaproteobacteria orders 

(Rhodobacterales, Rickettsiales, and two unnamed orders; Appendix C, Fig S6) and no 

decreased abundances.   

Durusdinium (previously Symbiodinium clade D) was present at all disturbance 

categories, and the presence of Durusdinium was associated with an increased abundance 

of one bacterial OTU from the order Rhizobiales, and one bacterial OTU from the family 

Simkaniaceae (order Chlamydiales; Figure 6.6). However, when subsets of individual 

coral species were analyzed using DESeq2 for M. aequituberculata, P. lobata, and H. 

microconos, only a single significantly differentially abundant OTU in the presence of 

Durusdinium was found for P. lobata colonies. In P. lobata, the presence of Durusdinium 

was associated with increased abundance of a Deltaproteobacteria taxon (order 

Desulfobacterales, family Desulfobulbaceae). Gerakladium (previously Symbiodinium 

clade G) was present in coral colonies at each disturbance category. In the presence of 

Gerakladium, several bacterial OTUs had decreased abundance, including OTUs within 

the families Symkaniaceae (Chlamydiales), Clostridiaceae (Clostridiales), 

Pseudoaltermonoadaceae (Vibrionales), Streptococcaceae (Lactobacillales), and the order 

Kiloniellales (Figure 6.6). Montipora aequituberculata was the only coral species with 

enough samples for a subset analysis of Gerakladium presence. This species had two 

differentially abundant OTUs: an Alphaproteobacteria (order Rhodobacterales, family 
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Rhodobacteraceae), and a Deltaproteobacteria (order Spirobacilliales) (Appendix C Fig 

S6). 

 

Figure 6.6 Differential abundance of microbial OTUs in the presence of Symbiodinium 

sensu stricto (previously clade A), Durusdinium (previously clade D), and Gerakladium 

(previously clade G) Symbiodiniaceae. All coral colonies that had samples for both 

Symbiodiniaceae and bacterial communities are included in this figure. 

 

Discussion 

Overall, the Symbiodiniaceae and bacterial communities varied among coral 

species and spatially across the disturbance gradient in terms of diversity and 

concordance. Chronic disturbance increased the alpha and beta diversity of both 

Symbiodiniaceae and bacterial communities. When all samples were considered together, 

there was a correlation in community structure (i.e. concordance) between the 
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Symbiodiniaceae and bacterial communities. However, when samples were subset by 

coral species, there was only concordance between and Symbiodiniaceae and bacterial 

communities for H. microconos and F. pentagona. When rare Symbiodiniaceae clades 

were present in corals, there were significant changes in the abundance of some microbial 

OTUs. Specifically, when clade D was present there was a significant decrease in one 

nitrogen-fixing OTU, and when clade G was present there was an increase in a variety of 

potentially symbiotic or pathogenic bacterial OTUs. 

 

Chronic disturbance and diversity of the coral symbiome 

We found that alpha and beta diversity of both Symbiodinium and microbial 

communities varied across the disturbance gradient with increased diversity at very high 

disturbance. Diversity did not increase linearly across the disturbance gradient for 

Symbiodiniaceae communities, but instead was fairly similar at low to moderate levels of 

disturbance and significantly higher at very high disturbance. However, diversity did 

increase fairly linearly across the disturbance gradient for bacterial communities. This 

suggests that for Symbiodiniaceae, there may be a tipping point (Walker et al. 2004, 

Hodgson et al. 2015), below which chronic disturbance is not high enough to influence 

diversity, but above which it alters symbiont and microbial diversity. Conversely, 

bacterial communities appear to be incrementally influenced by increasing local 

disturbance. It is possible that for microbial communities, increased diversity could be 

mediated by the presence of increased turf algae and macroalgae with increased 

disturbance. This may be due to localized hypoxia caused by an increase in microbial 

activity caused by algal release of dissolved organic carbon (Barott et al. 2009, Rohwer et 
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al. 2010) or the presence of allelochemicals produced by algae, which can harm corals 

(Morrow et al. 2011). Additionally, direct transfer of algae-associated microbes to corals 

through contact (Nugues et al. 2004, Thurber et al. 2012) may instigate changes in 

microbial community structure at chronically disturbed sites. Alternatively, for both 

microbial and Symbiodinium communities, very high disturbance may inhibit holobiont 

control of associated microorganisms, allowing invasion by opportunistic and pathogenic 

taxa under intense chronic stress (Vega Thurber et al. 2009, Littman et al. 2011, Krediet 

et al. 2013). 

At the coral taxa-specific level, we found that alpha diversity was generally 

related to coral life history. For Symbiodiniaceae alpha diversity, stress-tolerant massive 

coral species (i.e. P. lobata, H. microconos, F. pentagona, P. daedalea, and F. matthaii) 

had lower diversity than the generalist and competitive species (i.e. M. aequituberculata, 

P. grandis). There were fewer differences in microbial alpha diversity by coral species, 

with significant differences only between the lowest diversity species (H. microconos) 

and the two highest diversity species (M. aequituberculata, P. lobata). The high alpha 

diversity of P. lobata microbial communities was unexpected, since this coral species has 

previously been found to have a relatively low-diversity microbiome (McDevitt-Irwin et 

al. accepted).  

For Symbiodiniaceae, the relationship between coral life history and beta 

diversity was less clear cut. First, M. aequituberculata and P. lobata had no significant 

difference in their variation (i.e. beta dispersion), even though M. aequituberculata is a 

generalist, and P. lobata is stress tolerant. Contrary to our expectations, M. 

aequituberculata had the lowest beta diversity variation of all species, while stress 
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tolerant massive corals P. daedalea and F. pentagona had the highest beta diversity 

(Figure 6.2B). This is likely because M. aequituberculata tended to be dominated by only 

one Symbiodiniaceae type (C31; n = 121 of 124), whereas P. daedalea and F. pentagona 

could be dominated by four Symbiodiniaceae types (C15, C1232, C3, or D1 and C1232, 

C3, C31 or D1, respectively). For microbial communities, M. aequituberculata had the 

highest beta diversity variation, as we expected, while H. microconos and P. lobata (both 

massive corals) had the lowest and second lowest beta diversity, respectively (Figure 

6.4B). The remaining species had similar beta diversity, with fewer differences among 

species than we expected. For example, microbial beta diversity of P. grandis (a 

competitive species) was no different than most of the massive coral species (excluding 

H. microconos, which it was significantly higher than). It appears that in these coral 

species, specificity and flexibility are not tightly correlated between microbial and 

Symbiodiniaceae communities. 

 

Concordance between Symbiodiniaceae and microbe communities 

The community structures of Symbiodiniaceae and bacteria were concordant (i.e. 

their multidimensional shapes matched up) at an island scale (i.e. all disturbance 

categories considered together). However, since Symbiodiniaceae communities are 

strongly structured by coral species (e.g. several coral species are dominated by just one 

subclade of Symbiodiniaceae), it seemed likely that the similarity in population structure 

at this scale was due to coral species-specific Symbiodiniaceae and microbial 

communities. Therefore, we next tested for concordance between Symbiodiniaceae and 

microbial community structure for each coral species separately. This revealed that 
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individual coral colonies of only two coral species showed concordance between their 

Symbiodiniaceae and microbe communities (i.e. H. microconos, and F. pentagona), 

which could suggest that these communities respond similarly to external forcings such 

as local human disturbance. We anticipated at least some degree of concordance between 

Symbiodiniaceae and microbe communities across the disturbance gradient because 

corals with derived symbioses may be better at host control and partner feedback and thus 

have more stable microorganismal communities. Conversely, we expected that corals that 

are susceptible to one type of opportunist may be more susceptible to other opportunist 

taxa. However, the remainder of the coral species did not show similar structure between 

the two communities across the disturbance gradient, which may be due to a high level of 

variability within microbial communities compared to Symbiodiniaceae. For example, M. 

aequituberculata has a relatively stable Symbiodiniaceae community dominated by 

subclade C31, but a highly variable microbial community (Figure 6.3C, Figure 6.4B). 

Therefore, while external forcing may have instigated changes within the microbial 

community of this coral species, the Symbiodiniaceae community remained stable. 

Alternatively, the lack of concordance of the other coral species may be due to an Anna 

Karenina Principle-type response, where susceptibility to opportunistic taxa leads to 

stochastic changes in coral-associated taxa (Zaneveld et al. 2017). That is, if a coral was 

susceptible to one opportunistic taxon, it could be susceptible to a variety of other 

opportunistic taxa, leading to a variable response and a lack of community concordance. 

Changes in microbial communities related to Symbiodiniaceae taxa presence 

Since we found some concordance between Symbiodiniaceae and microbes at a 

community level, we used DESeq2 to examine if the presence of rare, low-abundance 
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Symbiodiniaceae genera was associated with differential abundance of some microbial 

taxa. At the coral community level, the presence of Durusdinium was associated with 

increased abundance of one OTU each from the bacterial orders Rhizobiales and 

Chlamydiales. Some members of Rhizobiales are nitrogen-fixing Alphaproteobacteria 

that in terrestrial environments are important symbionts for plant roots, however, other 

taxa within this order can be pathogenic (Carvalho et al. 2010). Although Rhizobiales 

have consistently been found within the healthy coral microbiome, and may be important 

nitrogen fixers within the coral holobiont (Lema et al. 2012, Garcia et al. 2016), this 

order also tends to be over-represented in stressed corals (McDevitt-Irwin et al. 2017). 

Consequently, the observed increase of Rhizobiales in the presence of Durusdinium may 

be indicative of stress within the holobiont. The implication of increased abundance of a 

Chlamydiales OTU is unclear, since their role in coral-associated microbial communities 

is still largely unknown (Goldsmith et al. 2018). This bacterial order includes obligate 

intracellular species that are well known pathogens of vertebrates (Everett et al. 1999), 

but is now recognized to be widely present in the environment (Wagner & Horn 2006). In 

corals, Chlamydiales may act as inter- or extra-cellular symbionts, but their role in these 

environments is still poorly understood (Work & Aeby 2014, Apprill et al. 2016). Further 

research is needed to determine whether these bacteria-Symbiodiniaceae interactions are 

consistent in other locations, and to evaluate the functional roles of these bacterial taxa. 

At the coral community level, the presence of Gerakladium was associated with 

decreased abundance of multiple members from three phyla and five orders of bacteria, 

some of which are considered beneficial to the coral meta-organism. For example, the 

OTUs within Pseudoalteromonadaceae, which may produce antimicrobial compounds to 
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protect the coral against pathogens (Thøgersen et al. 2016). Additionally, members of 

Kiloniellales are denitrifiers that are typically associated with healthy coral tissue (Imhoff 

& Wiese 2014, Soffer et al. 2015). Decreased abundance of these bacterial taxa could 

indicate a degraded microbiome in the presence of Gerakladium. However, a 

concomitant decrease of multiple potentially harmful or pathogenic bacteria was also 

found, potentially indicating a healthy microbiome in the presence of Gerakladium. This 

included a potential coral pathogen (Streptococcaceae, Kellogg et al. 2014, Roder et al. 

2014), and a bacterial order that typically increases under stress (Flavobacteriales, 

McDevitt-Irwin et al. 2017). Additional research is necessary to disentangle whether and 

how Gerakladium is associated with functional changes in the coral microbiome. 

In conclusion, we found that both Symbiodiniaceae and bacterial communities vary 

across an island-scale chronic human disturbance gradient, with the most significant 

changes in community structure occurring at very high disturbance levels. This expands 

on previous work (McDevitt-Irwin et al. accepted) by including samples from seven coral 

species across multiple levels of disturbance. There was significant concordance between 

Symbiodiniaceae and bacterial communities at an island scale. However, this was likely 

due to coral species-specific communities, since when each coral species was analyzed 

separately, only two massive coral species exhibited concordance between their 

Symbiodiniaceae and bacterial communities. Differential abundance analysis revealed 

that rare Symbiodiniaceae clades were associated with changes in bacterial community 

structure, and some distinct microbial OTUs. Further research is needed to determine 

whether these differences are consistent and functionally relevant at larger scales. As 

local and global stressors continue to increase, a better understanding of the connections 
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between the microbial components of the coral meta-organism will provide novel insights 

in the mechanisms underlying coral resilience. 
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Abstract 

Coral survival through increasingly frequent and severe heat stress events is a 

critical factor governing the persistence of reef ecosystems under climate change. 

However, prospects for survival through prolonged events have seemed bleak: recovery 

from bleaching has only been documented after temperatures returned to normal, and 

evidence that local management measures protect corals is equivocal. Strikingly, we 

found corals that recovered from globally unprecedented thermal stress, experienced 

during the 2015-2016 El Niño, while still at elevated temperatures. Only corals protected 

from local stressors exhibited this capacity. Protected corals had distinct pre-bleaching 

algal symbiont communities, endured bleaching, and then recovered through proliferation 

of different symbionts. By illuminating connections between local protection and climate 

change resilience, these findings reveal unanticipated potential for coral survival in the 

Anthropocene. 

 

One Sentence Summary: When protected from local stressors, some corals can regain 

symbionts and recover from bleaching while still at elevated temperatures. 
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Main Text 

Climate change-amplified pulse heat stress events pose an imminent threat to the 

world’s coral reefs (Hoegh-Guldberg et al. 2007, Ainsworth et al. 2016, Heron et al. 

2016, Hughes et al. 2018). Heat stress disrupts the vital association between corals and 

their photosynthetic algal symbionts (Symbiodinium spp.), causing corals to bleach 

(Brown 1997). Whereas small doses of thermal stress can protect corals by inducing 

thermal tolerance (Ainsworth et al. 2016), extreme or long-lasting thermal anomalies 

typically lead to widespread mortality because physiologically compromised bleached 

corals cannot meet their energy demands, and succumb to starvation or disease (Douglas 

2003). Thermal anomalies of this type have become increasingly common in recent 

decades (Hughes et al. 2018), culminating in the 2015-2016 El Niño, which triggered the 

worst global bleaching and mass mortality event on record (Eakin et al. 2016). Thus, 

while gradual ocean warming and acidification threaten the persistence of coral reefs this 

century (Hoegh-Guldberg et al. 2007), pulse warming events are already driving 

catastrophic coral loss across the world’s oceans (Hughes et al. 2018). Global climate 

models predict these events will increase in frequency and intensity, such that annual 

severe bleaching will become the norm for reefs in many parts of the world this century 

(van Hooidonk et al. 2016). 

  With intervals between recurrent bleaching events now insufficient for coral 

ecosystem recovery (Hughes et al. 2018), there is an urgent need to develop targeted 

interventions that ensure coral populations can withstand and survive frequent heat stress 

events (Anthony et al. 2017). Current reef conservation efforts often focus on marine 

protected areas and other measures to reduce the local stressors upon which climate 

change is superimposed, based on the premise that doing so will enhance coral resistance 
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to additional stressors, including heat stress. But whereas local management measures 

can significantly influence reef recovery rates following bleaching events (Mumby & 

Harborne 2010), the mechanistic link between local protection and climate change 

resistance has remained unclear. At the organismal level, the ability of corals to host 

different Symbiodinium may be one critical element of coral resilience. Different 

Symbiodinium types vary in their capacity to withstand heat stress, and extensive 

manipulative experiments have shown that corals that change their symbionts during 

recovery from bleaching can become more heat tolerant as a result (Buddemeier & Fautin 

1993, Glynn et al. 2001, Baker et al. 2004, Berkelmans & van Oppen 2006, Cunning, 

Silverstein, et al. 2015). However, open questions remain about the ecological trade-offs 

of hosting variable symbiont communities, and the effects of local protection on 

symbiosis maintenance and recovery from thermal stress in natural coral populations.  

We capitalized on the globally unprecedented heat-stress event that unfolded in 

the central equatorial Pacific Ocean during the 2015-2016 El Niño to test mechanisms of 

coral resilience to climate change. We tracked the fate of individual coral colonies 

throughout the El Niño at Kiritimati (Christmas Island, Republic of Kiribati, 01°52′N 

157°24′W), the epicenter of this event (Appendix D Figure S1). Thermal anomalies 

rapidly exceeded NOAA’s Coral Reef Watch (CRW) Bleaching Alert Level 1 and Alert 

Level 2 thresholds, reaching an unprecedented level (Hoegh-Guldberg 2011) of 

accumulated heat stress (25.5 Degree Heating Weeks (DHW)) over an extended 

bleaching event (Figure 7.1A; Appendix D Figure S2), and causing mass coral mortality 

around the atoll (Harvey 2016). This extreme thermal anomaly was overlaid on 

Kiritimati’s strong gradient of chronic local human disturbance (Figure 7.2A; Appendix 
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D Figure S3), creating an ecosystem-scale natural factorial experiment that we leveraged 

to test the potential contribution of local protection to climate change resilience. We 

monitored bleaching, mortality, and algal symbiont communities in 80 tagged colonies of 

the common shallow water brain coral Platygyra daedalea (Scleractinia; Merulinidae) at 

fourteen fore reef sites (10-12 m depth) spanning Kiritimati’s local disturbance gradient 

(Figure 7.2B), over the course of the El Niño (Figure 7.1A, B). We then assessed the 

relationship between coral survival, local human disturbance, pre-bleaching 

Symbiodinium community structure and the timing and nature of Symbiodinium 

community shifts during the El Niño and interpreted our findings in light of the 

unanticipated abilities of some corals to not only survive ten months of continuous heat 

stress, but to recover while still subjected to this stress. 

 

 

Figure 7.1. Thermal stress and bleaching response of corals at the epicenter of the 2015-

2016 El Niño. A. In situ temperature on Kiritimati (black), maximum monthly mean and 

bleaching threshold (black and red lines; right axis). Shading shows cumulative heat stress on 

Kiritimati, as degree heating weeks (DHW; left axis) according to the following thermal 

thresholds: NOAA CRW Bleaching Alert 1 (4 DHW; yellow) and 2 (8 DHW; orange), ‘mass 

coral mortality’ (Hoegh-Guldberg 2011) (12 DHW; red), ‘not experienced by reefs’ (Hoegh-
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Guldberg 2011) (24 DHW; maroon). B. A single tagged colony of Platygyra daedalea 

photographed at time points (i) to (vi) from panel a. illustrating an unusual pattern of bleaching 

and recovery: initially healthy (i-iii); bleached after two months (iv) and ‘recovered’ after ten 

months (v) of heat stress; still alive six months post-heat stress (vi). We observed similar 

bleaching and recovery patterns in several other coral species, although survival was variable 

(Appendix C Figure S4). 

 

 

Widespread coral bleaching and mortality occurred at all sites, but corals situated 

at sites with very high levels of local human disturbance had lower survivorship than 

corals in areas of lower disturbance, despite experiencing the same thermal stress (Figure 

7.2C; Appendix D Figure S2). We investigated if this response to local disturbance was 

related to Symbiodinium community structure using high-throughput (Illumina MiSeq) 

sequencing and 97% within-sample clustering of Symbiodinium ITS2 (phylogenetic tree 

showing closest related sequence(s) in Appendix D Figure S5) to identify the symbionts 

in each tagged colony. Corals had distinct pre-bleaching Symbiodinium communities 

depending on their level of exposure to local human disturbance, with clade D dominance 

in areas of very high disturbance, where subsequent survival was low, and clade C 

dominance in all less impacted areas, where survival was high (Figure 7.2C; Appendix D 

Figure S7). In contrast with previous studies that have found higher survivorship of D-

dominated corals during less extreme heat-stress events (Glynn et al. 2001, Jones et al. 

2008), and no relationship between local protection and coral bleaching response 

(Darling et al. 2010, Hughes et al. 2017), our findings suggest that C-dominated corals 

may be better prepared to survive prolonged periods in the bleached state, and that one 

mechanism by which protection from local human stressors can enhance coral resistance 

to heat stress is by selecting for these symbiont communities.    
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Figure 7.2. Coral bleaching response under different levels of chronic local stress. A. 

Examples of reef states before the 2015-2016 El Niño at very high (upper panel) and very 

low (lower panel) disturbance sites. B. Levels of chronic local disturbance at reef sites on 

Kiritimati with tagged coral colonies. C. Constrained ordination plot of 36 

Symbiodinium communities from 29 individual Platygyra colonies sampled prior to the 

El Niño, showing two distinct groups distinguished by local disturbance intensity (F = 

188, p = 0.001). Ellipses show separation of colonies that survived the bleaching event 

(“Survived”, left side of plot) and those that did not (“Died”, right side of plot), as a 

function of their level of local disturbance (colors as in panel B). Values in square 

brackets show percent variation explained by each constrained axis. 

 

The current paradigm of coral bleaching is that, following a heat stress event, 

there is a window for recovery during which, if warming has ceased and conditions have 

returned to normal, a coral may regain its symbionts (Putnam et al. 2017). Remarkably, 

however, we observed coral colonies ten months into the bleaching event at Kiritimati’s 

less disturbed sites that had regained their pigmentation, indicating that they had 

recovered their symbionts while still at elevated temperatures (Figure 7.1B; Appendix D 

S4). To corroborate this visual evidence of recovery, we used qPCR assays to quantify 

changes in overall algal symbiont abundance and dominant symbiont identity as a 

function of the timing of bleaching and recovery in tagged coral colonies (Figure 7.3, 



 

 

140 

Figure 7.3. Changes in Symbiodinium relative abundance and identity, from clade C to 

clade D dominance, during the 2015-2016 El Niño. Mean symbiont:host cell ratios at 

different time points of the event for tracked Platygyra daedalea coral colonies that 

survived (circles) or died (triangles). Fitted lines show potential trajectories between 

sampled time points, and color indicates dominant Symbiodinium clade in tracked 

colonies. Bleaching is indicated by a low cell ratio density (e.g. 0.01). Shaded area 

between dashed vertical lines corresponds to DHW > 0 from Fig. 7.1. 

Appendix D S6). Corals at the less disturbed sites that survived prolonged heat stress had 

a baseline symbiont-to-host (S:H) cell ratio of 0.037 ± 0.010 (mean ± s.e.; time point iii), 

which dropped to 0.008 ± 0.003 (mean ± s.e.) while bleached (time point iv), but then 

returned to pre-bleaching levels (0.045 ± 0.006 mean ± s.e.) by late-March 2016 (time 

point v) (Figure 7.3) while temperatures were above the maximum monthly mean 

temperature and cumulative heat stress was greater than 10 DHWs (Figure 7.1B, Figure 

7.3). 

The recovery of corals at protected sites also involved a near-complete shift in the 

relative abundance of symbiont types, including those that were initially rare. Although 

highly abundant symbionts drive interaction outcomes across a range of symbiotic taxa, 

rare types may be unstable (Coffroth et al. 2010) and are sometimes disregarded as 
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having minimal functional significance (Lee et al. 2016). We found that D1/D1a 

Symbiodinium types, which were extremely rare (0.05% ± 0.03%, mean ± s.e.) or 

undetectable in protected coral colonies before the bleaching event, increased enormously 

during recovery in surviving corals (98.8% ± 1.05%, mean ± s.e.), driving a shift from 

clade C to clade D dominance (Appendix D Figure S7). Newly dominant symbionts in 

these corals were the same type that had originally dominated in the corals that died at the 

highly disturbed sites. These results support recent studies suggesting that rare species 

can be disproportionately important in maintaining functional processes during 

environmental change, and in some cases play a critical role in mediating host survival 

(Silverstein et al. 2015, Boulotte et al. 2016).  

Shifts in favor of Symbiodinium clade D have been associated with increases in 

heat tolerance and improved coral survival (Glynn et al. 2001, Baker et al. 2004, 

Berkelmans & van Oppen 2006, McClanahan et al. 2014, Silverstein et al. 2015), and 

indeed we found Platygyra corals, which initially contained clade C symbionts, that 

recovered with clade D symbionts and ultimately survived. However, Platygyra at highly 

disturbed sites that started with putatively thermotolerant clade D symbionts ultimately 

fared worse during this period of prolonged heat stress than their counterparts on less 

impacted reefs. This negative outcome may reflect physiological tradeoffs, such as lower 

contribution of energy from clade D symbionts to their coral hosts (Cantin et al. 2009), 

leaving little capacity for the coral holobiont to buffer subsequent environmental stress. 

We cannot, however, discount the possibility that environmental differences 

characteristic of highly disturbed sites, such as increased dissolved organic carbon (DOC) 

and microbial activity (Dinsdale et al. 2008), may also have reduced the ability of these 
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corals to survive in the bleached state. Regardless, it appears that shifts to thermotolerant 

symbionts can be critical in mediating coral survival, and local protection can promote 

these shifts by reducing mortality while bleached. In the long-term, however, harboring 

thermotolerant clade D symbionts may be suboptimal, and chronic declines in reef 

condition that cause shifts in favor of these symbionts might reduce the capacity for 

corals to survive during prolonged heat stress that exceeds their bleaching tolerance. 

Corals at protected sites that have shifted to clade D as a short-term survival strategy may 

therefore need to shift back to clade C symbionts (e.g., Thornhill et al. 2006) if they are 

to survive a subsequent prolonged thermal anomaly. 

Overall, our study illustrates that some corals can survive extremely prolonged 

heat stress and reveals a previously unrecognized connection between local protection, 

algal symbiont communities, and coral survivorship. By tracking individual coral 

colonies throughout an extreme heat stress event, we have linked macro- and micro-

ecological processes on reefs and demonstrated that the capacity for coral resilience to 

climate change can be tangibly related to local reef protection. Our findings lay the 

foundation for investigating the prevalence of this mechanism across coral communities, 

understanding which types of management measures are most effective for inducing this 

response, and testing if corals have the capacity to maintain successful symbioses and 

shift symbionts frequently enough to survive repeated bleaching. The future of coral reef 

ecosystems depends not only on large-scale mitigation of global greenhouse gas 

emissions, but also on our ability to build from these unanticipated findings and develop 

targeted management interventions that enhance coral resilience to repetitive warming 

events. 



 

 

143 

Chapter 8 Conclusion 

 

Coral resilience is vitally important for the persistence of coral reefs over the next 

century as oceans warm and bleaching events become more frequent (Hughes et al. 

2018). Resilience can be incrementally eroded or catastrophically eliminated by repeated 

heat stress and by local disturbance (such as eutrophication and pollution). However, 

corals have a diverse set of resilience mechanisms to respond to stressors in their 

environment (McClanahan et al. 2012), including host responses and shifts in their 

associated Symbiodinium and microbial communities. Corals host a diverse community 

of Symbiodinium and other microorganisms, that range from symbionts to parasites and 

pathogens (Ben-Haim et al. 1999, Baker et al. 2018), and environmental adaptation 

involves multiple members of the coral metaorganism (van Oppen et al. 2018). 

Therefore, determining how changes in these communities erode or promote resilience is 

of paramount importance to understanding coral persistence over the next century. For 

example, empirically measuring Symbiodinium sequence diversity can be used as a tool 

to identify reefs that may have a strong potential for resilience to human stressors 

(Baskett et al. 2009). Despite the foundational importance of coral symbioses to reefs 

worldwide, much is still unknown about how multiple local and global stressors alter the 

resilience of these partnerships.  

In this doctoral thesis, I used satellite-based oceanography measurements, next 

generation sequencing, and ecological surveys to quantify interactions between coral 

symbioses and stress (both local and global), with implications for coral resilience. I first 

synthesized the literature on coral symbiosis in Chapter 2. Rapid advancements have 
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taken place in this field since this manuscript was submitted for publication in 2015, 

which I discuss in more detail below. I conducted a global meta-analysis for Chapter 3, in 

which I showed that the influence of El Niño on coral bleaching and mortality is 

substantial, and that reefs in warmer locations may be more sensitive to warming than 

cooler locations (Figure 3.4). Chapter 4 is a perspectives piece focusing on the 

importance of timing of bleaching surveys, which has implications for future studies as 

bleaching events become longer and more severe. Focusing at an island-scale for 

Chapters 5 through 7, I showed that local human disturbance 1) increases Symbiodinium 

beta diversity in corals, sediment, and the water column (Figure 5.3), 2) increases both 

Symbiodinium and microbial alpha and beta diversity across a range of coral species 

(Figure 6.2, Figure 6.3), and 3) shifts Symbiodinium communities towards more 

opportunistic taxa (Figure 7.2, Figure 7.3). These findings suggest that local disturbance 

can shape coral, Symbiodinium, and microbial communities on reefs, and that mitigating 

local impacts may help to improve their resilience capacity. The 2015/2016 El Niño event 

was extreme (Figure 3.5) and caused heat stress that was globally unprecedented since at 

least the 1800s (Lough et al. 2018). This event caused catastrophic coral mortality at my 

focal field site, Kiritimati, but it also revealed a new mechanism of coral persistence, 

namely that, depending on their Symbiodinium communities, some corals can recover 

from bleaching before heat stress subsides (Figure 7.1). Natural experiments like the 

2015/2016 El Niño allow us to better understand coral resilience under stress, and these 

results emphasize that environmental and baseline data are of the utmost importance to 

explaining underlying ecological mechanisms. 
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Advances, limitations, and future directions 

 The field of coral symbiosis research is rapidly evolving, and significant changes 

have taken place even since the beginning of my PhD program. Draft genomes of 

multiple Symbiodinium clades have been published, and comparative analyses among 

these and previously published draft Symbiodinium genomes have allowed for the 

identification of genes associated with coral symbiosis (Liu et al. 2018). A significant 

manuscript regarding Symbiodinium evolution and taxonomy was just published, 

providing evidence that modern scleractinian corals and dinoflagellates within the family 

Symbiodiniaceae diversified together during the middle Jurassic Period (LaJeunesse et al. 

2018). This revises our understanding of the origin of this family from the Paleocene or 

Eocene (50-65 mya) to the Mesozoic (140-200 mya). The authors also revised 

Symbiodiniaceae from a single genus (Symbiodinium) with multiple clades (A-I) to 

approximately fifteen new genera within this family, including seven newly named 

genera that coincide with previous Symbiodinium clades (LaJeunesse et al. 2018). The 

previous Symbiodinium clade A retains that genus name, while other clades have been 

renamed (i.e. clade B, Breviolum; clade C, Cladocopium; clade D, Durusdinium; clade E, 

Effrenium; clade F, Fugacium; clade G, Gerakladium) (LaJeunesse et al. 2018). Since 

two of my PhD chapters are already published, and three more have already been 

submitted for publication, I have retained the previous clade terminology with the 

exception of Chapters 4 and 6. In future work, I intend to consistently incorporate these 

new naming conventions, and I am keen to see the field move forward with this new 

knowledge. 
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 As our ecological and evolutionary knowledge within this field is growing, so too 

are the tools we use to address them. Amplicon sequencing is not without its problems, 

and several assumptions are necessary to use these data. For example, one must assume 

that extraction, amplification, and sequencing are not biased towards or against certain 

taxa. While I have no evidence to show that there was bias in these steps during my 

sampling processing, these biases can be insidious and difficult to detect. Despite these 

potential biases, amplicon sequences have been used to successfully identify ecological 

patterns in coral symbioses (e.g. Quigley et al. 2014, Boulotte et al. 2016, Cunning et al. 

2017). High-throughput amplicon sequencing can be interpreted as relative abundances 

of observed taxa; however this is limited by assumptions regarding amplification and 

sequencing success for each individual taxon. Additionally, in Chapter 7, I conducted 

quantitative PCR (qPCR) at the Symbiodinium clade level in conjunction with amplicon 

sequencing and found that clade abundances within a coral colony were comparable 

between both methods. The development of additional Symbiodinium subclade-level 

qPCR assays would be necessary to further test this assumption at a finer taxonomic 

scale. The available methods to analyze these data are also progressing; from 97% OTU 

clustering towards amplicon sequence variants (ASV) which allow for finer resolution 

(Callahan et al. 2017), and also to oligotyping and minimum entropy decomposition 

(MED) (Eren et al. 2013, Eren et al. 2015). As these tools continue to be explored and 

evolve, our understanding of coral symbiosis ecology will grow and evolve as well. 

In the global meta-analysis (Chapter 3), I found that qualitative bleaching records 

and inconsistent statistical reporting severely limited synthesis of previously published 

data. I provided a reporting checklist for new bleaching studies, in the hopes that more 
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thorough data inclusion will allow for more informative syntheses in the future. 

Unfortunately, because of these limitations, I was unable to parse our results by coral taxa 

or other abiotic factors (e.g. reef depth, upwelling, currents). These factors likely 

influence variability in coral bleaching and mortality at a global scale and should be 

investigated as more comprehensive data sets become available. 

The 2015/2016 El Niño event was extreme, and it will likely take several years 

for the results of studies from individual reefs and regions to be published, although 

initial research has shown a catastrophic breakdown of coral assemblages in response to 

this event (e.g. this event transformed 29% of the 3,863 individual reefs of the Great 

Barrier Reef; Hughes et al. 2018). Once these data are available, it will be interesting to 

compare coral responses during this event to research on previous El Niño events. 

Specifically, by using the same data analysis steps I used in the global meta-analysis 

(Chapter 3), it will be possible to quantify whether and how reef responses to pulse 

warming have changed over the past few decades.   

 I found intriguing patterns and mechanisms of coral symbioses across a human 

disturbance gradient on the world’s largest atoll. Namely, local human disturbance 

increases Symbiodinium beta diversity in corals, sediment, and the water column (Chapter 

5), increases microbial alpha and beta diversity across a range of coral species (Chapter 

6), and shifts Symbiodinium communities towards more opportunistic taxa (Chapter 7). 

Specifically, I also found that local human disturbance fundamentally changes coral 

symbiotic communities, making them more vulnerable to bleaching and mortality 

(Chapter 7). Conversely, I found that even moderate alleviation of local human 

disturbance, can protect corals by maintaining healthy symbiotic communities (Chapter 
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7). I found this potential resilience mechanism in one species of coral on Kiritimati, and 

additional research is necessary to test whether these patterns and mechanisms are present 

in other coral species and locations. Future research should also follow up on these 

findings by investigating similar questions in other biogeographic regions or across 

broader spatial scales. Although scaling up will likely introduce additional confounding 

factors, expansion of these research questions to a regional scale, while carefully 

accounting for local influences, is a promising avenue of future research.  

 Another important avenue of research is continuing to investigate the function of 

coral-associated microbes. Except for a handful of bacterial genera (e.g. Vibrio, 

Endozocomonas, Ben Haim 1999, Ben Haim 2003, Kushmaro et al 2001, Yang et al 

2003, Ding et al 2016), very little is known about the fine-scale taxonomy and function of 

coral-associated microbes. This knowledge gap can be a major roadblock to 

understanding interactions between coral and their microbial communities. For example, 

in Chapter 7, I found that within the coral Platygyra daedalea, the presence of clade D 

Symbiodinium was associated with increased abundance of an operational taxonomic unit 

(OTU) of Rhizobiales. Members of this family may be pathogenic (Carvalho et al. 2010) 

or beneficial (as nitrogen fixers; Lema et al. 2012, Garcia et al. 2016). They can be found 

in abundance in healthy corals (Lema et al. 2012) but may also be over-represented in 

stressed corals (McDevitt-Irwin et al. 2017). Consequently, it is unclear whether this 

increased abundance of Rhizobiales in the presence of clade D Symbiodinium is a slightly 

different variation of a healthy microbiome, or an indicator of stress caused by local 

disturbance. Many microbial taxa have even less known about them, and additional 

research is needed to elucidate the implications of changing microbial communities. 
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 While logistically difficult and time consuming, tagging and tracking individual 

coral colonies was essential for the results and conclusions of these studies. Quantifying 

symbioses before the 2015/2016 El Niño allowed us to confirm baseline community 

structure and to identify shifts in dominant Symbiodinium types coincident with local 

human disturbance and pulse warming. Coral tracking efforts on Kiritimati are ongoing; 

some corals now have four years of symbiosis samples (August 2014 – July 2018). 

Additional tagging efforts are taking place across the globe, including in Hawaii (e.g. 

Cunning et al. 2016), Panama (e.g. Neal et al. 2017), the US Virgin Islands (e.g. 

Edmunds 2007, 2017). There are still many intriguing questions that can be asked and 

answered with tagged coral samples, including investigating how coral life history shapes 

symbiont diversity dynamics during and after an extreme warming event, and whether 

local disturbance influences post-warming changes in symbiotic community structure.  

 

Conclusion 

Local management strategies are relevant, even on severely stressed reefs 

(Mumby et al. 2013) and under climate change, and managing for resilient coral reefs in 

the context of synergistic stressors is one of the greatest conservation challenges of our 

time (Knowlton & Jackson 2008). This research on spatial and temporal dynamics of reef 

resilience mechanisms, and specifically the resistance and recovery of coral-

Symbiodinium partnerships, provides baseline data to inform conservation strategies that 

may help corals survive impending climate change stressors. For example, my research 

supports previous research showing that local protection is indeed important (Wooldridge 

& Done 2009, Wooldridge 2009, Mumby & Harborne 2010). Therefore, local stressors 
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must be addressed simultaneously with global climate change solutions to bolster coral 

reef resilience. A better understanding of coral-Symbiodinium dynamics at the island 

scale will aid in reef conservation, supporting the design and implementation of 

management strategies for resilient reefs.  
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Appendix A 

Chapter 3 Supplementary Material 

Appendix A. Table S1. Overview of all papers reviewed for the meta-analysis.  

Table S1 is available online as a csv in the supporting information section of this 

manuscript at PLOS ONE https://doi.org/10.1371/journal.pone.0190957 

 

Appendix A. Table S2. All coral cover data included in the meta-analysis.  

Table S2 is available online as a csv in the supporting information section of this 

manuscript at PLOS ONE https://doi.org/10.1371/journal.pone.0190957 

 

Appendix A. Table S3. Coral bleaching after-only data included in the meta-analysis. 

Table S3 is available online as a csv in the supporting information section of this 

manuscript at PLOS ONE https://doi.org/10.1371/journal.pone.0190957 

 

https://doi.org/10.1371/journal.pone.0190957
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Appendix A. Figure S1. PRISMA (Preferred Reporting Items for Systematic Reviews 

and Meta-Analyses) 2009 Checklist Official PRISMA checklist, with criteria and 

corresponding manuscript pages. 
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Appendix A. Figure S2. Animation of progression of maximum El Niño impact by event, 

from 1982-2016.  

Figure S2 is available online in the supporting information section of this manuscript at 

PLOS ONE https://doi.org/10.1371/journal.pone.0190957 

 

Appendix A. Figure S3. All model results. a. Moderators included in top models. Output 

from the R package 'glmulti', as well as reverse stepwise ANOVAs are included, and two 

data sets were included for each method (all coral cover data, and only data collected 

within 1 year of the peak El Niño/La Niña event. Moderators are denoted as either 

positive (+) or negative (-). A dark grey background indicates that the moderator was not 

included in the final model and white background indicates that the moderator was 

included in the final model and was significant at p < 0.05. b. Top ten best models for 

coral cover, showing included model terms (moderators), AICc values and weights. c. 

Top ten best models for coral bleaching, showing included model terms (moderators), 

AICc values and weights. 

a. Moderators included in top models 

 

 

 

 

 

 

 

 

 

 

 

Model Method Included Data Type 
Mean 

Temp 

Max 

DHW 

Max DHW: 

TimeLag 

glmulti 
Cover, All Data - x - 

Cover, 1 Year Only - x x 

Reverse Stepwise 

ANOVAs 

Cover, All Data - - x 

Cover, 1 Year Only - - x 

glmulti 

Bleaching, collected + 

simulated “before” data 
+ x - 

Bleaching, only simulated 

“before” data 
x x - 

Reverse Stepwise 

ANOVAs 

Bleaching, collected + 

simulated “before” data 
+ x x 

Bleaching, only simulated 

“before” data 
   

https://doi.org/10.1371/journal.pone.0190957
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b. Coral Cover (up to 1 year after maximum stress). 

Included Model Terms AICc Weight 

Max DHW + Mean Temp (Top Model) 552.70 0.0358 

Mean Temp + Mean Temp:Max DHW 552.87 0.0330 

Max DHW + Temp Var 553.48 0.0242 

Temp Var + Mean Temp:Max DHW 553.56 0.0232 

Max DHW + Temp Var:Mean Temp 553.69 0.0218 

Mean Temp:Max DHW + Temp Var:Mean Temp 553.70 0.0217 

Max DHW + Mean Temp + Time Lag:Max DHW 554.02 0.0185 

Max DHW + Mean Temp + Temp Var:Mean Temp 554.04 0.0184 

Max DHW + Mean Temp + Mean Temp:Time Lag 554.05 0.0183 

Max DHW + Time Lag + Mean Temp 554.07 0.0181 

c. Bleaching (including measured and simulated before-bleaching values) 

Included Model Terms AICc Weight 

Mean Temp + Time Lag:Max DHW 433.64 0.0377 

Time Lag + Mean Temp 434.33 0.0267 

Mean Temp + Mean Temp:Time Lag 434.39 0.0260 

Mean Temp + Temp Var + Time Lag:Max DHW 434.59 0.0235 

Mean Temp + Time Lag:Max DHW + Temp Var:Mean Temp 434.63 0.0230 

Mean Temp + Temp Var + Temp Var:Time Lag 434.83 0.0208 

Mean Temp + Temp Var: Time Lag + Temp Var:Mean Temp 434.84 0.0207 

Mean Temp + Temp Var:Time Lag 434.91 0.0200 

Time Lag + Mean Temp + Mean Temp:Time Lag 435.42 0.0155 

Time Lag + Mean Temp + Temp Var 435.43 0.0154 

 



 

 

201 

Appendix B 

Chapter 5 Supplementary Material 

 

I. Sample Processing 

DNA Extraction and Sequencing 

 DNA was extracted from all samples using a guanidinium-based extraction 

protocol (Stat et al. 2009, Cunning, Silverstein, et al. 2015), modified to include three 

70% ethanol washes (rather than one). After extraction, DNA was cleaned using Zymo 

Genomic DNA Clean and ConcentratorTM -25 (Catalog Nos. D4064 & D4065) to 

improve downstream processing 

(http://www.zymoresearch.com/downloads/dl/file/id/638/d4064i.pdf).  

Library preparation and Illumina MiSeq ITS-2 amplicon sequencing was 

performed by the Hawaii Institute of Marine Biology (HIMB) Genetics Core Lab 

following the Illumina 16S Metagenomic Sequencing Library Preparation (Illumina 

protocol, Part # 15044223 Rev. B) with modifications to generalize this protocol for ITS 

sequences. ITS primers (ITS-forward: 5’-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGAATTGCAGAACTCCGT

C-3’ and ITS-reverse: 5’-

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCCTCCGCTTACTTATATGC

TT-3’ (Stat et al. 2009)) were used instead of the 16S primers. Prepared libraries were 

sequenced on the Illumina MiSeq platform with 2x300 paired-end read chemistry.  

 

http://www.zymoresearch.com/downloads/dl/file/id/638/d4064i.pdf
https://paperpile.com/c/moHiaz/X2cy
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Appendix B. Supplementary Table 1. Sample size of water, sediment, and corals by site 

and time point (August 2014, Before; January 2015, Pre-Storm; January 2015, Post-

Storm; May 2015, After). Number of samples reported in “All Coral” is the sum of all 

samples in Pocillopora grandis, Montipora aequituberculata, and Porites lobata.  

 

Site 

Name 

Site 

ID 
Field Season Water Sediment 

All 

Coral 

Pocillopora 

grandis 

Montipora 

aequituberculata 

Porites 

lobata 
TOTAL 

M1 8 

Before 4 6 6 2 3 1 16 

Pre-Storm - - - - - - 0 

Post-Storm 2 2 6 2 3 1 10 

After 2 5 12 3 6 3 19 

Total this Site 8 13 24 7 12 5  

VH2 27 

Before - 5 13 3 5 5 18 

Pre-Storm - - - - - - 0 

Post-Storm 1 4 14 4 5 5 19 

After 2 6 16 4 7 5 24 

Total this Site 3 15 43 11 17 15  

VH1 30 

Before 5 6 18 5 6 7 29 

Pre-Storm - - - - - - 0 

Post-Storm 4 4 18 5 6 7 26 

After 4 4 29 10 9 10 37 

Total this Site 13 14 65 20 21 24  

M2 35 

Before 7 5 22 7 7 8 34 

Pre-Storm - - 16 6 6 4 16 

Post-Storm 4 5 21 8 6 7 30 

After 4 6 30 11 9 10 40 

Total this Site 15 16 89 32 28 29  

TOTAL 39 58 221 70 73 78 318 
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Appendix B. Supplementary Table 2. Volumes of water filtered for each sample. 

Sample ID Field Season SiteID  Site Name Volume (L) 

KI14WSYM004 2014 8 

8 

8 

8 

M1 6.0 

KI14WSYM003 2014 M1 8.0 

KI14WSYM031 2014 M1 8.0 

KI14WSYM021 2014 M1 7.2 

KI14WSYM015 2014 30 VH1 5.5 

KI14WSYM016 2014 30 VH1 6.5 

KI14WSYM032 2014 30 VH1 7.6 

KI14WSYM008 2014 30 VH1 7.7 

KI14WSYM017 2014 30 VH1 5.7 

KI14WSYM001 2014 35 M2 7.0 

KI14WSYM005 2014 35 M2 6.5 

KI14WSYM028 2014 35 M2 8.6 

KI14WSYM029 2014 35 M2 8.4 

KI14WSYM030 2014 35 M2 4.7 

KI14WSYM006 2014 35 M2 6.2 

KI14WSYM007 2014 35 M2 7.4 

KI15aWSYM005 2015a 8 M1 8.0 

KI15aWSYM007 2015a 8 M1 9.0 

KI15aWSYM013 2015a 27 VH2 9.0 

KI15aWSYM017 2015a 30 VH1 6.0 

KI15aWSYM018 2015a 30 VH1 7.0 

KI15aWSYM019 2015a 30 VH1 7.6 

KI15aWSYM020 2015a 30 VH1 7.8 

KI15aWSYM009 2015a 35 M2 8.4 

KI15aWSYM010 2015a 35 M2 8.0 

KI15aWSYM011 2015a 35 M2 9.0 

KI15aWSYM012 2015a 35 M2 7.0 

KI15bWSYM023 2015b 8 M1 6.5 

KI15bWSYM024 2015b 8 M1 7.5 

KI15bWSYM018 2015b 27 VH2 6.2 

KI15bWSYM019 2015b 27 VH2 7.1 

KI15bWSYM005 2015b 30 VH1 3.9 

KI15bWSYM006 2015b 30 VH1 4.4 

KI15bWSYM007 2015b 30 VH1 4.8 

KI15bWSYM008 2015b 30 VH1 10.5 

KI15bWSYM001 2015b 35 M2 3.0 

KI15bWSYM002 2015b 35 M2 6.7 

KI15bWSYM003 2015b 35 M2 8.1 

KI15bWSYM004 2015b 35 M2 6.2 
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Appendix B. Supplementary Table 3. Volume of sediment filtered for each sample. 

Sample ID Field Season SiteID  Site Name Sediment (mL) 

KI14SSYM003 2014 8 M1 7 

KI14SSYM004 2014 8 M1 6.2 

KI14SSYM005 2014 8 M1 3 

KI14SSYM006 2014 8 M1 3.5 

KI14SSYM007 2014 8 M1 3 

KI14SSYM008 2014 8 M1 2 

KI14SSYM058 2014 27 VH2 3 

KI14SSYM059 2014 27 VH2 3 

KI14SSYM060 2014 27 VH2 3.5 

KI14SSYM061 2014 27 VH2 3 

KI14SSYM063 2014 27 VH2 3 

KI14SSYM015 2014 30 VH1 3.8 

KI14SSYM016 2014 30 VH1 3 

KI14SSYM017 2014 30 VH1 3 

KI14SSYM018 2014 30 VH1 3 

KI14SSYM019 2014 30 VH1 3 

KI14SSYM020 2014 30 VH1 3 

KI14SSYM010 2014 35 M2 3 

KI14SSYM011 2014 35 M2 3 

KI14SSYM012 2014 35 M2 3 

KI14SSYM013 2014 35 M2 3 

KI14SSYM050 2014 35 M2 3 

KI15aSSYM026 2015a 8 M1 3 

KI15aSSYM027 2015a 8 M1 3 

KI15aSSYM019 2015a 27 VH2 3 

KI15aSSYM020 2015a 27 VH2 3 

KI15aSSYM022 2015a 27 VH2 3 

KI15aSSYM024 2015a 27 VH2 3 

KI15aSSYM013 2015a 30 VH1 3 

KI15aSSYM014 2015a 30 VH1 3 

KI15aSSYM015 2015a 30 VH1 3 

KI15aSSYM016 2015a 30 VH1 3 

KI15aSSYM009 2015a 35 M2 3 

KI15aSSYM010 2015a 35 M2 3 

KI15aSSYM011 2015a 35 M2 3 

KI15aSSYM012 2015a 35 M2 3 

KI15bSSYM019 2015b 8 M1 3 

KI15bSSYM024 2015b 8 M1 3 

KI15bSSYM021 2015b 8 M1 3 

KI15bSSYM023 2015b 8 M1 3 

KI15bSSYM022 2015b 8 M1 3 

KI15bSSYM014 2015b 27 VH2 3 
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KI15bSSYM013 2015b 27 VH2 3 

KI15bSSYM017 2015b 27 VH2 3 

KI15bSSYM016 2015b 27 VH2 3 

KI15bSSYM018 2015b 27 VH2 3 

KI15bSSYM015 2015b 27 VH2 3 

KI15bSSYM007 2015b 30 VH1 3 

KI15bSSYM009 2015b 30 VH1 3 

KI15bSSYM010 2015b 30 VH1 3 

KI15bSSYM012 2015b 30 VH1 3 

KI15bSSYM004 2015b 35 M2 3 

KI15bSSYM001 2015b 35 M2 3 

KI15bSSYM006 2015b 35 M2 3 

KI15bSSYM002 2015b 35 M2 3 

KI15bSSYM005 2015b 35 M2 3 

KI15bSSYM003 2015b 35 M2 3 
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II. Environmental data 

Significant Wave Height 

We quantified the intensity of storm waves using NOAA’s Multi-grid Wavewatch 

III Hindcast (Tolman & Chalikov 1994, Tolman & Others 2009). First, significant wave 

height and wave direction were extracted for Kiritimati from February 2005 to December 

2017. To visualize the wave climate on Kiritimati, a histogram of significant wave 

heights for the available time period of wave data (~12 years; Appendix B Fig. S1a) and 

a wave rose (Appendix B Fig. S1b) were plotted. This wave rose shows the primary wave 

direction (polar coordinates), as well as the distribution of significant wave heights 

coming from each direction. Waves on Kiritimati primarily come from the E-NE, 

consistent with the forcing of the trade winds. Waves also occasionally come from the N-

NW or the S-SW; these generally represent storm waves and swell coming from the 

Western Pacific.  

To determine the severity of the January 2015 storm waves in the context of the 

broader wave climate on Kiritimati, we extracted the maximum wave height during this 

event (significant wave height = 2.94 m). Next, a three-parameter generalized extreme 

value (GEV) distribution was fit to the significant wave height data using the R package 

(R Development Core Team 2008) extRemes (Gilleland et al. 2016). GEV parameters 

were fit as follows: location = 1.784 ± 0.002 s.e.; scale = 0.345 ± 0.001 s.e.; and shape = -

0.151 ± 0.003 s.e. Next, the R package EnvStats (Millard 2013) was used to model the 

fitted GEV distribution and calculate the percentile of the GEV at the maximum wave 

height during this event (wave height = 2.94 m, 94th percentile of significant wave height 
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at this location). This allows us to define this storm wave event as a sizeable, but not 

unprecedented, storm wave event on Kiritimati.  

 

 

Appendix B. Supplementary Figure 1. Wave climate on Kiritimati (2005-2017) 

extracted from NOAA’s Wavewatch III hindcast product. Plots are based on 3-hourly 

wave models. A) Histogram of significant wave height. Colors indicate significant wave 

height, and dashed line on panel a indicates maximum wave height on Kiritimati in 

January 2015 (2.94 m). B) Polar rose showing average wave conditions. Each bin 

represents 45° increments. Colors indicate significant wave height, angle of each bin 

indicates direction of incoming waves, and distance from center represents the probability 

(percentage) of waves coming from each direction.   

 

 

III. ITS2 sequences from Symbiodinium  

To visualize overlap in ITS2 subclades, taxonomic information is shown in a table 

by each compartment (Appendix B Table S4), and by each coral species (Appendix B 

Table S5). Next, bar plots of Symbiodinium clade are plotted for water, sediment, and 

each coral species (Appendix B Fig. S2), followed by bar plots by Symbiodinium 

subclade (Appendix B Fig. S3). 
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Symbiodinium taxa found exclusively in symbiosis with corals were dominated by 

clade C OTUs but included one clade D OTU (D2; Appendix B Table S4, Appendix B 

Figs. S2, S3). Symbiodinium taxa detected only in the free-living state (i.e. in water 

and/or sediment, but not coral) included OTUs from clades A, C, D, F, and I (Appendix 

B Table S4, Appendix B Figs. S2, S3); these taxa may represent symbiotic Symbiodinium 

that associate with other coral species not sampled in this study, or may be exclusively 

free-living Symbiodinium. OTUs from clade I were primarily found in sediment samples, 

supporting previous research documenting this clade as endosymbiotic within benthic 

forams (although members of this clade may also be free-living) (Pochon & Gates 2010). 

Generalists Symbiodinium C1 and C3 were found in all three compartments. Multiple C1-

like types were found consistently associated with coral (e.g., C1b/C1e, C1j), coral and 

sediment (e.g., C1c/C45, C1f, C1a, C1198), and all three ecological compartments (e.g., 

C1, C1d). Additionally, C15-like types (C15, C1223) were found across all three 

ecological compartments. 

We also evaluated compartment-specific indicator taxa. These indicator taxa are 

Symbiodinium subclades that are over-represented in one compartment compared to the 

others. Sediment-specific indicator Symbiodinium subclades included A101/A2_multiple, 

A113, A114/A134, A121, A133, F3.2, F5 (F5.1a, F5_multiple, F5.2b, F5.2c), and I4. 

Water-specific indicator Symbiodinium subclades included A4 and one OTU of 

C15_AY239369. Coral-specific indicator Symbiodinium subclades included 

C21/C32_multiple, C3 (C3_multiple, C3.1), C31, C42, and C15. Free-living indicator 

Symbiodinium subclades (i.e. indicators for both water and sediment) included C3 

(C3_multiple, C3_multiple/C65a/C1p/C1.v1a) and C1. 
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Appendix B. Supplementary Table 4. Symbiodinium subclades found in each 

compartment (i.e. coral, water, sediment). Superscripts identify named Symbiodinium 

species: 1S. kawagutii, 2S. tridacnidorum, 3S. pilosum, 4S. trenchii). Matrix shows which 

compartment each Symbiodinium subclade was detected within. For example, subclades 

in row “Coral” and column “Coral” were only detected in coral (but not in the water or 

sediment); subclades in row “Sediment” and column “Water” were detected only in water 

and sediment, but not in coral. The clade is denoted by the first letter in each subclade 

name. 

 

 Coral Sediment Water Coral, Water, & 

Sediment 

C
o
ra

l 

C1b/C1e 

C1j 

C4 

C21 

C21/3d/C3k 

C1103 

C1197 

C1226 

D2 

A113 

C1a 

C1c/C45 

C1f 

C3k 

C15a 

C1198 

 

 

C21/C32 

C1094 

A121 

C1 

C1d 

C3 

C15 

C31 

C31a 

C32 

C42 

C1233 

 

D1a 4  

D1 

F5 

F3 

F114 

G100 

G3 

S
ed

im
en

t 

 A114 

A133 

A112 

A141 

C1p 

C66 

C91 

C92 

C1005 

C1051 

C1139 

D120 

F2b 

F104/F5 

F1 1 

I2 

A4 

A5 

A3/A6 2 

A101/A2 3 

I4 

  

W
at

er
   A7 

C1232 
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Appendix B. Supplementary Table 5. Symbiodinium subclades found in each coral 

species (i.e. Pocillopora grandis, Montipora aequituberculata, Porites lobata). 

Superscripts identify named Symbiodinium species: 1 S. trenchii). Matrix shows which 

coral species each Symbiodinium subclade was detected within. For example, subclades 

in row “P. grandis” and column “P. grandis” were only detected in P. grandis (but not in 

the other two species); subclades in row “P. grandis” and column “M. aequituberculata” 

were detected only in those two species, but not in P. lobata. The clade is denoted by the 

first letter in each subclade name. 

 P. grandis M. aequituberculata P. lobata All 3 species 

P
. 
g
ra

n
d
is

 

A113 

C1a 

C15.4 

C1226 

C4 

C1103 

C1197 

C3.2 

C1c/C45 

C1j 

C1198 

C3.22 

C1b/C1e 

C1094 

C1.6 

C15a 

C15.22 

D2 

C15.6 

C21/3d/3k 

C15.2 

C1f 

C32.1 

C3.1 

C21.2 

C21.10 

 

D1.3 

F114 

 

 

C31a 

F5.1a 

F3.2a 

F3.2 

G3.1 

A121 

C15 

C42 

C3k 

C3 

C31 

C1 

C1233 

C21/32 

C1d 

 

D1a1 

D1 

D1a.1 

G100 

G3.3 

M
. 
a
eq

u
it

u
b
er

cu
la

ta
  NONE NONE 

P
. 
lo

b
a
ta

 

  NONE 



 

 

211 

 

Appendix B. Supplementary Figure 2. Bar plot of Symbiodinium taxa, colored by clade. 

A) Sediment 
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Appendix B. Supplementary Figure 2. Bar plot of Symbiodinium taxa, colored by clade. 

B) Water 
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Appendix B. Supplementary Figure 2. Bar plot of Symbiodinium taxa, colored by clade. 

C) Montipora aequituberculata 
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Appendix B. Supplementary Figure 2. Bar plot of Symbiodinium taxa, colored by clade. 

D) Pocillopora grandis 

 

 



 

 

215 

Appendix B. Supplementary Figure 2. Bar plot of Symbiodinium taxa, colored by clade. 

E) Porites lobata 
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Appendix B. Supplementary Figure 3. Bar plot of Symbiodinium subclades. A) Color 

legend 
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Appendix B. Supplementary Figure 3. B) Sediment 
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Appendix B. Supplementary Figure 3. C) Water 
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Appendix B. Supplementary Figure 3. D) Montipora aequituberculata 
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Appendix B. Supplementary Figure 3. E) Pocillopora grandis 
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Appendix B. Supplementary Figure 3. F) Porites lobata 
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IV. Species (OTU) Accumulation Curves 

Species (OTU) accumulation curves were generated using the package iNEXT (Chao et 

al. 2014). Three curves were generated for each compartment (coral, sediment, water): by 

disturbance level, by site, and by field season (Appendix B Figs. S4, S5, S6). Curves 

generally reached an asymptote at the sampling depth (with the exception of sediment at 

site 30), indicating that sequencing depth was sufficient to capture the full Symbiodinium 

community at these aggregated levels.  
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Appendix B. Supplementary Figure 4. Interpolation-extrapolation plots for coral A) by 

disturbance level; B) by site; C) by field season 
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Appendix B. Supplementary Figure 5. Sediment A) by disturbance level; B) by site; C) 

by field season 
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Appendix B. Supplementary Figure 6. Water A) by disturbance level; B) by site; C) by 

field season 
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Appendix C 

Chapter 6 Supplementary Material 

 

Appendix C. Figure S1. Study sites (n = 11) across five levels of human disturbance on 

Kiritimati. Villages are denoted with red circles, scaled by population size. 
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Appendix C. Figure S2. Beta diversity variation (i.e. distance to centroid) of 

Symbiodiniaceae communities in individual coral species across the disturbance gradient. 

A) M. aequituberculata, B) P. grandis, C) P. lobata, D) H. microconos, E) P. daedalea, 

F) F. pentagona, and G) F. matthaii. 
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Appendix C. Figure S3. Multivariate ordination (PCoA) of Symbiodiniaceae communities 

associated with each coral species, showing turnover (differences in multivariate 

location) and variation (multivariate dispersion). Points indicate individual samples 

(connected to the centroid point in the center), color indicates sampling time point, and 

shaded areas indicate boundaries of observed community structure 

.  



 

 

229 

Appendix C. Figure S4. Beta diversity variation (i.e. distance to centroid) of microbe 

communities. A) M. aequituberculata, B) P. grandis, C) P. lobata, D) H. microconos, E) 

P. daedalea, F) F. pentagona, and G) F. matthaii. 
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Appendix C. Figure S5. Multivariate ordination (PCoA) of microbe communities 

associated with each coral species, showing community structure changes (differences in 

multivariate location) and variation (multivariate dispersion). Points indicate individual 

samples (connected to the centroid point in the center), color indicates sampling time 

point, and shaded areas indicate boundaries of observed community structure. 

 



 

 

231 

Appendix C. Figure S6. DESeq coral species-specific differential abundance. Each 

column represents a different coral species/Symbiodiniaceae combination. For example, 

the first column is differential abundance of bacterial taxa associated with the presence of 

Symbiodinium sensu stricto (previously Symbiodinium clade A) within Platygyra 

daedalea colonies. 
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Appendix C. Table S1. Symbiodiniaceae sample size by coral species (ordered from most 

to least available samples). Coral life history strategies (Stress tolerant - Porites lobata, 

Hydnophora microconos, Platygyra daedalea, Favites pentagona; Competitive - 

Pocillopora eydouxi; Generalist - Montipora aequituberculata) (Darling et al. 2012).  

 
SITE 

Coral Species VH1 VH2 VH3 H1 M1 M2 M3 M4 L1 L2 VL1 All 

M. 

aequituberculata 

10 13 5 12 11 12 12 13 12 12 12 124 

P. grandis 12 10 5 9 12 11 12 12 12 12 9 116 

P. lobata 10 11 4 7 8 11 9 10 9 11 11 101 

H. microconos 4 3 1 5 5 4 7 4 5 4 7 49 

P. daedalea 3 7 2 4 5 1 5 5 6 1 3 42 

F. pentagona 3 4 3 2 2 1 2 2 1 3 6 29 

F. matthaii 5 3 2 0 2 2 2 0 1 1 0 18 

Total 47 51 22 39 45 42 49 46 46 44 48 479 

 



 

 

233 

Appendix C. Table S2. Microbiome (bacteria) sample size by coral species (ordered from 

most to least available samples).  

 
SITE 

Coral Species VH1 VH2 H1 M1 M2 M3 M4 L1 L2 All 

M. aequituberculata 5 10 5 7 6 5 8 12 9 67 

P. lobata 4 8 5 5 6 5 6 10 7 56 

H. microconos 4 3 5 4 4 5 4 5 4 38 

P. daedalea 3 8 4 3 1 3 4 5 1 32 

F. pentagona 3 7 3 1 1 2 2 1 3 23 

P. grandis 0 0 0 7 3 0 0 1 4 15 

F. matthaii 1 2 1 2 1 1 1 1 0 10 

Total 20 38 23 29 22 21 25 35 28 241 
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Appendix C. Table S3. Sample size by coral species for coral colonies where sequence 

data is available for both the microbiome and Symbiodiniaceae (ordered from most to 

least available samples). This is a subset of samples from Tables S1 and S2. 

 
SITE 

Coral Species VH1 VH2 H1 M1 M2 M3 M4 L1 L2 All 

M. aequituberculata 5 10 5 6 6 5 8 12 9 66 

P lobata 4 7 2 2 6 3 4 7 7 42 

H. microconos 4 3 5 4 4 5 4 5 4 38 

P. daedalea 3 8 4 3 1 3 4 5 1 32 

F. pentagona 3 6 2 1 1 2 1 1 3 20 

P. grandis 0 0 0 7 3 0 0 1 4 15 

F. matthaii 1 2 0 1 1 1 0 1 0 7 

Total 20 36 18 24 22 19 21 32 28 220 
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Appendix C. Table S4. Symbiodiniaceae beta diversity variation (i.e. distance to 

centroid). Individual coral species by disturbance level that are not included in this table 

were not significant. 

Model Model 

Test 

Significant Post-hoc Groups 

Disturbance (pooled across coral 

species) 

F = 63,  

df = 4,  

p < 0.001 

Very High - High; p < 0.001 

Very High - Medium; p < 0.001 

Very High - Low; p < 0.001 

Very High - Very Low; p < 0.001 

Species (pooled across disturbance 

levels) 

F = 122,  

df = 6,  

p < 0.001 

M. aequituberculata - P. grandis; p = 0.038 

M. aequituberculata - H. microconos; p < 

0.001 

M. aequituberculata - P. daedalea; p < 

0.001 

M. aequituberculata - F. pentagona; p < 

0.001 

M. aequituberculata - F. matthaii; p < 0.001 

P. grandis - P. daedalea; p < 0.001 

P. grandis - F. pentagona; p < 0.001 

P. grandis - F. matthaii; p < 0.001 

P. lobata - P. daedalea; p < 0.001 

P. lobata - F. pentagona; p <0.001 

P. lobata - F. matthaii; p < 0.001 

H. microconos - P. daedalea; p < 0.001 

H. microconos - F. pentagona; p < 0.001 

H. microconos - F. matthaii; p <0.001 

P. daedalea - F. matthaii; p = 0.012 

Individual coral species, by disturbance level (only significant models shown) 

P. grandis F = 27,  

df = 4,  

p < 0.001 

Very High - High; p = 0.003 

Very High - Medium; p < 0.001 

Very High - Low; p < 0.001 

Very High - Very Low; p < 0.001 

F. matthaii F = 55,  

df = 3,  

p < 0.001 

Very High - Medium; p < 0.001 

Very High - Low; p < 0.001 

H. microconos F = 39,  

df = 4,  

p < 0.001 

Very High - High; p < 0.001 

Very High - Medium; p < 0.001 

Very High - Low; p < 0.001 

Very High - Very Low; p < 0.001 

P. daedalea F = 3.5,  

df = 4,  

p = 0.016 

Low - High; p = 0.035  
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Appendix C. Table S5. Microbe beta diversity variation (i.e. distance to centroid). When 

coral species were evaluated individually, no species showed a significant difference in 

variation by disturbance category. 

Model Model 

Test 

Significant Post-hoc Groups 

Pooled models 

Disturbance (pooled across 

coral species) 

F = 5.5,  

df = 3,  

p = 0.001 

Very High - High; p < 0.001 

High – Low; p = 0.007 

High – Medium; p = 0.01 

Species (pooled across 

disturbance levels) 

F = 7.9,  

df = 6,  

p < 0.001 

M. aequituberculata - H. microconos; p < 

0.001 

P. lobata - H. microconos; p < 0.001 

H. microconos - P. daedalea; p = 0.011 

H. microconos - F. pentagona; p = 0.015 

H. microconos - F. matthaii; p = 0.031 
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Appendix D 

Chapter 7 Supplementary Material 

 

Materials and Methods 

Study location 

Kiritimati (Christmas Island), Republic of Kiribati, is located in the central 

equatorial Pacific Ocean (01°52′N 157°24′W), at the center of the Niño 3.4 region (a 

region which is used to quantify El Niño presence and strength; Bamston et al. 1997). 

Kiritimati is the world’s largest atoll by landmass (388 km2; 150 km in perimeter), and all 

fourteen surveyed reefs surrounding the atoll are sloping, fringing reefs with no back reef 

or significant reef crest formations. During the 2015-2016 El Niño event, Kiritimati 

experienced ten months of sustained temperature stress (detailed below), causing a mass 

bleaching and mortality event (Figure 7.1; Harvey 2016).   

Kiritimati has a strong gradient of human disturbance around the island, with the 

majority of the human population residing in two villages on the west side of the atoll 

(Walsh 2011, Watson et al. 2016) (Figure 7.2). Human use, including subsistence fishing 

and waste-water runoff, are densely concentrated in this area, while the north, east, and 

south regions of the atoll are minimally impacted (Walsh 2011, Watson et al. 2016). We 

quantified local human disturbance at each of our sites by combining (with equal weight) 

two sources of information: 1) the number of people residing within 2 km of each site, as 

a measure of localized impacts, based upon the Government of Kiribati’s population 

census data for each village on Kiritimati (“Republic of Kiribati Island Report Series: 

Kiritimati” 2012, Morate 2016); 2) spatial fishing pressure, quantified through detailed 
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semi-structured interviews conducted with heads of households in each of the atoll’s 

villages in 2013, and represented using a kernel density function (Walsh 2011, Watson et 

al. 2016). This resulted in five distinct levels of local human disturbance across our study 

sites (very low, low, medium, high, very high) (Figure 7.2; S3).   

 

Temperature quantification 

Corals are sensitive to temperatures warmer than 1°C above their normal 

summertime maximum mean sea surface temperature (SST), defined as the ‘bleaching 

threshold’. Temperatures above the long-term maximum monthly mean SST + 1°C are 

considered ‘Coral Bleaching HotSpots’ (Strong et al. 1997). Degree Heating Week 

(DHW) is a measure of accumulated thermal stress, defined as the rolling sum of Coral 

Bleaching HotSpots during the preceding twelve weeks (Wellington et al. 2001). DHW is 

commonly used as a metric to quantify coral bleaching risk, with bleaching typically 

occurring at >4°C-weeks, and mass mortality usually occurring at >8°C-weeks (Liu et al. 

2006). 

 

In situ loggers 

We deployed temperature loggers (SBE 56, Sea-Bird Scientific; ±0.001℃ 

precision) around the atoll at twelve of our fourteen study sites (all between 10-12 m 

depth; one to three loggers deployed in each disturbance treatment) from 2011-2016, to 

measure in situ thermal stress. We sub-sampled temperature measurements to a consistent 

1-hour sampling grid, and then averaged these measurements to determine ‘half-weekly’ 

temperatures (similar to NOAA’s DHW product, 

https://coralreefwatch.noaa.gov/satellite/dhw.php, NOAA CRW 2013). Next, we 

https://coralreefwatch.noaa.gov/satellite/dhw.php
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calculated hotspot values, where a hotspot is defined as when (half-weekly temperature) 

– (baseline temperature) is a positive number; baseline temperature is the long-term 

maximum monthly mean, 28.14°C. Following NOAA, for degree heating week 

calculations (DHW; Gleeson & Strong 1995, Liu et al. 2003), the value of a hotspot was 

included if it was >1°C (values of 0-1°C are discarded), with each of the 24 half-week 

cumulative hotspot measurements divided by two.  

In situ temperature regimes were quite consistent around the atoll (with the 

exception of two sites subject to very low disturbance, within the Bay of Wrecks, during 

non-warming conditions) (Fig. S2A). Although these two sites have slightly higher 

temperatures during non-warming conditions, the corals and Symbiodinium at these sites 

responded similarly to all other sites, with the exception of those in the very high 

disturbance treatment. Moreover, temperatures were the same for the very high 

disturbance sites and the remainder of the sites (except for the Bay of Wrecks), but these 

areas had extremely different coral survivorship and symbionts, confirming that 

temperature variance is unlikely explain the observed differences among sites. 

Given that temperature profiles were fairly similar amongst sites (Fig. S2A), with 

the above-noted exceptions, we averaged DHW values across sites to create a single 

island-wide in situ DHW metric. Using a threshold of DHW > 0, heat stress would be 

considered to have extended for one year, from late May 2015 to early May 2016 (Figure 

7.1). More conservatively, using the bleaching threshold (SST > (mean monthly 

maximum + 1°C)), heat stress on Kiritimati extended for approximately ten months, from 

early May 2015 to mid-February (Figure 7.1).    



 

 

240 

NOAA 5-km satellite thermal stress 

NOAA’s 5-km Degree Heating Week satellite product (v3 released in 2017) shows very 

similar amounts of heat stress as our in situ measurements, demonstrating that each 

disturbance treatment experienced a similar temperature trajectory (Fig S2B). The 

maximum heat stress (extracted from NOAA’s 5-km Coral Reef Watch product; 

measured as degree heat weeks, DHW) for each disturbance treatment varied by less than 

one DHW (<4% overall; Table S1). Furthermore, the extremely small thermal differences 

between areas are such that the sites with marginally lower DHW are the ones with lower 

coral survival (i.e. the opposite of what one would expect if differences in DHW had 

influenced coral survivorship). 

 

Coral tagging and sampling 

We tagged colonies of Platygyra daedalea along a 60 m transect at 10-12 m depth at 14 

different fore reef sites spanning 5 local disturbance levels around Kiritimati (Figure 7.2). 

We tagged and sampled a total of 80 coral colonies. We sampled the tagged coral 

colonies three times before (August 2014, January/February 2015, April/May 2015), once 

two months into (July 2015), once near the end of (March 2016), and twice after 

(November 2016, July 2017) the El Niño warming. Not all sites could be visited during 

all field seasons, and some site surveys were only partially completed during some field 

seasons due to inclement weather conditions. We photographed each coral colony at its 

initial tagging and at each revisit to record colony measurements and bleaching. We 

sampled corals using a small chisel and stored the small tissue samples extracted in 

seawater on ice until preservation. After collection, we preserved one portion of each 



 

 

241 

coral tissue sample in guanidinium buffer (50% w/v guanidinium isothiocyanate; 50 mM 

Tris pH 7.6; 10 µM EDTA; 4.2% w/v sarkosyl; 2.1% v/v-mercaptoethanol) which we 

stored at 4°C until extraction for sequencing. We froze a second portion of each sample at 

-20°C in the field, and subsequently stored these samples at -80°C until DNA extraction. 

 

DNA Extraction 

For the samples prepared for Illumina MiSeq amplicon sequencing, we performed 

DNA extraction using a guanidinium-based extraction protocol (Stat et al. 2009, 

Cunning, Silverstein, et al. 2015) with the modification that the DNA pellet was washed 

with 70% ethanol three times rather than once. After extraction, we cleaned the DNA 

using Zymo Genomic DNA Clean and ConcentratorTM-25 (Catalog Nos. D4064 & 

D4065) following the standard protocol 

(http://www.zymoresearch.com/downloads/dl/file/id/638/d4064i.pdf). We measured 

DNA using the dsDNA Qubit BR assay. Any samples that had concentrations below 

detection levels of this assay were quantified using the dsDNA Qubit HS assay. For the 

samples prepared for qPCR, we placed a portion of the frozen sample in 1% SDS in 

DNAB and extracted these sub-samples using an organic extraction protocol for qPCR 

assays (Baker & Cunning 2016). 

 

Quantitative-PCR assays 

Measurement of symbiont to host cell ratios 
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We used quantitative PCR assays targeting specific loci in P. daedalea, 

Symbiodinium clade C, and Symbiodinium clade D to measure symbiont to host cell ratios 

(Mieog, van Oppen, et al. 2009). Assays targeting actin loci specific to Symbiodinium 

clades C and D were multiplexed following the methods of (Cunning & Baker 2013) in 

10 µL reactions. We designed a new assay targeting the PaxC intron of P. daedalea 

(which is single copy in corals; van Oppen et al. 2000) based on 14 sequences obtained 

from NCBI Nucleotide database (accession numbers KX026897 - KX026910; (Smith et 

al. 2017)). Forward and reverse primers (PaxC-F: 5’-GGATACCCGCGTCGACTCT-3’; 

PaxC-R: 5’-CCCTAAGTTTGCTTTTTATTGTTCCT-3’) were designed using Primer 

Express v3.0 (Applied Biosystems) to amplify a 72 bp region of the PaxC intron. We 

performed amplification of the coral host target locus in 12.5 µL qPCR reactions 

containing 900 nM of each primer using SYBR Green Chemistry (Power SYBR Green 

MasterMix, Applied Biosystems). The amplification efficiency of this assay was 

measured as 99.27% using a 4-log10 dilution series of P. daedalea DNA. 

We assayed DNA extracted from each sample in duplicate with the P. daedalea 

PaxC assay and with the multiplexed Symbiodinium clades C and D assays on a 

StepOnePlus qPCR platform (Applied Biosystems). Thermal cycling consisted of initial 

incubation at 50°C for 2 min and 95°C for 10 min, followed by 40 cycles of denaturation 

at 95°C for 10 s and annealing/extension at 60°C for 1 min. Cycle threshold (CT) values 

(with the fluorescence threshold set to 0.01) for each target were adjusted to account for 

differences in fluorescence intensity among assays based on the amplification of copy 

number standards (following the methods of Cunning & Baker 2013). We then calculated 

symbiont to host cell ratios using the formula 2^(Ct(host) - Ct(symbiont)), and adjusting to 
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account for 1) differences in target locus copy number (see below), 2) differences in 

symbiont and host ploidy (Santos & Coffroth 2003), and 3) differences in DNA 

extraction efficiency (Cunning & Baker 2013). We calculated symbiont to host cell ratios 

using R code available at github.com/jrcunning/steponeR. 

 

Determination of actin copy number in clade C and D Symbiodinium in P. daedalea 

We extracted Symbiodinium C and D cells from frozen tissue (3 samples C, 3 samples D), 

counted the number of Symbiodinium cells under a microscope using a hemocytometer, 

and extracted DNA from 3 replicate aliquots of 20,000 cells from each sample. DNA 

template equivalent to 2,000 cells from each extraction was then assayed along with copy 

number standards. We generated copy number standards (e.g., known numbers of copies 

of each qPCR target locus) by the purification of each amplified target (Wizard SV Gel 

and PCR Clean-up System, Promega), quantified nucleic acid concentration using a 

Nanodrop-1000, and converted to number of copies based on the length of the amplicon 

and a conversion factor of 660 Daltons per base pair. We used a log2 dilution series from 

64,000 copies to 2,000 copies of Symbiodinium C and D targets as a standard curve to 

quantify the number of copies present in DNA extracted from known numbers of 

Symbiodinium cells.   

 

High-throughput (MiSeq) amplicon sequencing 

ITS-2 Amplicon 

We chose the ITS-2 amplicon for high-throughput sequencing because it is 

currently the standard region used for identification and quantification of Symbiodinium 
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taxa. ITS-2 is phylogenetically (LaJeunesse 2001), functionally and ecologically 

(Cunning et al. 2017) informative. To minimize misinterpretation of intragenomic data 

due to the multi-copy nature of the ITS-2 marker, we conducted 97% within-sample OTU 

clustering. Instead of combining all sequences together into one fasta file and clustering 

together, we cluster each sample independently, and then collapse identical taxa across 

samples. As described in (Cunning et al. 2017), this approach increases the likelihood of 

collapsing intragenomic variation within a sample, while maintaining what is more likely 

to be biologically and ecologically relevant interspecific variation among samples. 

 

Library preparation and sequencing 

Library preparation for Illumina MiSeq ITS-2 amplicon sequencing was 

performed by the HIMB Genetics Core Lab following the Illumina 16S Metagenomic 

Sequencing Library Preparation (Illumina protocol, Part # 15044223 Rev. B) with the 

following modifications: 

• ITS primers (ITS-forward: 5’-TCG TCG GCA GCG TCA GAT GTG TAT AAG 

AGA CAG GTG AAT TGC AGA ACT CCG TC-3’ and ITS-reverse: 5’-GTC TCG 

TGG GCT CGG AGA TGT GTA TAA GAG ACA GCC TCC GCT TAC TTA 

TAT GCT T-3’ (41)) were used instead of the 16S primers. 

• PCR 1 annealing temperature was 52°C, PCR 1 was performed in triplicate, and 

PCR product was pooled prior to bead clean. 

• 60 µl of SPRI beads were used for PCR 1 clean up. 

• PCR 1 bead clean up elution buffer volume varied depending on the Qubit 

concentration of initial gDNA. Changes were as follows: 

https://paperpile.com/c/SGWfsL/F2MD7
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• gDNA concentrations with ≤1 ng/µl were resuspended in 12.5 µl elution buffer; 

• gDNA concentrations of 2 – 4 ng/µl were resuspended in 42.5 µl elution buffer; 

• gDNA concentrations of 5 ng/µl were resuspended in 52.5 µl elution buffer. 

Samples were sequenced on the Illumina MiSeq platform with 2x300 paired-end read 

chemistry. A total of 142 P. daedalea samples were successfully amplified, sequenced, 

and used in downstream analyses. 

 

Bioinformatics 

All code for this bioinformatics pipeline is available on GitHub 

(https://github.com/daniclaar/KI_Platy). We conducted quality filtering of raw Mi-Seq 

sequence reads (in fastq format) first using the iu-filter-quality-bokulich script 

implemented in Illumina-Utils (Bokulich et al. 2013, Eren et al. 2013), followed by 

paired-end sequence merging via the iu-merge-pairs script (also in Illumina-Utils (Eren et 

al. 2013), with a maximum mismatch of three bases between the forward and reverse 

reads. After quality filtering, we performed sequence processing and identification 

following all specifications of (Cunning et al. 2017); chimeric sequences were removed, 

primers were trimmed, sequences from each sample were clustered independently at 97% 

similarity using UCLUST (Edgar 2010) implemented in QIIME (Caporaso et al. 2010) 

and resulting OTUs were collapsed at 100% identity across samples, sequences were 

aligned using the Needleman-Wunsch global alignment algorithm (Biostrings package, 

Pagès et al. 2017) in R (R Development Core Team 2008), and Symbiodinium sequences 

were named using a reference database (Cunning et al. 2015, Cunning et al. 2017); 



 

 

246 

reference database is archived, along with full bioinformatic pipeline at 

https://github.com/daniclaar/KI_Platy).  

We used the phyloseq package (McMurdie & Holmes 2013) in R to store and 

analyze OTU tables, taxonomic information, and sample metadata. We filtered the 

phyloseq object to remove OTUs observed <5 times in the entire data set (n = 33 OTUs 

removed and n = 114 kept). We further filtered the phyloseq object to remove samples 

with very low sequence abundances due to amplification issues (<200 sequences).  

Next, we built a Symbiodinium phylogenetic tree by aligning ITS-2 sequences 

from each clade separately (align_seqs.py from QIIME (Caporaso et al. 2010) using 

muscle (Edgar 2004)). After sequences were aligned within each clade, we created a 

distance matrix encompassing all sequences using nr28s-rDNA distances (divergence of 

the D1–D3 region of the 28S; Pochon & Gates 2010, Putnam et al. 2012) to describe 

between-clade distances. Using upgma (R package phangorn v.2.2.0; Schliep 2011), we 

created a phylogenetic tree which we imported into the phyloseq object before statistical 

analysis. 

 

Statistical analysis  

All code for analyses is available on GitHub 

(https://github.com/daniclaar/KI_Platy). 

 

Constrained ordination 
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To assess the factors driving differences among Symbiodinium communities, we 

performed a canonical analysis of principal coordinates (CAP) using the MiSeq sequence 

data. CAP is a constrained ordination method which allows for direct comparison of 

environmental variables and changes in Symbiodinium community composition by 

constraining ordination axes to linear combinations of the environmental variables. After 

exhausting all potential constrained axes, residual variability is addressed by fitting 

additional unconstrained axes (which represent linear variability which is caused by 

factors not included in the constrained axes). We conducted ordination with the function 

‘ordinate’ (phyloseq; McMurdie & Holmes 2013), using weighted unifrac distances 

(Lozupone et al. 2007), and included field season (time point during which each coral 

was collected), status (whether the coral survived the bleaching event or died), and local 

human disturbance level (very high, high, medium, low, and very low).  The constrained 

ordination was visualized (Figure 7.2B), and points from low sites lie directly under 

visible points from very low and medium sites (Symbiodinium communities are so similar 

that they are not distinguishable from one another). After ordination, we conducted an 

ANOVA-like permutation test to determine if the defined model was significant 

(anova.cca, vegan package; Oksanen 2017). We confirmed these results using an 

automatic stepwise model building tool to build and evaluate the significance of 

constrained axes using permutation p values (ordistep tool, vegan package). We also 

computed the variance inflation factors (vif.cca, vegan package) to test for redundant 

constraints, or for multicollinearity between factor levels. All variance inflation factors 

were small (< 1.5), so multicollinearity is unlikely to influence our results. 

 

Potential confounding effects  
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Study sites on different parts of the atoll can experience different exposures and 

weather conditions. Two lines of evidence indicate, however, that these differences 

cannot explain the observed patterns of coral survival and Symbiodinium community 

structure. First, despite physical differences amongst fore reefs at the southern edge of the 

lagoon (medium disturbance), the north shore (high and low disturbance sites), Vaskess 

Bay (very low disturbance), and the Bay of Wrecks (very low disturbance), coral 

survivorship and symbiont communities were consistent across all of these areas. We 

view this as a strength of our study in that, if we had simply compared sites with distinct 

disturbance levels in two different areas then our results might have been confounded 

with these environmental variables. Instead, we are able to show that results were 

consistent across several different reef areas. Second, oceanographic conditions are 

virtually the same between the fore reefs sites at the northern edge of the lagoon (i.e. the 

three sites with very high disturbance and one with high disturbance) and the fore reef 

sites at the southern edge of the lagoon (i.e. the four sites with medium disturbance) 

(Figure 7.2), but corals at these sites had different symbiont communities and 

survivorship - the only appreciable difference between these sites is human disturbance.  

Appendix D. Figure S1. Global heat stress on coral reefs during the 2015-2016 El Niño 

event. Color indicates maximum heat stress (Degree Heating Weeks, DHW) measured 

between May 2015 and June 2016. Black arrow and box indicate Kiritimati’s location, at 

the epicenter of the heat stress during this event. 
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Appendix D. Figure S2. Temperature on Kiritimati throughout the 2015-2016 El Niño 

event. (A) In situ temperature at each site, measured using Sea-Bird Electronics SBE-56 

loggers. Dashed horizontal line corresponds to the maximum monthly mean (MMM), and 

solid maroon line corresponds to the bleaching threshold (MMM +1°C). (B) NOAA’s 

Daily 5-km Satellite Coral Bleaching Heat Stress Monitoring Product (v3) for each 

region around the atoll. Vertical lines indicate the timing of our expeditions. 
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Appendix D. Figure S3. Human disturbance gradient on Kiritimati. Photographs from 

before the 2015-2016 El Niño, at sites on Kiritimati representing each of the six different 

levels of local human disturbance. 
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Appendix D. Fig. S4. Transition of individual tagged coral colonies of three different 

species on Kiritimati from bleached to recovered during the 2015-2016 El Niño event. 

Photographs of i-iii. Platygyra ryukyuensis, iv-vi. Favites pentagona, vii-ix. Favia 

matthaii (Dipsastrea matthaii) taken two months into the heat stress (July 2015, left 

column), at the end of the heat stress (March 2016, right column), and after the heat stress 

(iii and vi November 2016, ix July 2017). Partial visual recovery was observed before the 

conclusion of the heat stress event in each species, followed by an apparently healthy 

trajectory (Platygyra ryukuensis), partial recovery and persistence (Favites pentagona), 

and partial persistence and extensive tissue mortality (Dipsastrea matthaii, note that this 

colony had small patches of living tissue on the lower sides of the colony). 
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Appendix D. Figure S5. Phylogenetic tree of ITS2 sequence BLAST hits for all 

Platygyra daedalea samples. OTUs were included if there were at least 100 sequences for 

that OTU across the entire data set, and samples were included if there were at least 100 

sequences within a single sample. Color indicates which field season the sample was 

collected in, and abundance represents proportional sequence abundance within each 

sample. Branch tip labels are NCBI BLAST hits with accession numbers based on our 

reference database, available at https://github.com/daniclaar/KI_Platy. 
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Appendix D. Figure S6. Total symbiont-to-host cell ratio (S:H) for all Platygyra 

daedalea samples colored by field season. Top: Density plot by field season, showing 

changes in the distribution of S:H throughout the El Niño event. There is a longer tail to 

the left during July 2015, with lower S:H during peak bleaching. Bottom: Histograms of 

S:H cell ratio by field season, showing the same trend. 



 

 

254 

 

Appendix D. Figure S7. Trajectories of the Symbiodinium communities of all individual 

Platygyra coral colonies through the 2015-2016 El Nino event. Left panels: 

Symbiodinium community changes between single time points (blue arrows, May to July 

2015; orange arrows, July 2015 to March 2016; red arrows, March to November 2016; 

green arrows, November 2016 to July 2017) showing the transition from clade C 

dominated communities to clade D dominated communities during the El Niño (first two 

time points), and the stability of clade D dominated communities after the El Niño (last 

two time points). Right panel: Symbiodinium community change for all time periods 

combined. 
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Appendix D. Table S1. Similarity in thermal stress (degree heating weeks, DHW) across 

Kiritimati’s disturbance levels. Maximum DHW is the maximum thermal stress reached 

on Kiritimati during the 2015-2016 El Niño event, measured using NOAA’s Daily 5-km 

Satellite Coral Bleaching Heat Stress Monitoring Product (v3). Difference from 

maximum DHW is calculated based on the percentage difference between the highest 

DHW (25.45) and all other DHW measurements.  

Disturbance Level Maximum DHW Difference from Maximum DHW 

Very High 24.49 -3.8% 

High 24.62 -3.3% 

Medium 24.71 -2.9% 

Low 25.32 -0.5% 

Very Low 25.45 -- 

 

 

Appendix D. Data S1. (separate file) 

All unique Symbiodinium BLAST hits (.csv format). See file allhits_seqs.csv. Denovo 

name (created during clustering), and accession number of the closest matching sequence 

from the reference dataset. 

Appendix D. Data S2. (separate file) 

All unique Symbiodinium BLAST hits (.fasta format). Fasta file 

(phy97_f_c_platy_unique_denovo_ids.fasta) with sequence information for each denovo 

sequence cluster. 

 

 

 

 

 

 


