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ABSTRACT 
 

Under global climate change, our oceans are warming at an unprecedented rate. Increased 
temperatures represent a severe source of stress for many marine organisms. This thesis aims to 
understand how corals and anemones respond to changing temperatures across different 
timescales and investigates mechanisms that can facilitate persistence in light of environmental 
change, from selection and adaptation across generations to phenotypic plasticity within a single 
individual’s lifespan. In this context, I explore three case studies of thermal stress in corals and 
anemones. I begin with massive Porites lobata corals from the central Pacific. Here, reefs that 
are most affected by El Niño, such as Jarvis and the northeast Phoenix Islands maintain genetic 
diversity indicating recruitment from nearby reefs may occur. Yet, they show significant genetic 
differentiation (FST) from farther areas, suggesting this dispersal may be limited. Thermal 
variability in this region may also favor plasticity over adaptation, as we do not find differences 
in bleaching histories among genetic groups. Next, I investigate genetic connectivity and 
adaptation to chronically elevated temperatures across a natural temperature gradient within the 
Palauan archipelago. Combining genetic data and historical growth measurements from coral 
cores, I find that Palau’s warmest reefs harbor unique genetic subpopulations of Porites lobata 
and find evidence for a genetic basis of their higher thermal tolerance. Lastly, I explore if parents 
can modulate parental effects to increase the thermal tolerance of their offspring over short time 
scales, using the estuarine anemone Nematostella vectensis. Indeed, I find parents exposed to 
increased temperatures quickly produce more thermally tolerant larvae. In fact, offspring from 
these Massachusetts parents show thermal thresholds that are indistinguishable from more 
southern populations. This thesis highlights the ability and potential of corals and anemones to 
persist under variable conditions over different timescales. Nevertheless, a compelling effort to 
reduce rates of warming worldwide will be imperative to the survival and integrity of key marine 
ecosystems such as coral reefs.  
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CHAPTER 1 
 

 

 

Introduction 
What doesn’t kill you makes you stronger: 

Persistence in an era of rapid environmental change 
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I. Synopsis 

The field of genetics is, in many regards, a time machine, a way to look at how genetic material 

has traveled, morphed, and changed through the ages. Like Doc Brown’s upgraded DeLorean, 

DNA doesn’t need roads but it does need to be passed on across generations, and its journey 

leaves behind traces that we can interpret. This thesis is an exploration of the ways in which 

organisms can, though genetic adaptation or phenotypic plasticity, respond to changes in their 

environment across different timescales. From interannual climate cycles that began more than a 

millennium ago, to microhabitats that formed over a few hundred years, to acute changes that 

happen over the course of a few days, I examine the abilities and limits of the reef building coral, 

Porites lobata, and the estuarine sea anemone, Nematostella vectensis, to “keep up” with nature. 

These stories are explicitly relevant to understanding how these and other organisms will 

respond to the rapid environmental changes that humans have set in motion across the globe.  

 

II. Background and motivation 

The Anthropocene ocean 

Since the industrial revolution, our dependence on fossil fuels has released hundreds of gigatons 

of carbon dioxide (CO2) and other greenhouse gases into the atmosphere, leading to changes in 

global climate, which is predicted to become warmer and more extreme over the next century 

(Solomon et al., 2009; IPCC AR5 Working Group I, 2013). The world’s oceans will see between 

2 – 4.5°C of warming, with the polar oceans experiencing even larger warming, up to 7 – 8°C, 

by 2100 (IPCC AR5 Working Group I, 2013). Within the tropical and temperature oceans, 

warming trajectories will vary regionally. The central Pacific, for instance, is projected to be one 

of the fastest warming areas with estimated increases of almost 3°C, even under the moderate 

emission (A1B) IPCC scenario (Clement, Baker and Leloup, 2010).  

 

These long-term trends will also interact with shorter-term climate oscillations, such as the El 

Niño Southern Oscillation (ENSO) – an interannual climate cycle that causes large swings in 

ocean temperature in the Pacific as well as influences global temperature and precipitation 

patterns. During the El Niño phase of ENSO, water in the central and eastern Pacific becomes 

warmer than usual (up to several degrees Celsius), and can remain elevated for several months 

and even years (McPhaden, 1999).  While the exact onset of the ENSO cycle is unknown, a 
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variety of estimates agree that the El Niño/La Niña dynamics in the central and eastern Pacific 

were at least established 4000 years ago (Quinn and Neal, 1987; Sandweiss et al., 1996; Toth et 

al., 2012). The intensity and frequency of ENSO phases are not well known before the 20th 

century, but models and historical records from ship logs suggest they were of similar frequency 

and intensity as today’s, at least as far back as the 1800s (Quinn and Neal, 1987; Wolter and 

Timlin, 2011). The same, however, cannot be said for future ENSO cycles, which are expected to 

increase in both frequency and intensity (Timmermann et al., 1999; Collins et al., 2010; Perry et 

al., 2017). As ENSO produces temperature anomalies, future ENSO events will lead to even 

more extreme temperature spikes during El Niño’s, as these anomalies will be superimposed 

upon increasing mean temperatures.  

 

Coral reefs are one of the planet’s most productive and biodiverse ecosystems, and they have 

been among the most affected by human impacts and climate change thus far (Pandolfi et al., 

2003). When temperatures warm, the intimate endosymbiosis that reef-building corals maintain 

with microscopic dinoflagellate algae breaks down, leaving corals without their main source of 

energy, as the algae give their coral host most of the sugars they produce via photosynthesis 

(Glynn, 1993). If temperatures do not return to normal within a few days or weeks, this process, 

called bleaching, can prove fatal for corals. Since the 1980s, episodes of bleaching have devasted 

reefs worldwide, and even iconic and well protected areas, like the Great Barrier Reef have lost 

upwards of 50% coral cover over the years (Hughes et al., 2017). The most recent, 2014 – 16, El 

Niño caused 100% bleaching and nearly 95% mortality on Jarvis Island, in the central Pacific 

(Barkley et al., 2018), a previously healthy and robust coral ecosystem (Halpern et al., 2012). 

Coral cover has also been affected by disease outbreaks, coastal development, overfishing, and 

other impacts (Bruno and Selig, 2007; De’ath et al., 2012; Smith et al., 2016). Corals, have in 

many ways, served as the oceans’ “canaries in the coal mines”, heralding warnings of the perils 

to come. 

 

In addition to changes in temperatures, increasing atmospheric CO2 is also leading to a decline in 

oceanic pH levels, through a process more commonly referred to as “ocean acidification” (Doney 

et al., 2009). Lower pH makes it harder for calcifying organisms, such as corals, mollusks, and 

calcifying algae to grow and maintain the integrity of their skeleton and protective structures 
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(Cohen and Holcomb, 2009; Hoegh-Guldberg et al., 2017). These environmental changes along 

with a number of other factors, such as increased fishing pressure, marine pollution, coastal 

development, and nutrient enrichment, make the oceans a rapidly changing and increasingly 

vulnerable environment (Halpern et al., 2008, 2015). In this, human-impacted, Anthropocene 

epoch, the fate of many marine (as well as terrestrial) organisms will depend on the balance 

between the rate of environmental change and (a) their ability to adapt to new conditions, and/or 

(b) their range of phenotypic plasticity (Chevin, Lande and Mace, 2010). 

 

Adaptation: the role of evolution  

Adaptation results from genetic changes in a population that confer increased fitness (i.e. higher 

survival and eventual reproduction) to members of that population in a particular environment. It 

is the product selection for specific traits, that is, evolution through natural selection. As more 

individuals with that trait survive and reproduce, the prevalence of the trait (along with its 

underlying genetic basis) increases and the population becomes increasingly fit, as a whole, to 

survive. 

 

While evolution is canonically considered a slow process that requires many generations for a 

species to develop beneficial, well-adapted traits, examples of contemporary evolution abound: 

from adaptations to urban environments, or the emergence of antibiotic-resistant bacteria, to 

rapid invasions of new habitats following dispersal by humans (see reviews and discussions in 

Alberti, 2015; Carlson, Cunningham, & Westley, 2014; Colautti & Lau, 2015; Kinnison, Hendry, 

& Stockwell, 2007; Reznick & Ghalambor, 2001; Stockwell, Hendry, & Kinnison, 2003). 

Humans, have in many ways, been a primary evolutionary force in modern times by accelerating 

environmental change, driving selection, and even actively breeding and modifying existing 

species (Palumbi, 2001). On the other hand, these actions have also caused extinctions, greatly 

limited species ranges, and weakened many important ecosystem services (Halpern et al., 2008). 

 

The faster or more significant the change in an environment, the stronger the selection pressure 

becomes; that is, the more desperately a species needs to adapt in order to survive. In order for 

that to happen, the species needs sufficient genetic diversity for some individuals to be 

significantly better suited for the new environment than others. Enough individuals must also 
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remain for the population to sustain itself after selection removes those with lower fitness. Even 

if a population meets these requirements and is able to adapt to new environmental conditions, it 

is not entirely safe.  

 

Adaptation comes at a cost (Hereford, 2009). Very strong or fast selection can quickly diminish 

the genetic diversity in a population as well as bring along traits that are not as advantageous 

through mechanisms like linkage disequilibrium (Liu et al., 2015). Even when adaptation occurs 

more slowly, it can result in lower performance in other traits. In other words, adapting usually 

means a trade-off between that adaptation and some other characteristic(s). For example, 

populations of the copepod, Tigriopus californicus, are locally adapted to temperatures across 

their wide latitudinal distribution, however populations from the warmest, southernmost region, 

are quickly outcompeted by more northern populations under even mildly cooler temperatures 

(Willett, 2010). Studies with Drosophila, find that excess copies of heat shock protein 70, 

actually decrease the survival of individuals exposed to a prolonged heat stress, although it 

increases their survival under short-term heat stress (Roberts and Feder, 2000). Also common are 

trade-offs between stress tolerance and reproductive output and viability (reviewed in Hereford, 

2009).   

 

Reef-forming corals can live for several hundred years and take several years to reach sexual 

maturity (Harrison, 2011). Their long lifespan and generation times could imply their capacity 

for adaptation is fairly limited, as demographic turnover can be slow and it may take many years 

before there are large shifts in the genetic characteristics of an entire population. On the other 

hand, they are colonial organisms, composed of hundred, thousands, or even millions of 

individual, clonally-produced polyps. Both their sessile nature and long lifespans, suggest 

colonies should be capable of modulating their physiology to a variety of conditions, in order to 

survive for several hundred years (the oldest known living coral colony is > 500 years old). 

While this could arise from phenotypic plasticity (see next section), it is possible that selection 

could also act on the scale of a coral colony, which can accumulate somatic mutations 

throughout its lifetime as polyps asexually reproduce to grow the colony (van Oppen et al., 

2011). Recent studies have found there are, indeed, measurable genetic differences between parts 
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of a single colony, suggesting selection on the colony scale could be theoretically possible 

(Schweinsberg et al., 2015; Schweinsberg, Tollrian and Lampert, 2017).  

 

Given the numerous threats to coral reefs today, as well as the rapid decline of coral populations 

worldwide, understanding the limits and capabilities of reef-building corals to adapt is critical to 

predicting their survival, and the maintenance of the nearly $375 billion in ecosystem services 

that coral reefs provide each year (Costanza et al., 1997; Császár et al., 2010; Logan et al., 2013; 

Mcclanahan, 2017). In this thesis, I use two case studies to look at the potential for coral stress 

adaptation or plasticity at two different locations: one, where transient temperature spikes, driven 

by ENSO, have impacted reef communities for several centuries (Chapter 2), and the other where 

elevated temperatures represent a chronic but more recent change (Chapter 3).  

 

Phenotypic plasticity: realizing your potential 

Phenotypic plasticity refers to the range of responses in behaviors, physiology, morphology, or 

other traits that an individual organism can express under different conditions. Changes can 

occur immediately, or the organism may adjust over some period of time. In the context of global 

climate change perhaps the most studied trait, both in terms of adaptation and phenotypic 

plasticity is an organism’s thermal range: that is, the range of temperatures over which the 

response being measured (for instance survival or growth) is at or near optimum levels and when 

it begins to decline.  

 

Mechanisms for phenotypic plasticity are widely variable and depend on the actual trait or 

response being measured as well as how long the organism is subjected to different conditions. 

Changes in respiration rates or gene expression can serve as short-term (hours to days) 

adjustments to temperature fluctuations (Souter et al., 2011; Hawkins and Warner, 2017; Jansen 

et al., 2017). Heat shock proteins, for instance, are commonly up-regulated in response to 

elevated temperatures across a variety of taxa, including turtles, corals, nematodes, and fruit flies  

(McColl, Hoffmann and McKechnie, 1996; Kenkel et al., 2011; Sikkink et al., 2014; Bentley et 

al., 2017). Prolonged exposure to warmer temperatures may induce more complex physiological 

responses such as changes in mitochondrial density or functioning (Gibbin et al., 2015, 2017; 

Agostini et al., 2016). Even behavioral modifications such as shade seeking behavior in 
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terrestrial ectotherms (Kearney, Shine and Porter, 2009), or vertical migration in mobile marine 

organisms (Pennington and Emlet, 1986) are examples of plastic responses that can help species 

cope with increased stress.   

 

Whether phenotypic plasticity is itself a trait than can be selected for is a long-standing debate in 

genetics (Via et al., 1995; DeWitt, Sih and Wilson, 1998; Ghalambor et al., 2007; Oostra et al., 

2018). Evolutionary theorists argue that phenotypic plasticity would be most beneficial under 

variable, but predictable environments, in other words, environments that fluctuate with a fairly 

consistent period (Chevin, Lande and Mace, 2010; Reed et al., 2010; Chevin and Hoffmann, 

2017).  

 

Overall, phenotypic plasticity offers species a way to live in different habitat types or to maintain 

function through short-term environmental changes and fluctuations, such as seasons, diel cycles, 

or extreme events. Given the unprecedented rates of environmental changes that are currently 

underway, species with high phenotypic plasticity may be able to subsist long enough for 

adaptation to “catch up” with the new environment (Visser, 2008; Seebacher, White and 

Franklin, 2015). As a result, research into the mechanisms behind phenotypic plasticity as well 

as studies looking at the heritability of plasticity through means such as epigenetic modifications 

and parental effects are becoming increasingly important and common (see reviews in Donelson, 

Salinas, Munday, & Shama, 2017; Torda et al., 2017). In Chapter 4, I explore the role of 

phenotypic plasticity and parental effects in modulating thermal tolerance in the estuarine sea 

anemone, Nematostella vectensis.  

 

III.   Dissertation overview  

This dissertation examines the role of adaptation and phenotypic plasticity in shaping the thermal 

tolerance of corals and anemones across different temporal and geographic scales, and aims to:  

• Determine whether population connectivity of a key reef-building coral, Porites lobata, 

in the central Pacific facilitates recovery from ENSO-induced bleaching and mortality.  

• Investigate the genetic basis for the higher thermal tolerance of Porites lobata corals 

from Palau’s warmest reefs.  
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• Quantify how increases in thermal tolerance due to phenotypic plasticity and parental 

effects compare to adaptation-driven differences between populations of Nematostella 

vectensis from different regions.   

 

Chapter 2 - Coral reefs in the heart of El Niño: Genetic connectivity of the coral, Porites lobata, 

in the central, equatorial Pacific 

Examining the skeleton of a coral allows us to determine how it was growing in the past. In the 

case of long-lived species such as Porites lobata, records can extend back decades. Analyses of 

cores of coral skeletons found that corals from some central Pacific islands show signs of 

bleaching during several past El Niño events, suggesting these islands repeatedly bleach and 

recover (Barkley et al., 2018; Mollica et al., in review). The level of thermal stress needed to 

cause coral bleaching among corals increases substantially in the central Pacific, compared to 

corals from the Great Barrier Reef or western Pacific (Mollica et al. in review), indicating that 

corals in this area have higher resilience and potentially resistance to elevated temperatures.  

 

In this chapter, I use genetic tools to quantify coral genetic connectivity between islands in the 

central Pacific, in order to better understand what may driving the recovery dynamics following 

mass bleaching and mortality after El Niño events. I find islands that experience the strongest 

impacts from El Niño, such as Jarvis and Kanton, harbor more genetically diverse P. lobata than 

other islands from central Pacific reefs that further from strong El Niño influence. This suggests 

recovery following mortality may be facilitated by influx of migrants from nearby areas. 

However, there is still significant population structure in the region, suggesting that this region of 

connectivity may be very small or perhaps (though not mutually exclusive) that incoming 

migrants which lack the ability to tolerate volatile temperatures may not survive through 

subsequent ENSO cycles. These results suggest that temperature dynamics of the central Pacific 

may promote resilient or highly plastic genotypes. However, as El Niño events become more 

common the limits of these communities may be pushed over the edge.  
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Chapter 3 - Genetic isolation and local adaptation of corals in Palau’s high temperature and 

low pH bays 

In this chapter, I examine corals from the archipelago of Palau, in the western Pacific, which 

harbors healthy and vibrant reefs in enclosed bays (Rock Islands) where temperatures are much 

warmer than the surrounding areas (Bruno et al., 2001; van Woesik et al., 2012; Barkley et al., 

2015). As the geological processes that led to the formation of these bays occurred only several 

hundred years ago, this chapter presents a case study for adaptation on shorter time scales 

(Golbuu et al., 2016). 

 

I find significant genetic differentiation between corals from Rock Island and outer reef sites. I 

also find that genetic subpopulations differ in their bleaching susceptibility, indicating strong 

local adaptation to the Rock Island conditions. As temperature stress intensifies across reefs, 

identifying and protecting such sources of environmentally tolerant larvae will be critical in 

maintaining healthy reefs worldwide. 

 

Chapter 4 - Plasticity in parental effects confers rapid thermal tolerance to Nematostella 

vectensis larvae 

Parental effects increase survivorship of offspring under environmental conditions similar to the 

parents’. In this chapter, I quantify the potential of short-term protective parental effects to 

increase larval survival following heat stress. I also compare the benefits from these parental 

effects to differences in larval thermal tolerance between N. vectensis from geographically and 

genetically isolated northern and southern populations (Massachusetts and North Carolina). I 

find that parental exposure to elevated temperatures results in a consistent increase in larval 

thermal tolerance in both populations. Furthermore, parental effects yield Massachusetts larvae 

with comparable thermal tolerance to larvae from North Carolina parents under control 

conditions, indicating these effects can have substantial influence on larval phenotypes. Hybrid 

larvae show intermediate phenotypes. Together, these results indicate both adaptive mechanisms 

for thermal tolerance as well as a highly plastic thermal response in N. vectensis.  

 

 



 18 

Appendix - Impacts of bleaching on skeletal stress band formation in Porites astreoides corals 

from Bermuda 

As corals grow, the characteristics of the skeleton they deposit can give us insights into the 

environmental conditions as well as the health of the coral at the time the skeleton was created 

(i.e. DeCarlo et al., 2016; Rodrigues & Grottoli, 2006). Bleached corals can form a high density 

band, called a stress band (Cantin and Lough, 2014; Barkley and Cohen, 2016). This appendix 

describes an experiment using Porites astreoides as a model to help elucidate how the intensity 

of coral bleaching influences the characteristics of the resulting skeletal stress band. Although 

the experiment yielded variable and inconclusive results, methods and results are described along 

with caveats and lessons learned. 

 

The studies detailed in this thesis provide important examples of hope among an otherwise a 

grim prognosis for our oceans. I find that both corals and anemones can show substantial shifts 

in thermal tolerance across a variety of time scales. Nevertheless, the range of responses 

described here will be easily challenged by global climate trajectories. A concerted and sustained 

global effort to mitigate and limit the increase of atmospheric carbon dioxide as well as other 

anthropogenic stressors on global ecosystems is desperately needed. Otherwise, we stand to lose 

most of organisms and ecosystems that we depend on for oxygen, food, coastal protection, and a 

sense of peace and wonder.  
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CHAPTER 2 
 
 
 

Coral reefs in the heart of El Niño:  

Genetic connectivity of the coral, Porites lobata, in the 

central, equatorial Pacific1 
 

  

                                                
1 Preliminary author list: Hanny E. Rivera, Anne L. Cohen, Janelle R. Thompson, Iliana B. Baums.  
Proposed journal: Molecular Ecology 
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ABSTRACT 
 

Central, equatorial Pacific reefs boast some of the highest coral cover and fish biomass in the 

Pacific. Due to their remoteness from human settlement, they are also some of the few remaining 

“pristine” reef ecosystems in the world. Yet, they experience some the largest temperature 

anomalies during El Niño events, which can lead to coral bleaching and mortality. Recovery 

following such episodes can occur in two ways: (1) dispersal and recruitment of larvae from less 

affected reefs, or (2) seeding from the remaining local survivors. The former should result in 

greater genetic diversity on a reef and genetic connectivity between regions, while the latter 

would lead to a decline in genetic diversity and greater genetic isolation. To help elucidate 

recovery dynamics in this region, here, we quantify the genetic connectivity of Porites lobata, a 

key coral species, across the central Pacific. We look at the Phoenix Islands Protected Area 

(PIPA) and Jarvis Island – two protected reef systems, which nevertheless experience mass 

bleaching and mortality during El Niño events – as well as other less affected, central Pacific 

reefs. We find reefs most heavily impacted by El Niño events, such as Jarvis and the northeast 

Phoenix Islands show high levels of genetic diversity indicating recruitment from outside sources 

may occur. Nevertheless, they show significant genetic differentiation (FST) from reefs further 

away, suggesting this dispersal may be limited. Physical dispersal patterns between islands may 

also shift dramatically during ENSO phases further complicating the potential for genetic 

connectivity in this region. The dynamics of recovery in this region may, therefore, be more 

complicated than previously thought, as the high variability in temperature, nutrients and other 

environmental conditions due to ENSO may be selecting different subsets of the population over 

time. Despite their long history of bleaching and recovery, as El Niño events become stronger 

and more frequent, and the central Pacific warms overall, the past resilience of these reefs may 

be pushed beyond its limits.  
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INTRODUCTION  
 

The central Pacific is home to hundreds of remote islands, atolls, and seamounts, containing 

highly productive coral reefs (Halpern et al., 2012). Many of these reefs are far removed from 

large human settlements and, therefore, see limited direct impacts from coastal development, 

pollution, eutrophication, or other stressors. This area also hosts some of the world’s largest 

marine protected areas, such as the Phoenix Islands Protected Area (PIPA), roughly the size of 

California and Texas combined, which was established by the Kiribati government in 2006, and 

designated a no-take fishing zone in 2015. The slightly larger, Pacific Remote Islands Marine 

National Sanctuary designated by the US in 2009 and further expanded in 2014 is in the region 

as well. Remote, protected reefs in the central Pacific present a unique case study in which to 

examine the responses of corals to ocean warming without the confounding effects of other 

direct anthropogenic impacts. 

 

Central Pacific reefs are prone to vast fluctuations in water temperature, nutrient levels, currents 

and other environmental conditions due to the dynamics of the El Niño Southern Oscillation 

(ENSO), a climate cycle that dominates interannual variability patterns in the Pacific. During the 

El Niño phase, the central Pacific can experience water temperatures that are several degrees 

Celsius above average summer maximums, and these heat spikes can persist for weeks or even 

years (Obura and Mangubhai, 2011; Kleypas et al., 2015). The central Pacific is also expected to 

see some of the fastest rates of warming as climate change progresses (DiNezio et al., 2009; 

Clement, Baker and Leloup, 2010; Xie et al., 2010; Karnauskas and Cohen, 2012). However, 

reefs that are within ~2° N/S of the equator may escape from some of this projected warming due 

to a strengthening of the Equatorial Undercurrent (EUC) (Arthur, 1959), which causes cool, 

nutrient-rich deep water to upwell along the western coast of islands such as Jarvis, Howland, 

and Baker (Karnauskas and Cohen, 2012; Drenkard and Karnauskas, 2014). Still, these reefs are 

vulnerable to strong episodes of warming during El Niño phases, which weaken the EUC 

(Karnauskas and Cohen, 2012). 

 

Warming can result in coral bleaching – a loss of the coral’s algal symbionts, their primary food 

source – which can lead to coral death (Glynn, 1993). El Niño events have led to mass bleaching 
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and mortality of corals across the globe, most notably in 1983, 1992, 1998, 2002, 2010, and 

perhaps the most devastating event to date in 2014-2016 (Glynn, 1993; Glynn et al., 2001; Bruno 

and Selig, 2007; Baker, Glynn and Riegl, 2008; Vargas-Ángel et al., 2011; De’ath et al., 2012; 

Normille, 2016). In situ observations in the PIPA region found 14% to 100% coral mortality 

across reefs following the 2002-2005 El Niño event, which led to anomalously high temperatures 

in the region for nearly 4 years (Obura and Mangubhai, 2011). In the northernmost Phoenix 

Islands of Howland and Baker (not part of the PIPA), Vargas-Ángel et al. (2011) measured 

nearly 35% bleaching during the 2009-2010 El Niño. Palmyra atoll (a part of the Line Islands), 

which lies near 5 °N latitude, saw around 10% bleaching during the same 2009 event (Williams 

et al., 2010). Meanwhile at Jarvis Island, recent expeditions during the 2014-2016 El Niño 

recorded 95% coral bleaching and mortality (Barkley et al., 2018).    

 

Due to their remoteness, long term records of bleaching and recovery in many central Pacific 

reefs are limited. Recent advancements in the analysis of coral cores from massive Porites 

colonies have allowed us to reconstruct historical bleaching at the reef scale through the 

quantification of stress bands - areas of anomalously high density in the coral’s skeleton that are 

closely linked with prior bleaching episodes in its growth history (Barkley & Cohen 2016; 

Barkley et al. 2018; Mollica et al. in review). Through these proxies, we now know that mass 

bleaching and likely subsequent mortality, have been common in central Pacific reefs at least as 

early as the mid 1950s (and perhaps earlier), well before the traditionally accepted start of 

widespread bleaching in the early 1980s (Barkley et al., 2018).   

 

In spite of their repeated bleaching histories, many of these central Pacific reefs host extremely 

high coral cover as well as support high biomass of fish and apex predators (Halpern et al., 2012; 

Rotjan et al., 2014; Smith et al., 2016). More recent observations in the PIPA and at Jarvis Island 

also suggest that these areas quickly recover coral cover following mass mortality. On Kanton 

Island, for instance, an Acropora dominated lagoon site that lost ~100% of its live coral cover in 

2002, hosted a plethora of young Acropora colonies during a 2015 expedition (Mangubhai et al., 

2015). During a return expedition to Jarvis in 2016 and 2017, massive Porites colonies that had 

been previously overgrown by algae, showed remarkable re-sheeting of coral tissue, and many 

small pocilloporid recruits were observed (Barkley et al., 2018).   
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If central Pacific reefs, then, have repeatedly bleached, died, and recovered, through past ENSO 

cycles, understanding genetic connectivity in this region would provide insights into the 

mechanisms of persistence and resilience in these highly variable ecosystems. It would also 

clarify if recovery is primarily dependent on a few surviving colonies on each island or whether 

dispersal from less-affected reefs nearby may facilitate recovery. Recovery mainly (or solely) 

from surviving colonies may help increase the thermal tolerance of these reefs over time, but 

could also lead to severe population bottlenecks, and a resulting loss of genetic diversity that 

could limit the future adaptation potential of central Pacific corals to different conditions.  

 

In this study, we use 14 microsatellite markers to quantity genetic connectivity of the massive 

coral, Porites lobata, across the PIPA and Jarvis Island, which experience large temperature 

anomalies during El Niño events (in particular, the northeast PI and Jarvis see some of largest 

anomalies). We put these two locations in further context by combining our data with a 

previously published study on Porites lobata connectivity across the Pacific (Baums et al., 

2012), in order to better understand the potential dispersal networks that could aid in recovery 

following mass bleaching or mortality.    
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METHODS 
 

Coral Sampling 

Small fragments from 350 Porites lobata colonies from the Phoenix Islands Protected Area 

(PIPA) and Jarvis Island were collected between 2012-16, using a hammer and chisel while on 

SCUBA. Tissue was preserved in RNAlater™ (Invitrogen), incubated overnight at 4°C, and 

frozen at -20 or -80°C until DNA extraction. Colonies were opportunistically sampled within a 

site, across nine islands (Figure 1, Table 1).  

 

Presence of cryptic species 

We collected tissues from colonies best matching P. lobata descriptions, however, massive 

Porites can be morphologically similar at the colony and corallite scale making them difficult to 

distinguish (Brake, 1977; Forsman, Barshis, Hunter, & Toonen, 2009). See the Supporting 

Information for further details and results of the analyses used to screen for cryptic species.  

 

DNA extraction  

Samples were processed as per Baums et al., (2012). A thawed <1 cm2 piece of coral was 

homogenized into a powdered slurry using a new standard safety razor blade sterilized with ethyl 

alcohol and flamed. The homogenate was processed using Qiagen DNeasy™ Blood and Tissue 

DNA extraction kits according to the manufacturer instructions, with a modified Proteinase K 

incubation of at least 24 hours. Negative controls without any coral tissue added were included 

every ~70 samples (total n=5) and subjected to the same downstream processing and analyses. 

DNA quality was assessed via gel electrophoresis. The presence of a high molecular weight 

DNA band was taken as indication of successful DNA extraction. After extraction, DNA 

samples were frozen at -20°C. The number of freeze-thaw cycles was kept well below the 20-

cycle maximum suggested by Qiagen.  

 

Polymerase Chain Reaction (PCR) of microsatellites 

We amplified 14 microsatellite markers with fluorescently labeled primers developed for P. 

lobata by Polato et al., (2010) and Baums et al., (2012). Primers were ordered from Thermo-

Fisher Scientific, and Bioline, Biolase™ Taq polymerase PCR kit was used for reactions. PCR 

settings were: (1) initial denaturation at 94°C for 5 minutes, (2) 35 cycles of [94°C for 20 
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seconds, annealing at 52, 54, or 56°C (plex-dependent) for 20 seconds, 72°C for 30 seconds], 

and (3) final extension for 30 minutes at 72°C. The Pennsylvania State University Nucleic Acid 

Facility measured fragments on an ABI 3730 (GeneScan) with a LIZ-500 internal size standard.  

 

Microsatellite multi-locus genotyping     

GENEMAPPER™ v3.0 (Applied Biosystems) was used to visualize electropherograms and call 

alleles. Scoring was conducted blind to the site of origin for each sample. Alleles were scored 

three separate times from scratch for all samples and by the same person. Downstream analyses 

and results were consistent for all the three sets. All the automated allele calls were verified and 

curated manually to ensure accuracy and consistency between samples. After initial manual 

verification of all samples, raw allele sizes and allele call designations were exported and 

explored graphically. Boxplots of allele sizes by allele call designations were plotted for all 

markers, and all data points outside of the interquartile range were re-verified manually and 

removed if peaks were of poor quality (i.e. very low height, non-standard shape, or a probable 

spectral pull-up artifact from another channel that was not automatically detected). Allele size 

density curves were also plotted by allele call designations, to identify samples where an allele 

call fell within the density curve of an adjacent allele bin. These methods were used over several 

iterations to ensure allele calls were clean and of high quality.  

 

For samples that had more than two alleles at a locus, the following steps were taken to select 

two alleles for population genetic analysis:   

I. For samples run more than once, if a marker showed a third allele in only one run, the 

singleton allele was dropped.  

II. For samples run only once for a marker, the third allele was dropped if its height was less 

than half that of the second highest peak. 

III. For samples that were run more than once and showed 3 or more alleles consistently, or 

for samples that were run only once but all alleles had roughly equal peak heights, the 

two alleles with the higher frequencies in the whole dataset were retained (i.e. the rarest 

allele(s) were dropped). This choice was made to avoid biasing downstream analyses 

towards isolated populations.  
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Marker 1490 was dropped due to high frequency (>40%) of missing data. Samples with fewer 

than eleven of the remaining thirteen loci were excluded (n=58). Remaining markers had <9% 

missing data across all samples. An additional 37 samples were removed as cryptic species (see 

Supporting Information). The final dataset contained 270 samples.  

 

Meta-analysis with Baums et al. 2012  

To place the PIPA and Jarvis in a wider central Pacific context, we combined our data with a 

subset of the dataset from Baums et al. (2012), which looked at connectivity of P. lobata across 

the eastern, tropical Pacific barrier and Hawaii. Raw data was obtained from the Dryad 

repository associated with the paper (doi:10.5061/dryad.7gp1f.). To focus on the central Pacific, 

samples from the eastern Pacific and Hawaii were removed before combining datasets. The 

dataset from Baums et al. (2012) lacked marker 72, so results presented here are based on 12 

instead of 13 markers.  

 

We validated PCR and sample preparation procedures between labs by comparing three samples 

sent for processing at Pennsylvania State University (where the Baums et al. 2012 study was 

conducted) and Woods Hole Oceanographic Institution (this study). We found no differences in 

allele calls between these samples.  

 

Genetic data analysis 

We tested for clones using the ‘multi-locus matches’ function in GENALEX v.5.02 (Peakall and 

Smouse, 2012) both including and excluding missing data. Hardy-Weinberg heterozygote 

deficiency tests (options 1 and 4 with 10,000 de-memorizations, 50 batches, and 10,000 

iterations/batch) were performed using the GENEPOP v.4.2.2 web server (Rousset, 2008). 

INEST v.2.1 (Chybicki & Burczyk 2009; and updated by I. Chibicki in 2017) was used to test for 

inbreeding within populations (IIM model, 500,000 cycles, 50,000 cycle burn-in, 2,000 cycle 

thinning interval). We used GENODIVE v.2.0b7 (Meirmans and Van Tienderen, 2004) to 

calculate G statistics per locus with 999 permutations and GENALEX v.5.02 (Peakall and 

Smouse, 2012) to quantify private alleles and genetic diversity by population.  
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Population structure 

In GENODIVE, we ran a PCA for sites using all P. lobata unique multi-locus genotypes with a 

co-variance matrix and 9,999 permutations. Results were visualized in R (R Core Team 2013). 

FST, F’ST, and Jost’s D genetic distances were calculated in GENODIVE; p-values for FST were 

obtained from 9,999 permutations using the ‘pairwise differentiation’ option.  

 

STRUCTURE v.2.3.4 (Pritchard, Stephens and Donnelly, 2000) was run using an admixture 

model with correlated allele frequencies and default parameters following previously used 

settings for corals (Polato et al., 2010; Baums et al., 2012; Pinzón et al., 2012). Including 

sampling (geographic) information in the prior did not affect results and is not reported. MCMC 

chain settings were: 1 x 105 burn-in, 1 x 106 iterations from K=1 to K=15, with 10 replicate 

chains per K.  

 

To ensure that violated assumptions, such as inbreeding, were not influencing STRUCTURE 

output, we also conducted Bayesian MCMC clustering of samples using INSTRUCT (Gao, 

Williamson and Bustamante, 2007). INSTRUCT was run to infer population structure and 

population inbreeding coefficients (mode 4) using a burn-in of 100,000 and chain length of 

1,000,000, with a thinning interval of 30, from K=1 to K=10, with 10 repetitions per K, and a 

significance level of 0.95.   

 

For both STRUCTURE and INSTRUCT results we used the CLUMPAK web server (Kopelman 

et al., 2005) to combine and visualize output through the ‘main pipeline’ option with CLUMPP 

parameters: LargeKGreedy search, 10,000 random input orders, dynamic MCL, and default 

minimal cluster size. The ‘Best K’ option was used to select the optimal K using the Evanno et 

al., (2005) method, we also used metrics from Puechmaille (2016) to evaluate the optimal K with 

0.5 as the threshold.  

 

Isolation by Distance (IBD)  

Geographic distances were calculated from longitude and latitude coordinates, using 

GENODIVE’s ‘geographic distance’ feature. We tested for isolation-by-distance (IBD) patterns 
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using the Mantel function in GENODIVE with 9,999 permutations and Spearman’s statistic to 

correlate geographic distances to linearized FST values (FST/(1- FST)).  

 

Genotype by phenotype associations using coral cores 

Coral cores taken using an underwater pneumatic drill equipped with a diamond-tipped drill bit 

powered by compressed air from a SCUBA tank, were dried in an oven and imaged using a 

Volume Zoom Helical Computerized Tomography (CT) Scanner. Scans were analyzed using an 

automated computer program developed and described in DeCarlo et al. (2014) and modified in 

Mollica et al. (in review) for PIPA (Kanton, Enderbury, Rawaki, and Nikumaroro) and Barkley 

et al. (2018) for Jarvis Island. Scans were analyzed for stress band formation (a bleaching proxy) 

during the 2009 and 2002 ENSO-induced bleaching events. Stress bands were defined as regions 

of the core at least 1 mm in width, where the density exceeded more than two standard deviations 

above the whole core mean density.  

 

The R package ‘geepack’ (Halekoh, Højsgaard and Yan, 2006) was used to formulate 

generalized estimating equation models of stress band prevalence while accounting for repeated 

measures of the same coral colony across both events. We then compared stress band prevalence 

by genetic population group using the predominant (>50%) assigned group based on 

STRUCTURE results for K=2. The null model was described by: %!"#$%%	'()* = 	,- + ,/001. 

The alternative model incorporates the genetic subpopulation as a factor as was described as: 

%!"#$%%	'()* = 	,- + ,/001 + ,3-456789:;< . Both models used an exchangeable correlation 

matrix with the sample ID as the clustering variable to account for repeated measures. To test the 

hypothesis that stress band prevalence varies by genetic group, the ‘anova’ function in R was 

then used to test for the significance of including population group in the model fit.  
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RESULTS 
 

Genetic diversity and Hardy Weinberg Equilibrium (HWE) 

We found no clones under either setting of the multi-locus matching analysis. As has been 

previously reported for coral populations, loci and populations can often be out of HWE, with 

heterozygote deficiencies being particularly common (Baums et al., 2012; Cros et al., 2016). 

Some sites showed slightly higher than expected heterozygosity (i.e the southwest PI) while most 

others showed lower than expected values (Table 2). Across all sites, all loci showed significant 

(p<0.05) deviation from HWE, with a heterozygote deficiency.  

 

The Shannon index for allelic diversity (I) was highest at Kanton and Jarvis (Table 2). Private 

allele frequencies were low across all sites, range: 0.006-0.08, except for Majuro and Teraina, 

which showed a higher private allele frequency, 0.1, but only for marker 2258 and 1357, 

respectively. These two sites also have some of the smaller sample sizes. G statistics by locus are 

reported in Table 3. 

 

Inbreeding 

The Deviance Information Criterion (DIC) from INEST model runs of the full (nfb) model with 

inbreeding and the non-inbreeding (nb) model were nearly identical (DIC: 28626 v. 28621). The 

overall inbreeding coefficient (GIS) across all loci was 0.15. Inbreeding coefficients (GIS) by site 

ranged from -0.043 to 0.457, with the higher inbreeding values observed at Kwajalein (0.457) 

and Kalimantan, Indonesia (0.411) and the lower at Orona (-0.043) and Manra (-0.025) (Table 

2). These levels of inbreeding suggest limited gene flow across the central Pacific. Interestingly, 

the Phoenix Islands and Jarvis Island showed the lowest inbreeding values (range: -0.043-0.22). 

As samples from these sites were collected for this study, there may be other differences in 

genotyping or sampling methods between this study and Baums et al. (2012) that are driving 

observed patterns, despite agreement between samples re-amplified at both institutions.   

 

Population structure  

We found significant differentiation between sites with a global FST of 0.068 (p<0.0001) and 

F’ST of 0.143. Pairwise FST values between sites were -0.007–0.237 (Table 4); -0.104–0.696 for 

F’ST; and -0.014–0.665 for Jost’s D (Table 5). In PCA, the first principal component (PC) 
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explained 19% of the variance, and the second PC explained 13% of the variance. The Line and 

Phoenix Islands formed a close cluster in PCA, distinct from the south/west sites (Figure 2). Of 

the three more northern sites, only Johnston atoll clustered close to the Line and Phoenix Islands 

(Figure 2). Within the Phoenix and Line Island groups, the northeastern Phoenix Islands 

(Kanton, Enderbury, Rawaki, and Birnie) separate from the southwestern islands (Orona, Manra, 

McKean, and Nikumaroro) (Figure 3). Interestingly, Jarvis Island and Teraina cluster along with 

the southwestern Phoenix Islands despite being geographically closer to the northeastern Phoenix 

Islands. In a principal component analysis of just the PIPA region and Jarvis Island, the first PC 

explains 49% of the variance and partitions the northeast and southwest Phoenix Islands in the 

same manner (Figure S3). 

 

STRUCTURE output recapitulated many of the same groups across various K values. The 

optimal Ks by the Evanno et al. (2005) method were K=2 and 4 for two distinct runs of the 

STRUCTURE algorithm. The Puechmaille (2016) estimators gave an optimal K = 8 or 9. 

STRUCTURE results for these K values are shown in Figure 4. Kwajalein and Majuro and the 

Marquesas (Hiva Ova and Montane) begin separate from the rest of the central Pacific at K=4, 

mostly composed of light green and light blue individuals, respectively. The other south/west 

islands show mixed assemblages and high admixture in individuals above K=2. They also 

separate from the rest of the islands at K=4 and above, showing mostly individuals from the dark 

green, red, and dark orange genetic subpopulations.  

 

The split between the northeast and southwest Phoenix Islands is evident across all possible 

optimal K values, including K=2, where the southwestern group is predominantly populated by 

the dark blue genetic population group, as is Johnston atoll (Figure 4). At higher values of K, the 

northeast Phoenix Islands begin to diverge from the rest of the central Pacific but remain well 

differentiated from the southwest Phoenix Islands. Despite clustering with the southwest Phoenix 

Islands in PCA results, Jarvis shows a more mixed assemblage in STRUCTURE results above 

K=2. Similarly, the northeast Phoenix Islands show a mixed assemblage at higher K, as well as 

several individuals with substantial admixture.  
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The northeast Phoenix Islands, Jarvis, and Kiritimati are the closest to the equator and are most 

directly affected by El Niño induced warming. They also see substantial changes in ocean 

currents and upwelling-driven nutrient levels during El Niño years, as ocean circulation patterns 

in the central Pacific can change drastically during strong ENSO events (Grodsky and Carton, 

2001; Bonjean and Lagerloef, 2002). The admixture and diversity of genetic subpopulations seen 

in these regions at higher K values may reflect recruitment from other regions following 

bleaching induced mortality, except for Kiritimati which shows a fairly homogenous genetic 

composition, that is similar to Johnston atoll’s (light orange at K=8 and 9).  

 

INSTRUCT results, which consider the possible influence of inbreeding, did not differ from 

STRUCUTRE (not shown). 

 

Isolation by Distance (IBD) 

Analysis for isolation-by-distance excluded the Indonesia site, as it’s much further away from the 

other sites, and dispersal directly to any of our other sample sites is highly unlikely. We found a 

significant IBD pattern (p=<0.001, Mantel test) with an R2 = 0.34, suggesting connectivity 

between islands in the central Pacific is limited by long dispersal distances (Figure 5).   

 

Stress band prevalence by genetic population groups 

We did not find that stress band prevalence differed by genetic subpopulations (p=0.49, 

generalized estimating equation model; Figure 6), using K=2 distinctions. Unfortunately, 

samples sizes were insufficient to conduct a robust analysis of patterns at higher K values, which 

may more accurately reflect the genetic history of the colonies in question. A study of P. lobata 

in Palau (see Chapter 3; Rivera et al., in prep) found a relationship between stress band 

prevalence and genetic groupings implying different thermal tolerances among genotypes. In the 

central Pacific, however, we are unable to find the same relationship.   
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DISCUSSION 
 

Repeated stress and mortality events would be expected to result in population bottlenecks that 

limit genetic diversity. However, we do not see a decline in genetic diversity with increasing El 

Niño influence. For instance, the genetic diversity of the northeast Phoenix Islands and Jarvis, 

which see some of the strongest temperature anomalies during strong El Niño’s, is in the same 

range or in some cases even higher than that of the other reefs studied here. It is possible that the 

boom-bust dynamics at these reefs open substrate that facilitate recruitment of new migrants into 

these areas. The higher levels of diversity suggest that reefs may be repopulated from other areas 

instead of self-seeding, which would instead result in lower levels of diversity and high 

inbreeding coefficients. In fact, Kanton and Jarvis have some of the lowest inbreeding 

coefficients of all the sites. It is more likely, therefore, that at least some of the recovery 

following post-bleaching mortality in these reefs depends on outside larval sources. FST between 

islands from the northeast and southwest PIPA are smaller than between either group and more 

other more distant islands, suggesting dispersal between these regions can occur. Yet, FST values 

are still statistically significant, indicating population structure that could result if such dispersal 

events are very limited, or if migrants that do arrive do not always survive long enough to 

substantially contribute to the gene pool. In such a case, demographic connectivity may not 

necessarily yield genetic connectivity.  

 

The southwest Phoenix Islands (Manra, Orona, McKean, and Nikumaroro) is one of the more 

differentiated groups in STRUCTURE plots, although FST’s between these and other sites are 

near mean FST values between all sites. These four islands have milder, more stable temperatures 

and are less prone to El Niño-driven temperature anomalies than the northeast PI (Mollica et al, 

in review). The lack of genetic connectivity between the southwest and northeast PI may reflect 

more stable communities in the southwest islands that allow for greater recruitment from local 

reproduction of existing colonies. However, a similar pattern in genetic connectivity was 

observed within PIPA for black tip reef sharks (Thorrold, personal communication), therefore, 

other environmental or oceanographic factors may be influencing population structure in the 

region.  
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Following the 2015 bleaching at Jarvis, algal turf overgrowth that was seen soon after bleaching-

induced coral mortality had transitioned to crustose coralline algae (CCA) cover around a year 

later (Barkley et al., 2018). CCA is an established settlement cue for coral larvae (Harrington et 

al., 2004; Golbuu and Richmond, 2007). High cover of CCA may facilitate recruitment at Jarvis 

Island, which lies near the equator and may readily receive larval transport from the Equatorial 

(west to east) current. Kanton also has high CCA cover, and recovery following the 2010 

bleaching happened remarkably quickly, even for more sensitive genera like Acropora 

(Mangubhai et al., 2015).  

 

Reefs in the heart of El Niño (the northeast PIPA and Jarvis) present an enigmatic story, where 

genetic diversity is high despite large recorded losses in coral cover and a history of repeated 

bleaching. We also see an increase in thermal thresholds required for bleaching, which suggests 

some degree of adaptation may be taking place (Mollica et al. in review), again in the context of 

high genetic diversity, which would canonically decrease under selection and adaptation. These 

seemingly paradoxical reefs are perhaps examples of places where a combination of factors such 

as selection, phenotypic plasticity, the impact of bleaching on reproductive output in corals, and 

oceanographic patterns may each be influencing the genetic composition of the region in various 

ways thereby making it difficult to disentangle the true story line.  

 

Population structure and oceanography 

It is surprising that in PCA Jarvis Island appears more genetically similar to the southwest 

Phoenix Islands instead of the northeastern group, as ocean currents in the region are 

predominantly west to east along the equator, due to the southern equatorial current. Any larvae 

dispersing eastward from Jarvis would encounter the northeastern Phoenix Islands first. 

Although the pelagic larval duration of P. lobata has not been empirically measured in the field, 

laboratory trials suggest they can survive for upwards of 50 days (Cox, Krupp and Jokiel, 1998). 

It is unclear if this would be enough time to reach Kanton, the closest of the Phoenix Islands to 

Jarvis, 1,300 km away, as it would require surviving vast expanses of open ocean. The southwest 

Phoenix Islands are even further away, with the closest island, Orona, at 1,430 km.  
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Oceanographic currents in the central Pacific, however, can change dramatically between El 

Niño and La Niña phases (Yunyue Yu, Emery and Leben, 1995; Grodsky and Carton, 2001; 

Bonjean and Lagerloef, 2002). Strong El Niño events can cause large anomalies in both the 

speed and direction of the equatorial currents, which can even reverse during this time 

(Frankignoul, Bonjean and Reverdin, 1996; Bonjean and Lagerloef, 2002). The timing of coral 

reproduction relative to such reversals of surface current may further complicate the patterns of 

genetic connectivity we observed.  

 

Corals that manage to survive bleaching often delay reproduction due to lack of resources, while 

corals that are tolerant of bleaching may continue spawning despite high temperatures (Szmant 

and Gassman, 1990; Ward, Harrison and Hoegh-Guldberg, 2000; Mendes and Woodley, 2002). 

Bleaching tolerant colonies from the northeast PIPA and Jarvis may therefore spawn during 

times that surface currents are anomalous, while more susceptible colonies may delay 

reproduction, facilitating connectivity and spreading more tolerant genotypes between the 

northeast PIPA and Jarvis but perhaps not outside of their vicinity. Open substrate that remains 

following bleaching induced mortality may be more easily colonized by incoming migrants from 

other areas that are dispersing under more “normal” oceanographic currents during La Niña and 

ENSO neutral years.   

 

Genotype by phenotype interactions 

Mollica et al. in review found that as reefs approach the equator in the central Pacific, Porites 

corals have an increasing thermal threshold required for bleaching. That is, they require higher 

temperatures before forming a stress band (and presumably bleaching). However, contrary to 

findings in Palau (Chapter 3), we do not see evidence that these different thermal thresholds are 

driven by genetic subpopulations within the central Pacific (Figure 6) at the K=2 level. There 

may be several reasons for this distinction.  

 

First, the central Pacific is an area of high temperature variability, especially at the inter-annual 

scale due to ENSO, whereas Palau’s Rock Islands exhibit chronically warmer temperatures. 

These consistently warmer temperatures may more easily select against incoming migrants that 

do not have high thermal tolerance, while the variability in the central Pacific may allow less 
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tolerant genotypes to subsist for many years before a sufficiently strong El Niño event serves as 

selective pressure.  

 

Secondly, the variability in the central Pacific also causes anomalously colder temperatures 

during La Niña years and from EUC driven upwelling. Survival under two different temperature 

extremes may require different physiological mechanisms than adaptation to warmer 

temperatures alone. This may create a more nuanced genetic landscape as selection may be 

acting in opposite directions, or perhaps even selecting for highly plastic or resilient genotypes 

instead of towards increased tolerance to warming.   

 

Furthermore, the large region analyzed here makes it difficult to associate genetic subpopulations 

to phenotypic responses without the confounding influence of other environmental covariates 

that are inherently changing across a wide spatial scale, such as nutrient levels, reef type, 

community and species assemblages, and local oceanographic dynamics.  

 

Central Pacific reefs also undergo significant shifts in coral cover following mass bleaching and 

mortality events (Williams et al., 2010; Obura and Mangubhai, 2011; Vargas-Ángel et al., 2011; 

Barkley et al., 2018). Recruitment from other reefs in the Pacific could limit the potential for 

local adaptation by increasing gene flow at Jarvis or Kanton, for instance, which are known to 

suffer from mass mortality following bleaching events.  

 

Central Pacific reefs are also more heavily influenced by large-scale oceanographic conditions in 

the equatorial Pacific (i.e. the equatorial undercurrent (EUC), climate cycles, and large-scale 

weather patterns) than Palau’s sheltered Rock Island bays. The increasing thermal threshold 

found by Mollica et al. in prep may also suggest that oceanographic factors could be mitigating 

the stress of El Niño-driven warming. For instance, central Pacific corals, especially those from 

EUC-influenced reefs like Jarvis, have thicker tissues (Mollica et al. in prep), possibly from 

increased heterotrophy driven by high productivity in the presence of nutrient-rich EUC water. 

Coral tissue thickness decreases during bleaching (Mendes and Woodley, 2002; Rodrigues and 

Grottoli, 2007; Barkley et al., 2018), such that corals with thicker starting tissue may be able to 

subsist on energetic reserves for longer periods before dying. Fluctuating environmental 
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conditions in the central Pacific may also promote a hardening or preconditioning response that 

facilitates thermal tolerance, as has been reported in other regions that experience large daily 

variability in temperatures (Safaie et al., 2018).  

 

Reef resilience and implications for management 

Most central Pacific reefs suffer from little direct human impact due to their remote and often 

uninhabited locations. Nevertheless, these reefs are vulnerable to global changes in climate. The 

PIPA and Jarvis Island see repeated impacts from El Niño events that lead to bleaching and 

mortality, yet these reefs have been among the highest coral cover and fish biomass reefs in in 

the central Pacific over the last few decades (Halpern et al., 2012; Cinner et al., 2016; Smith et 

al., 2016). Their isolation from human settlement may be responsible for helping them maintain 

genetic diversity and be able to quickly regain coral cover following these repeated bleaching 

events. The full impact of the latest El Niño, which devastated corals in Jarvis Island, however, 

remains to be seen. Making sure that these areas stay protected and do not suffer additional stress 

may be imperative to maintaining healthy coral reef communities in the central Pacific. Robust 

central Pacific reefs would benefit countless species of pelagic fishes, reef invertebrates, and 

marine mammals as many of these reefs serve as oases in an otherwise vast, deep, and resource-

scarce ocean.  
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PERMITTING INFORMATION 
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numbers are not reported.  
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CHAPTER 2 FIGURES 

 

Figure 1. Map of sampling sites. (A) All sites included in combined analyses. The Phoenix 
Islands Protected Area (PIPA) region is outlined in black. (B) Close up of PIPA, with an inset of 
Jarvis Island (dashed box). Islands are enlarged to show reef detail.  
 

Service Layer Credits: Esri, DeLorme, GEBCO,
NOAA NGDC, and other contributors
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Figure 2. Principal component analysis. Marker shapes correspond to region. See legend and 
Table 1 for categories. The region of the plot in the dashed ellipse is enlarged in Figure 3. 
Southern/western reefs separate from the northern, Line and Phoenix Islands. Johnston Atoll, 
rightmost triangle, clusters along with the Line and Phoenix Islands.  
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Figure 3. Close-up of dashed PCA region in Figure 2. Johnston Atoll not shown. The 
northwest Phoenix Islands – Kanton, Enderbury, Rawaki, and Birnie – separate from the 
southeast islands – Manra, McKean, Nikumaroro, and Orona along PC2. Interestingly, Jarvis and 
Teraina, cluster with the southeast Phoenix Islands, away from the rest of the Line Islands.  
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Figure 4. STRUCTURE results for K=2, 4, 8 and 9. At K=2, the southwest Phoenix Islands (Orona, Manra, McKean, and 
Nikumaroro) along with Johnston atoll are dominated by corals in the dark blue population group. Most of the other central Pacific 
sites are dominated by the light blue group (i.e. Kingman, Montane, Indonesia) or show a mixed assemblage of both groups (i.e. 
Jarvis, Kiritimati). At K=4, we begin to see regional structure as the south/west and northern islands diverge from the Phoenix and 
Line islands. These distinctions become more pronounced at K=8 and 9, where the Phoenix and Line islands are populated by dark 
blue, orange, green, and pink genetic subpopulations. Corals in south/west islands show higher admixture, having ancestry of various 
groups. Johnston remains separated from most of the other islands except Kiritimati. The distinction between the southwest and 
northeast Phoenix Islands remain throughout all levels of K. “Marq” is short for Marquesas in the figure labels. 
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Figure 5.  Isolation by distance (IBD). Site pairwise geographic distances are on the x-axis 
with linearized FST values on the y-axis. There is a significant increase in genetic differentiation 
with increasing geographic distance between sites.  
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Figure 6. Stress band prevalence by genetic subpopulation. Proportion of colonies forming a 
stress band during bleaching events in 2002 (left) and (2009) right. Colors corresponds to the 
genetic subpopulations identified by STRUCTURE at K=2 (Figure 4). Cores analyzed from 
Kanton, Enderbury, Rawaki, Nikumaroro, and Jarvis; n=20 for population 1 (light blue) and 
n=26 for population 2 (dark blue). Error bars show standard error of a proportion, != =
	√(4(@A4)C ). 
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CHAPTER 2 TABLES 
 

Table 1. Sampling metadata. Samples collected for this study are highlighted 
in light green. All other data are reprinted from Baums et al. (2012).  
GPS coordinates are in decimal degrees.   
 

Site Latitude Longitude 
Mean 

Sampling 
Depth (m) 

No. of 
Samples 

South/West     
Kalimantan, Indonesia -1.1061 114.1439  20 
Fiji -16.5782 179.4144  25 
American Samoa NA NA  9 
Ofu, Samoa -14.1528 -169.6470  69 
Tutuila, Samoa -14.2928 -170.6990  41 
Moorea -17.5261 -149.8180  50 
Hiva Oa, Marquesas -9.7660 -139.0080  22 
Motane, Marquesas -9.9859 -138.8290  81 

North     
Kwajalein 9.2008 167.4228  30 
Majuro 7.1156 171.1840  19 
Johnston 16.7446 -169.5260  56 

Phoenix Islands     
Kanton -2.8261 -171.6766 4.97 44 
Enderbury* -3.1125 -171.0934 12.48 44 
Birnie, -3.5842 -171.5203 14.76 25    
Rawaki -3.7199 -170.7177 11.94 32 
Orona -4.4987 -172.1862 9.72 30 
Manra -4.4461 -171.2568 10.62 24 
McKean -3.5990 -174.1221 12.87 27 
Nikumaroro -4.6802 -174.5216 12.20 24 

Line Islands     
Kingman 6.3965 -162.4160  22 
Palmyra 5.8817 -162.0850  19 
Teraina 4.6839 -160.3800  10 
Tabuaeran 3.8673 -159.3240  6 
Kiritimati 1.9820 -157.2650  49 
Jarvis* -0.3698 -159.9988 7.19 55 

Average   10.75 33 
*The coordinates and sampling depth reported for these sites are based on collections from 
this study, although additional samples from these sites were added from the Baums et al. 
2012 study, 29 for Jarvis, 22 for Enderbury.  
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Table 2. Genotype frequencies. Results reported as mean (standard error). N – Average number of individuals with data across 
all loci. NA – Average number of unique microsatellite alleles across all loci. NEFF – Number of effective alleles across all loci.  
I – Shannon’s diversity index for allelic diversity. HO – Observed heterozygosity. HE – expected Heterozygosity. uHE- unbiased 
expected heterozygosity (based on Nei’s correction). F– Fixation Index.  GIS – Inbreeding Coefficient. All results based on 12 loci.  
 

Site N  NA NEFF I HO  HE  uHE  F  GIS 

South/West 

Kalimantan 18.833 (0.672) 8.750 (0.993) 5.368 (0.73) 1.783 (0.133) 0.472 (0.058) 0.771 (0.033) 0.792 (0.034) 0.402 (0.066) 0.411 
Fiji 24.750 (0.179) 8.083 (0.596) 4.443 (0.440) 1.654 (0.097) 0.495 (0.064) 0.746 (0.028) 0.761 (0.029) 0.349 (0.078) 0.355 
Am. Samoa 8.583 (0.260) 4.833 (0.441) 3.089 (0.387) 1.232 (0.108) 0.505 (0.078) 0.624 (0.04) 0.663 (0.042) 0.220 (0.111) 0.252 
Ofu 65.833 (1.167) 11.333 (1.110) 5.251 (0.626) 1.848 (0.111) 0.544 (0.045) 0.778 (0.028) 0.784 (0.028) 0.300 (0.052) 0.308 
Tutuila 38.167 (1.254) 10.083 (1.118) 6.055 (0.779) 1.910 (0.125) 0.500 (0.042) 0.803 (0.026) 0.814 (0.026) 0.380 (0.049) 0.389 
Moorea 48.250 (0.897) 8.833 (0.960) 4.132 (0.537) 1.576 (0.148) 0.485 (0.056) 0.689 (0.056) 0.696 (0.056) 0.299 (0.065) 0.306 
Hiva Ova 21.500 (0.261) 6.000 (0.674) 3.453 (0.457) 1.346 (0.120) 0.496 (0.061) 0.655 (0.041) 0.671 (0.042) 0.240 (0.078) 0.265 
Montane 79.083 (0.874) 7.167 (0.869) 3.646 (0.537) 1.395 (0.126) 0.472 (0.058) 0.666 (0.041) 0.670 (0.041) 0.280 (0.079) 0.297 

North 

Kwajalein 26.833 (1.336) 9.750 (0.922) 5.790 (0.735) 1.873 (0.127) 0.438 (0.052) 0.784 (0.035) 0.799 (0.036) 0.441 (0.063) 0.457 
Majuro 17.667 (0.801) 7.250 (0.799) 3.759 (0.459) 1.483 (0.128) 0.414 (0.058) 0.677 (0.046) 0.697 (0.047) 0.402 (0.079) 0.413 
Johnston 54.750 (0.906) 6.833 (0.575) 3.400 (0.385) 1.370 (0.111) 0.469 (0.068) 0.657 (0.046) 0.663 (0.047) 0.270 (0.093) 0.294 

Phoenix Islands 

Kanton 42.667 (0.541) 14.583 (1.294) 5.651 (0.472) 2.054 (0.086) 0.784 (0.025) 0.806 (0.02) 0.816 (0.020) 0.019 (0.045) 0.040 
Enderbury 43.083 (0.609) 10.917 (1.076) 4.898 (0.499) 1.840 (0.092) 0.611 (0.037) 0.772 (0.023) 0.781 (0.023) 0.205 (0.047) 0.220 
Birnie 23.750 (0.463) 9.833 (0.842) 5.007 (0.470) 1.827 (0.083) 0.783 (0.053) 0.782 (0.018) 0.799 (0.019) 0.001 (0.064) 0.021 
Rawaki 31.667 (0.256) 11.083 (0.848) 5.323 (0.678) 1.873 (0.103) 0.786 (0.047) 0.777 (0.027) 0.789 (0.028) -0.009 (0.052) 0.005 
Orona 29.083 (0.484) 9.583 (0.723) 4.640 (0.327) 1.779 (0.066) 0.819 (0.043) 0.772 (0.016) 0.786 (0.017) -0.062 (0.054) -0.043 
Manra 22.250 (0.279) 9.417 (0.723) 4.876 (0.361) 1.803 (0.069) 0.821 (0.049) 0.783 (0.015) 0.801 (0.015) -0.045 (0.058) -0.025 
McKean 26.750 (0.131) 9.667 (0.847) 4.947 (0.417) 1.819 (0.091) 0.787 (0.039) 0.774 (0.028) 0.789 (0.029) -0.023 (0.044) 0.002 
Nikumaroro 23.583 (0.229) 9.250 (0.524) 4.550 (0.384) 1.757 (0.072) 0.718 (0.045) 0.760 (0.023) 0.777 (0.023) 0.053 (0.055) 0.077 

Line Islands 

Kingman 21.417 (0.499) 6.750 (0.617) 3.937 (0.357) 1.511 (0.096) 0.635 (0.064) 0.718 (0.031) 0.736 (0.032) 0.114 (0.081) 0.140 
Palmyra 18.250 (0.446) 7.833 (0.458) 5.007 (0.364) 1.763 (0.068) 0.611 (0.075) 0.784 (0.022) 0.806 (0.023) 0.227 (0.087) 0.248 
Teraina 9.667 (0.188) 6.417 (0.57) 4.312 (0.446) 1.577 (0.099) 0.491 (0.065) 0.736 (0.031) 0.776 (0.033) 0.335 (0.085) 0.381 
Tabuaeran 5.917 (0.083) 5.000 (0.369) 3.927 (0.386) 1.426 (0.088) 0.547 (0.067) 0.718 (0.027) 0.784 (0.029) 0.244 (0.085) 0.323 
Kiritimati 46.750 (0.938) 8.250 (0.789) 3.410 (0.314) 1.462 (0.085) 0.481 (0.053) 0.676 (0.032) 0.683 (0.032) 0.289 (0.068) 0.298 
Jarvis 53.583 (0.811) 13.667 (1.061) 5.732 (0.612) 2.005 (0.081) 0.739 (0.036) 0.806 (0.018) 0.814 (0.018) 0.082 (0.045) 0.093 
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Table 3. G Statistics per locus. N – Number of alleles per locus across all populations. NEFF – Number of 
effective alleles per locus across all populations. HO – Observed heterozygosity. HS – Mean heterozygosity. 
HT – Total expected heterozygosity across all populations. GIS – Inbreeding coefficient. GST – Fixation 
index. G’ST (Nei) – Fixation index with Nei’s correction. G’ST (Hed) – Fixation index with Hedrick’s 
correction G’’ST – Standardized fixation index with Meirmans & Hedrick’s correction. DEST – Index of 
population differentiation.  
 
Locus N NEFF HO HS HT H’T GIS GST G’ST (Nei) G’ST (Hed) G’’ST DEST 

340 22 3.789 0.430 0.766 0.818 0.820 0.438 0.064 0.066 0.282 0.284 0.233 

780 21 4.285 0.708 0.786 0.863 0.866 0.099 0.090 0.093 0.433 0.435 0.377 

905 31 6.304 0.629 0.868 0.905 0.907 0.274 0.041 0.043 0.324 0.325 0.295 

1357 44 5.511 0.699 0.840 0.910 0.913 0.169 0.076 0.079 0.495 0.497 0.454 

1370 23 3.057 0.673 0.689 0.734 0.735 0.023 0.061 0.063 0.202 0.204 0.150 

1483 32 3.884 0.610 0.763 0.829 0.832 0.201 0.079 0.082 0.345 0.347 0.289 

1551 15 4.192 0.693 0.781 0.819 0.820 0.112 0.047 0.048 0.219 0.221 0.181 

1556 32 3.128 0.391 0.703 0.772 0.775 0.444 0.089 0.093 0.310 0.312 0.242 

1629 17 2.349 0.557 0.588 0.618 0.620 0.052 0.049 0.051 0.123 0.124 0.077 

1868 28 4.426 0.610 0.796 0.841 0.843 0.233 0.054 0.056 0.274 0.275 0.232 

2069 14 3.725 0.573 0.754 0.816 0.819 0.240 0.077 0.080 0.322 0.324 0.265 

2258 37 4.702 0.579 0.811 0.885 0.889 0.286 0.084 0.087 0.460 0.462 0.411 

Overall 26.333 4.113 0.596 0.762 0.818 0.82 0.218 0.068 0.071 0.295 0.297 0.243 
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Table 4. Pairwise FST across sites. Significance levels obtained from 9,999 permutations. Intensity of orange color indicates 
increasing values of FST. Significance cut-off was adjusted to 0.002 using a Bonferroni correction for multiple comparisons.  
* p £ 0.002, ** p < 0.001. Sites are listed in the same order as Table 1.  
 

  

  K F A O T M H Mo Kw Ma J Ka E B R Or Man Mc N Ki P Te Ta Kir Ja 

K - ** ** n.s. * ** ** ** ** ** ** ** n.s. ** ** ** ** ** ** ** ** n.s. n.s. ** ** 

F 0.037 - ** ** * ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** n.s. ** ** 

A 0.080 0.080 - ** ** ** ** ** n.s. ** ** ** ** ** ** ** ** ** ** ** ** n.s. n.s. ** ** 

O 0.012 0.036 0.057 - ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** n.s. ** ** 

T 0.030 0.029 0.069 0.026 - ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** * n.s. ** ** 

M 0.053 0.081 0.055 0.048 0.065 - ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** n.s. ** ** 

H 0.050 0.092 0.111 0.059 0.077 0.069 - n.s. ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 

Mo 0.054 0.102 0.127 0.065 0.090 0.088 
-

0.007 - ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 

Kw 0.042 0.049 0.035 0.033 0.026 0.055 0.092 0.109 - ** ** ** ** ** ** ** ** ** ** ** * n.s. n.s. ** ** 

Ma 0.145 0.110 0.126 0.122 0.077 0.148 0.196 0.213 0.054 - ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 

J 0.129 0.163 0.159 0.105 0.114 0.127 0.133 0.139 0.112 0.237 - ** ** ** ** ** ** ** ** ** ** ** ** ** ** 

Ka 0.025 0.073 0.085 0.036 0.053 0.062 0.085 0.089 0.047 0.155 0.099 - ** n.s. ** ** ** * n.s. ** ** n.s. n.s. ** ** 

E 0.014 0.063 0.081 0.025 0.043 0.052 0.074 0.077 0.041 0.142 0.126 0.018 - n.s. ** ** ** ** ** ** ** n.s. n.s. ** ** 

B 0.032 0.083 0.099 0.044 0.056 0.075 0.077 0.083 0.060 0.162 0.112 0.012 0.012 - n.s. ** ** ** ** ** ** n.s. n.s. ** ** 

R 0.023 0.070 0.079 0.035 0.054 0.071 0.079 0.078 0.055 0.152 0.133 0.017 0.018 0.016 - ** ** ** ** ** ** ** n.s. ** ** 

Or 0.062 0.106 0.101 0.060 0.070 0.086 0.111 0.116 0.049 0.156 0.092 0.037 0.059 0.061 0.065 - n.s. ** * ** ** n.s. ** ** ** 

Man 0.037 0.076 0.072 0.038 0.047 0.063 0.078 0.086 0.031 0.133 0.089 0.023 0.030 0.031 0.027 0.016 - n.s. ** ** ** n.s. n.s. ** n.s. 

Mc 0.040 0.083 0.089 0.043 0.046 0.068 0.099 0.106 0.038 0.136 0.096 0.018 0.028 0.025 0.033 0.030 0.015 - n.s. ** ** n.s. ** ** n.s. 

N 0.045 0.095 0.103 0.059 0.064 0.073 0.112 0.115 0.052 0.164 0.102 0.018 0.038 0.032 0.043 0.017 0.022 0.007 - ** ** n.s. ** ** n.s. 

Ki 0.074 0.117 0.144 0.072 0.099 0.094 0.148 0.151 0.074 0.186 0.165 0.084 0.075 0.108 0.104 0.107 0.103 0.107 0.102 - ** ** n.s. ** ** 

P 0.033 0.077 0.097 0.031 0.051 0.072 0.094 0.099 0.035 0.149 0.108 0.041 0.035 0.050 0.053 0.058 0.037 0.051 0.055 0.033 - n.s. n.s. ** ** 

Te 0.026 0.070 0.085 0.035 0.049 0.058 0.103 0.110 0.024 0.143 0.113 0.022 0.019 0.031 0.046 0.026 0.015 0.014 0.022 0.071 0.029 - n.s. ** n.s. 

Ta 0.014 0.062 0.088 0.015 0.043 0.050 0.075 0.085 0.023 0.147 0.129 0.021 0.008 0.031 0.038 0.064 0.043 0.064 0.062 0.027 0.003 0.002 - n.s. n.s. 

Kir 0.084 0.130 0.135 0.078 0.092 0.107 0.116 0.119 0.073 0.202 0.093 0.059 0.056 0.054 0.083 0.069 0.050 0.052 0.062 0.148 0.059 0.050 0.064 - ** 

Ja 0.037 0.073 0.083 0.039 0.042 0.065 0.080 0.090 0.033 0.131 0.074 0.021 0.027 0.026 0.037 0.019 0.005 0.012 0.016 0.091 0.032 0.010 0.036 0.033 - 
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Table 5. F’ST (lower triangular) and Jost’s D (upper triangular). Intensity of colors correspond to increasing values of F’ST (gray) 
and Jost’s D (blue). Sites are listed in the same order as Table 1.  
 

  K F A O T M H Mo Kw Ma J Ka E B R Or Man Mc N Ki P Te Ta Kir Ja 

K - 0.139 0.264 0.044 0.130 0.158 0.149 0.145 0.181 0.522 0.384 0.102 0.053 0.129 0.085 0.245 0.151 0.157 0.175 0.263 0.141 0.107 0.063 0.253 0.158 

F 0.148 - 0.241 0.130 0.115 0.236 0.263 0.277 0.191 0.349 0.475 0.298 0.230 0.325 0.261 0.411 0.299 0.319 0.357 0.404 0.313 0.263 0.240 0.387 0.300 

A 0.250 0.281 - 0.182 0.247 0.132 0.260 0.300 0.122 0.329 0.381 0.289 0.253 0.319 0.240 0.310 0.224 0.276 0.314 0.411 0.328 0.258 0.263 0.336 0.283 

O 0.030 0.146 0.187 - 0.105 0.147 0.178 0.186 0.129 0.423 0.314 0.152 0.094 0.181 0.137 0.238 0.154 0.169 0.229 0.257 0.125 0.133 0.056 0.237 0.161 

T 0.098 0.113 0.233 0.103 - 0.214 0.257 0.275 0.114 0.278 0.359 0.250 0.181 0.256 0.236 0.306 0.215 0.200 0.276 0.398 0.239 0.220 0.204 0.303 0.195 

M 0.171 0.287 0.148 0.174 0.239 - 0.164 0.208 0.170 0.406 0.312 0.207 0.155 0.238 0.219 0.267 0.199 0.210 0.219 0.265 0.231 0.165 0.139 0.269 0.218 

H 0.157 0.322 0.316 0.207 0.281 0.204 - 
-

0.014 0.294 0.547 0.310 0.280 0.221 0.235 0.237 0.341 0.239 0.302 0.337 0.418 0.297 0.298 0.207 0.281 0.266 

Mo 0.174 0.344 0.370 0.229 0.323 0.266 
-

0.028 - 0.325 0.588 0.327 0.275 0.218 0.241 0.222 0.340 0.251 0.308 0.330 0.413 0.292 0.304 0.227 0.283 0.281 

Kw 0.096 0.190 0.016 0.125 0.077 0.174 0.299 0.369 - 0.182 0.337 0.207 0.164 0.261 0.225 0.200 0.131 0.155 0.212 0.272 0.155 0.100 0.107 0.223 0.142 

Ma 0.441 0.395 0.327 0.457 0.263 0.442 0.588 0.643 0.086 - 0.665 0.598 0.495 0.598 0.537 0.546 0.471 0.469 0.571 0.595 0.556 0.493 0.515 0.574 0.495 

J 0.432 0.554 0.458 0.373 0.412 0.384 0.388 0.410 0.365 0.696 - 0.309 0.375 0.335 0.399 0.263 0.259 0.274 0.286 0.455 0.322 0.309 0.361 0.213 0.227 

Ka 0.102 0.340 0.326 0.168 0.267 0.243 0.328 0.330 0.206 0.628 0.367 - 0.073 0.052 0.071 0.154 0.099 0.073 0.074 0.324 0.184 0.079 0.070 0.186 0.093 

E 0.046 0.272 0.291 0.106 0.199 0.188 0.267 0.272 0.167 0.537 0.445 0.079 - 0.047 0.068 0.230 0.121 0.106 0.141 0.261 0.140 0.063 0.023 0.163 0.111 

B 0.114 0.366 0.339 0.194 0.261 0.274 0.273 0.290 0.240 0.617 0.394 0.043 0.041 - 0.061 0.248 0.128 0.100 0.124 0.403 0.217 0.115 0.110 0.162 0.112 

R 0.090 0.309 0.286 0.153 0.257 0.264 0.291 0.275 0.236 0.593 0.472 0.078 0.077 0.060 - 0.255 0.109 0.126 0.164 0.376 0.219 0.166 0.127 0.252 0.159 

Or 0.249 0.465 0.351 0.264 0.322 0.310 0.397 0.402 0.177 0.552 0.315 0.170 0.262 0.270 0.294 - 0.061 0.114 0.062 0.385 0.241 0.085 0.232 0.202 0.081 

Man 0.141 0.341 0.243 0.163 0.215 0.230 0.282 0.302 0.091 0.487 0.310 0.103 0.133 0.127 0.123 0.056 - 0.059 0.083 0.383 0.159 0.047 0.158 0.149 0.021 

Mc 0.170 0.371 0.324 0.188 0.211 0.251 0.363 0.373 0.145 0.516 0.335 0.079 0.123 0.106 0.150 0.129 0.062 - 0.026 0.387 0.211 0.043 0.240 0.150 0.050 

N 0.187 0.411 0.365 0.254 0.292 0.262 0.402 0.398 0.209 0.621 0.350 0.079 0.164 0.132 0.194 0.066 0.089 0.026 - 0.355 0.223 0.073 0.228 0.175 0.065 

Ki 0.285 0.465 0.472 0.290 0.431 0.317 0.492 0.492 0.279 0.646 0.536 0.363 0.298 0.437 0.427 0.436 0.429 0.444 0.409 - 0.117 0.236 0.076 0.423 0.355 

P 0.105 0.352 0.348 0.128 0.230 0.262 0.340 0.348 0.095 0.537 0.378 0.197 0.150 0.220 0.247 0.259 0.161 0.239 0.250 0.115 - 0.118 0.011 0.176 0.142 

Te 0.052 0.302 0.269 0.130 0.191 0.189 0.352 0.368 
-

0.006 0.492 0.373 0.081 0.062 0.101 0.198 0.088 0.036 0.052 0.081 0.257 0.090 - 0.009 0.132 0.031 

Ta 
-

0.051 0.277 0.270 0.016 0.134 0.149 0.247 0.278 
-

0.104 0.472 0.425 0.068 0.012 0.090 0.165 0.257 0.168 0.291 0.268 0.077 
-

0.055 
-

0.056 - 0.175 0.143 

Kir 0.275 0.454 0.388 0.279 0.339 0.327 0.343 0.354 0.228 0.597 0.270 0.219 0.197 0.184 0.301 0.235 0.169 0.179 0.210 0.489 0.197 0.146 0.185 - 0.104 

Ja 0.161 0.344 0.318 0.181 0.209 0.254 0.311 0.336 0.132 0.507 0.272 0.101 0.126 0.117 0.182 0.084 0.010 0.052 0.069 0.400 0.150 0.025 0.151 0.121 - 
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CHAPTER 2 SUPPORTING INFORMATION 
Presence of cryptic species 

Porites evermanni and P. lobata can appear morphologically similar in the field (Boulay et al., 

2014). Porites also show variation in growth (e.g. plate-like vs. massive) and calyx architecture 

(e.g. fused vs. unfused triplets, number of pali, etc.) depending on environmental conditions, 

further complicating identification by morphology (Forsman et al., 2009; Forsman, Wellington, 

Fox, & Toonen, 2015; Smith, Barshis, & Birkeland, 2007). The presence of cryptic species can 

influence estimates of genetic differentiation, especially at smaller geographic scales (Sheets, 

Warner and Palumbi, 2018).We combined our microsatellite dataset with a prior study using the 

same markers to distinguish between P. evermanni and P. lobata from the eastern Pacific 

(Boulay et al., 2014).  

 

We ran a covariance-standardized Principal Co-ordinate Analysis (PCoA) in Genalex v.5.02 

using individuals to check if our samples clustered with P. lobata or P. evermanni (Figure S1). 

We found 38 samples that were P. evermanni. These were removed from all downstream 

analyses.  

 

We also ran STRUCTURE on just the P. evermanni dataset. STRUCTURE was run using the 

same parameters described in the main text but with only four replicate runs per K, from K=1 to 

K=6. The Evanno et al. (2005) method yielded an optimal K=2. This result mirrors the genetic 

break that Baums et al. (2012) found for P. lobata across the eastern tropical Pacific barrier. P. 

evermanni samples from the central Pacific are genetically distinct from their eastern Pacific 

counterparts, although they show some similarity to samples from the Galapagos (Figure S2).   
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CHAPTER 2 SUPPORTING FIGURES 
 

 

 
Figure S1. Principal Co-ordinate Analysis of microsatellite allele data from our samples 
combined with data from Boulay et al. (2014). Samples that clustered with known P. evermanni 
(blue arrow) from the Boulay et al. (2014) dataset (red diamonds) were removed from all 
downstream analyses.  
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Figure S2. STRUCTURE results P. evermanni at K=2. Samples from the Phoenix Islands 
(PIPA) are distinct from Costa Rican and Panamanian samples. There appears to be stronger 
connectivity between the Galapagos and PIPA although the small number of samples from the 
Galapagos (n=8) could influence this interpretation.   
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Figure S3. Principal component analysis of PIPA and Jarvis only. The distinction between 
the southwest and northeast Phoenix Islands is also seen if the data are analyzed without other 
central Pacific samples. The first PC, which explains 42% of the variance divides the southwest 
Phoenix Islands (Orona, McKean, Nikumaroro, and Manra) from the northeast (Kanton, Birnie, 
Rawaki, and Enderbury).   
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CHAPTER 3 
 
 
 

Genetic isolation and local adaptation of corals in 

Palau’s high temperature and low pH bays1 
 

  

                                                
1 Preliminary author list: Hanny E. Rivera, Anne L. Cohen, Iliana I. Baums, Janelle R. Thompson, Hannah C. 
Barkley. Proposed journal: Science 
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ABSTRACT 
 

Corals in Palau’s innermost Rock Islands (RI) reefs have flourished in high temperature and low 

pH conditions. While these conditions threaten coral reefs around the globe, RI corals maintain 

robust calcification rates despite low pH and fewer of them bleach when heat stressed. Previous 

transplants of mature colonies between RI and outer reef (OR) environments were unsuccessful, 

suggesting strong local adaptation to RI conditions. Here, I quantified genetic connectivity of the 

key reef-building coral, Porites lobata, across four RI and seven OR sites using twelve 

microsatellite markers. I find significant genetic differentiation between RI and OR sites, with 

FST values ranging from 0.01-0.083 (p≤0.001). Connectivity patterns obtained from single 

nucleotide polymorphism (SNP) analyses confirm patterns found with microsatellites. I also 

combine, for the first time, genetic and coral core data from the same colonies to test whether 

genetic differentiation underlies the more tolerant phenotypes of RI corals. Indeed, I find genetic 

subpopulations have different bleaching susceptibility. Genotypes that are most prevalent in the 

warmest reefs show the lowest levels of historical bleaching. Within the RI, it appears 

chronically stressful conditions may be driving selection for heat and pH tolerance. Outlier loci 

analyses identified higher divergence between populations across several genes that have been 

previously implicated in coral heat stress responses. These patterns indicate selection is likely 

shaping the genetic connectivity and population structure of Palauan corals and provide insights 

into coral’s ability to survive future environmental change. As temperature and pH stress 

intensify across reefs, identifying and protecting sources of environmentally tolerant coral and 

larvae will be critical in maintaining healthy reefs worldwide.  
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INTRODUCTION 
 

Rising temperatures and declining oceanic pH threaten the future survival of coral reefs globally. 

High temperature anomalies disrupt the coral-algae endosymbiotic relationship, leaving corals in 

a nutritionally compromised, paled state (“bleaching”), and vulnerable to disease and mortality 

(Baker, Glynn and Riegl, 2008). Low pH limits the availability of carbonate, the building block 

of coral’s skeletons, straining their calcification process (Cohen and Holcomb, 2009; Kaniewska 

et al., 2012). Coral bleaching and mortality events have become more frequent and severe 

(Hughes et al., 2018), while atmospheric carbon dioxide levels are driving down global oceanic 

pH levels (IPCC AR5 Working Group I, 2013).  

 

These climatic trends have prompted an urgent search for reefs with the best chance for long-

term survival (van Hooidonk et al., 2016). Such “refugia,” may refer to reefs that are either (1) 

expected to maintain fairly stable or favorable environmental conditions, (2) have suffered from 

little temperature stress and/or human impacts to date, or (3) harbor especially tolerant 

communities (van Woesik et al., 2012; van Hooidonk, Maynard and Planes, 2013; Drury, 

Manzello and Lirman, 2017; Kavousi and Keppel, 2017). 

 

Palau, Micronesia, harbors coral communities with demonstrated tolerance for high temperature 

and low pH (Barkley & Cohen, 2016; Barkley, Cohen, McCorkle, & Golbuu, 2017; Bruno, 

Siddon, Witman, Colin, & Toscano, 2001; Golbuu et al., 2007; Shamberger et al., 2014; van 

Woesik et al., 2012). South of Palau’s mainland, hundreds of small islands, referred to as the 

Rock Islands (RI), form a series of semi-enclosed bays, with average sea surface temperatures 

~1.5–2°C higher than Palau’s fringing, patch, and barrier reefs (collectively outer reefs (OR) 

throughout). During El Niño Southern Oscillation (ENSO) events, temperature anomalies are 

also larger in the RI than the OR  (Barkley et al., 2015; van Woesik et al., 2012). Still, reefs in 

the RI have higher coral cover (~60%) and higher diversity of coral genera than many OR sites 

(Barkley et al., 2015; Shamberger et al., 2014). During the severe 1998 ENSO event that 

devastated many reefs worldwide, only ~25% of RI corals bleached compared to ~60% of corals 

in the OR, and RI corals also showed faster recovery (Barkley & Cohen, 2016; Bruno et al., 

2001;  Golbuu et al., 2007). Even though RI corals experienced temperatures ~0.6°C warmer 
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than the OR during the 2010 ENSO, they again showed less bleaching: ~15% vs. 25-30% in OR 

(van Woesik et al., 2012).  

 

Furthermore, RI reefs have lower pH and aragonite saturation state (ΩAr) than OR. In fact, pH 

levels in the RI approach those expected by 2100 for the open ocean (Golbuu, Gouezo, Kurihara, 

Rehm, & Wolanski, 2016; Shamberger et al., 2014). Yet, calcification rates of Porites and Favia 

corals are comparable between OR and the low pH RI, and Porites colonies showed no 

sensitivity in calcification rates under ΩAr as low as 1.5 (below end-of-century levels) in 

experimental conditions (Barkley et al., 2017).  

 

A reciprocal transplant of massive Porites fragments between an RI and an OR site resulted in 

high mortality (73-90%) in both directions, suggesting mature colonies are locally adapted to 

their native conditions (Barkley et al., 2017). The existence of healthy coral communities with 

high tolerance for thermal and pH stress within Palau’s RI habitats raises key questions about 

these corals’ potential to resist climatic change and to seed other areas with temperature and pH 

tolerant larvae. 

 

Here, we use microsatellites and single nucleotide polymorphisms (SNPs) from Restriction site 

Associated DNA sequencing (RAD-seq) to provide the first measures of genetic connectivity 

across Palau’s environmental gradient, focusing on Porites lobata (Dana, 1846), a major reef 

building coral, across four RI reefs and seven OR sites. We investigate whether RI reefs are 

genetically isolated from Palau’s OR. We are also the first to combine phenotypic data from 

coral cores and genetic samples of the same colonies to investigate whether genetic differences 

explain the heat tolerance of RI corals across historical ENSO-driven coral bleaching episodes.   
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METHODS 
 

Methods concerning coral sampling, cryptic species identification, DNA extractions, 

microsatellite genotyping and allele calling, as well as population genetics analysis using 

microsatellite markers are identical to methods used in Chapter 2. Please see Chapter 2 for full 

details as only brief descriptions for those sections follow. Methods concerning RAD-sequencing 

analyses are fully detailed here.  

 

Coral Sampling 

Between 2011-14, we collected tissue from 349 Porites lobata colonies using a hammer and 

chisel while on SCUBA. Tissue was preserved in RNAlater™ (Invitrogen), incubated overnight 

at 4°C, and frozen at -20°C (n=329), or frozen directly at -80°C (n=20) until DNA extraction. 

Colonies were sampled opportunistically within each site, across 11 sites (Figure 1). For 230 

colonies, we measured colony diameter along three dimensions using a transect tape (Table 1).  

 

The site “Ngermid Bay” has mostly been referred to as “Nikko Bay” in previous publications. 

We use “Ngermid” here as that is the name preferred by Palauan natives and government 

officials. The “Mixed Outer” site contained samples from three outer reef locations: Airai 

(7.33210, 134.56020, n= 5), Rael Dil (7.24990, 134.45073, n= 3), and a fringing reef (7.27193, 

134.38115, n=10) immediately outside of Taoch Bay. The coordinates for this last site were used 

for mapping and to calculate geographic distances between sites because most of the samples in 

this group are from this location.  

 

Presence of cryptic species 

Please see the Supporting Information for a full description and results of the analyses used to 

screen samples for the presence of cryptic species.  

 

DNA extraction  

A homogenate of coral tissue was processed using Qiagen DNeasy™ Blood and Tissue DNA 

extraction kits, with an extended Proteinase K incubation of at least 24 hours. Negative controls 

without any coral tissue added were included every ~70 samples (total n=5). DNA quality was 

assessed via gel electrophoresis. A subset of samples (n=87) was also measured using a 
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NanoDrop One™ spectrophometer (Thermo-Fisher) (mean yield: 31.62 ± 11.13 ng/µl, in a 50 µl 

elution volume; mean A260/A280 ratio: 1.86 ± 0.13, both of which fall within expected ranges for 

this kit).  

 

Microsatellite amplification and genotyping 

14 microsatellite markers detailed in Chapter 2 and in Polato et al., (2010) and Baums et al., 

(2012) were used for this study. Fragment analysis was conducted by the Pennsylvania State 

University Nucleic Acid Facility on an ABI 3730 (GeneScan) with a LIZ-500 internal size 

standard. Alleles were called using GENEMAPPER™ v3.0 (Applied Biosystems). For full 

details on quality control of allele calls see methods in Chapter 2.  

 

Markers 72 and 1490 were dropped due to high frequency of (>40%) missing data. Samples with 

fewer than ten of the remaining twelve loci were excluded (n=27). An additional 7 samples were 

removed as possible cryptic species (see Supporting Information). 322 samples were retained. 

Sample numbers listed in Table 1 represent final, retained samples. We tested for large allele 

dropout and stuttering using MICROCHECKER (van Oosterhout, Hutchinson, Wills, & Shipley, 

2004). We found no evidence for large allele dropout, but one marker (2069) showed stuttering 

in three of the eleven sites. Allele calls were re-examined and corrected.  

 

Symbiodiniaceae ITS2 denaturing gradient gel electrophoresis (DGGE) genotyping and 

sequencing  

To test whether the dominant symbiont community of coral colonies shifted across Palau’s 

strong environmental gradients we amplified the inter-transcribed spacer-2 (ITS2) region of 

Symbiodiniaceae’s nuclear ribosomal DNA and visualized bands using DGGE following 

protocols in LaJeunesse (2002) and LaJeunesse & Trench (2000). Briefly, the ‘ITSintfor2’ and 

‘ITS2clamp’ primers were used for initial amplification with a touchdown PCR protocol 

consisting of: (1) initial denaturation at 94°C for 2 minutes, (2) 20 cycles of [94°C for 20 

seconds, initial annealing temperature of 62°C for 10 seconds and decreasing at 0.5°C intervals 

every cycle until 52°C, then 68°C for 30 seconds], (3) continuing with another 18 cycles at 

annealing temperature of 52°C, and (4) a final extension for 10 minutes at 68°C.  

 



 71 

Products were loaded onto 8% acrylamide gels with a 40-75% denaturing gradient and run for 24 

hours at 90 volts. The gels were stained in 1 liter of deionized water with 10 µl of SYBR Red™ 

(ThermoFisher) for 30 minutes, de-stained in 1 liter of deionized water for 30 minutes, and then 

visualized with a UV gel imager. DNA from C15 cultures was obtained from the LaJeunesse 

Laboratory (Pennsylvania State University) and run alongside Palauan samples for band 

identification.  

 

Representatives of any additional bands seen in Palauan samples were excised using a sterile 

pipette tip, homogenized in 5µl of molecular grade water, and reamplified using the 

‘ITS2intfor2’ and ‘ITS2rev’ primers and a standard PCR protocol: (1) initial denaturation at 

92°C for 3 minutes, (2) 35 cycles of [92°C for 30 seconds, annealing at 52°C for 40 seconds, 

72°C for 30 seconds], and (3) final extension for 10 minutes at 72°C. Products were visualized 

on a 1% agarose TAE gel, and successfully re-amplified samples were purified using a 

MinElute™ PCR Cleanup Kit (Qiagen) and sent for Sanger sequencing at Sequegen 

(Worchester, MA). Sequences were then aligned to Symbiodinium (now Symbiodiniaceae, see 

LaJeunesse et al. 2018) sequences on the NCBI ‘nt’ database using the MEGABLAST algorithm 

with default parameters on the NCBI BLAST webserver.  

 

RAD-sequencing library preparation and sequencing 

Genomic DNA concentrations were standardized using a Qubit™ 2.0 fluorometer (Invitrogen) to 

20 ng/µl; 50 µl per sample were sent to Floragenex (Portland, Oregon) for single enzyme RAD 

library preparation. A 96-well plate containing 91 Palauan samples, 4 Porites evermanni samples 

from the central Pacific, and 1 library prep control was digested with PstI. Each sample was 

identified by a unique 10 nucleotide barcode. Samples were sequenced as 100 base pair single 

end reads across 4 lanes of an Illumina Hiseq 4000™ using v4 chemistry at the University of 

Oregon Genomics Core facility. Average sequencing PHRED quality score was 39 for all four 

lanes.  

 

RAD-seq processing and SNP-calling  

Raw reads were processed using the ‘process_radtags’ module of Stacks v.1.46 (Catchen et al., 

2011), allowing for up to three mismatches in the sample barcode (this was the maximum 
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number of mismatches at which the barcodes remained unique). Reads with low quality scores 

(PHRED<10) across a sliding window of 15% of the read length were discarded. We retained 

78% of the original reads. Average sequencing depth was 8.5 million reads per sample. Three 

samples replicated within the plate showed 1.5-2-fold variability in sequencing depth. One 

sample which had an unusually high number of reads (>35 million) was discarded. Replicated 

samples were combined for downstream processing.  

 

For read mapping and SNP calling we used the dDocent pipeline (Puritz, Hollenbeck and Gold, 

2014) with a Porites lutea draft genome obtained from the REFUGE 2020 database 

(http://refuge2020.com/) as reference. dDocent clustered the reads based on >95% similarity 

using CD-HIT (Li and Godzik, 2006), mapped reads to the reference using the MEM algorithm 

of BWA (Li, 2013) with a match score of 1, mismatch score of 3, and gap-open penalty of 4, and 

called SNPs using FreeBayes (Garrison and Marth, 2012) with default values (E=3, m=PHRED 

10, q=PHRED10, -V, and using the sampling sites as the populations file). The resulting 

TotalRawSNPs.vcf file was filtered using vcftools (Danecek et al., 2011) and vcffilter 

(https://github.com/jameshicks/vcffilter) following the suggestions in the dDocent manual, to 

obtain a final set of 4,188 bi-allelic SNPs with only one SNP per RAD locus. See Table S1 for 

full description of filtering steps and retained samples/loci counts.  

 

Genetic data analysis and population structure  

The microsatellite dataset was analyzed in the same way as data from Chapter 2. For full details 

of programs and parameters used to test for clones, Hardy-Weinberg Equilibrium, and 

inbreeding, as well as to calculate G statistics, private alleles, and isolation by distance please see 

Chapter 2. Methods for measuring population structure, including principal component analyses 

(PCA) as well as FST, F’ST, and Jost’s D, and Bayesian clustering analyses using the program 

STRUCTURE (Pritchard, Stephens and Donnelly, 2000) are also detailed in Chapter 2. RAD-seq 

derived SNP data was processed using the R package ‘adegenet’ to conduct PCA and 

discriminant analysis of principal components (DAPC). The RAD-seq dataset was also analyzed 

with STRUCTURE using the same parameters as for microsatellite data.  
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To ensure missing data did not bias results, two additional variations of microsatellite dataset 

were analyzed: (1) Missing alleles interpolated from the whole dataset allele frequencies using 

the ‘interpolate missing’ function in GENODIVE (2) An 11-marker dataset, with marker 340, 

which had 14% missing data, removed. 

 

All STRUCTURE results were uploaded to the CLUMPAK webserver (Kopelman et al., 2005) 

to visualize output and calculate the ‘Best K’. See Chapter 2 for parameter specifications. In 

addition to the Evanno et al. (2005) method, we also used metrics from Puechmaille (2016) to 

evaluate the optimal K.  

 

To ensure any violated assumptions were not influencing STRUCTURE output, we also 

conducted Bayesian MCMC clustering of samples using TESS (Chen et al., 2007) and 

INSTRUCT (Gao, Williamson and Bustamante, 2007), both of which have different assumptions 

than STRUCTURE. These additional analyses were only run for the microsatellite dataset. 

INSTRUCT parameters are detailed in Chapter 2. Briefly, runs allowed admixture using the 

BYM model (Durand et al., 2009), a burn-in of 10,000 sweeps and a chain length of 100,000 

sweeps, from K=2 to K=12, with 25 repetitions per K. For TESS (Chen et al., 2007) spatial 

coordinates were generated using the GPS location for each sampling site (in decimal degrees) 

drawing from a normal distribution with the specified standard deviation.  

 

For microsatellite results, the contribution of each sampling group to the overall STRUCTURE 

output was explored using OBSTRUCT (Gayevskiy et al., 2014). Lastly, a genetic distance Un-

weighted Pair Group Method with Arithmetic Mean (UPGMA) tree was constructed using 

POPTREEW on the web (Takezaki, Nei and Tamura, 2014) based on F’ST and bootstrapped with 

99,999 replications and visualized with the R package ape (Paradis, Claude and Strimmer, 2004). 

 

Temperature records and analyses  

The Coral Reef Research Foundation (http://wtc.coralreefpalau.org/) provided in situ 30-minute 

interval temperature data for Mecherchar, Helen, Drop Off, Ngerdiluches, Ngerchelong, and 

Kayangel, and Ngermid Bay recorded using U22 thermographs (Onset Technologies, MA). 

Temperature data ranged from 2010-2017 and from 2-15 meters. The foundation indicated 
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accuracy was determined to be within 0.1°C through pre- and post-deployment calibration 

against a NIST traceable mercury thermometer and that individual thermographs were also cross 

calibrated with each other.  

 

Temperatures for Risong, Ngermid Bay, and Taoch, were obtained from U22 loggers (Onset 

Technologies, MA) deployed between 2-5 meters depth by the Cohen Lab at Woods Hole 

Oceanographic Institution from 2011-2013 recording at 15-minute intervals.  

 

The 97th percentile temperatures have been found to be a useful estimator of bleaching thresholds 

across the Indo-Pacific (Mollica et al. in review). Diurnal temperature range has also been 

correlated to reef bleaching patterns and thermal tolerance (Safaie et al., 2018). To measure 

diurnal variability, each time series was filtered in MATLAB 2015a using a bandpass 

Butterworth filter to retain signals between 5 and 30 hours in frequency. For this analysis, the 

logger data from the Cohen lab logger for Ngermid Bay was used as the depth deployed (~2 m) 

was consistent with the other Rock Island loggers, while the CRRF Ngermid Bay logger was 

deeper (6 m). Statistical metrics of temperature time series for each site were calculated using the 

‘zoo’(Zeileis and Grothendieck, 2005) and ‘xts’ (Ryan and Ulrich, 2018) packages in R. Values 

for each time of day were averaged across each site’s time series to produce a “representative 

day” profile. Maximum and minimum daily temperatures, as well as daily ranges were also 

calculated from the filtered time series data by site in R.  

 

Coral core sampling and analysis  

Coral cores were taken using an underwater pneumatic drill equipped with a diamond-tipped 

drill bit powered by compressed air from a SCUBA tank. Cores ranged from 10 to 204 cm long. 

Cores were dried in an oven and imaged using a Volume Zoom Helical Computerized 

Tomography (CT) Scanner at Woods Hole Oceanographic Institution. Scans were analyzed using 

an automated computer program developed and described in DeCarlo et al. (2014).  

 

The presence/absence of stress bands during the 1998 and 2010 bleaching events (n=44, 5 sites), 

skeletal density, extension rate, calcification rate (n=62, 8 sites), and percent volume of the 

skeleton bored by organisms (n=48, 5 sites), are data previously described and published in 
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DeCarlo et al., (2014) and Barkley and Cohen (2016). The same parameters, except volume 

bioeroded, were measured for an additional 14 cores for this study.  

 

Tissue thickness, defined as the vertical distance between the top of the living tissue to the most 

recently accreted dissepiment, was measured on a slice of skeleton cut from the top of each core 

using a Nikon SMZ1500 stereomicroscope and SPOT™ imaging software (n=46, 5 sites). Coral 

lipid content was measured using the methods of Folch et al., (1957) modified by Cantin et al. 

(2007) (n=56, 5 sites). Stress bands were defined as a region of the core at least 1 mm thick in 

which density exceed two standard deviation above the whole core average density, following 

the definition in Barkley and Cohen (2016). 

 

Correlations between phenotype and genotype 

Individual ‘Smouse & Peakall’ genetic distances for samples with colony size measurements 

(n=219), were correlated against a difference matrix of mean colony diameter using a Mantel test 

with 99,999 permutations and Spearman’s r statistic with ‘ecodist’.   

 

For core data, a Euclidian distance matrix was constructed based on PCA values for two sets: (A) 

‘Growth’ - density, calcification, and extension rate (B) ‘Phenotype’ - tissue thickness, lipid 

reserves, and volume of colony bioeroded. These were correlated to the linearized F’ST/(1- F’ST) 

values with Mantel tests (99,999 permutations and Spearman’s r statistic; ‘ecodist’ package). 

 

While Barkley and Cohen (2016) showed differences in stress band prevalence between RI and 

OR habitats, we wished to test if genetic population groups provided additional explanation of 

these responses. A colony’s genetic group was assigned as its predominant (>50%) 

STRUCTURE assigned group for K=3. We tested two hypotheses: (1) Genetic groups differ in 

their stress band prevalence (thermal tolerance), and (2) Outer reef genotypes residing in the RI 

show lower prevalence of stress bands than OR genotypes living in the outer reefs.   

 

These hypotheses represent an adaptation and acclimatization strategy, respectively. In the first, 

we hypothesize genotypes that are dominant in the RI (the light blue and dark blue groups) are 

locally adapted to or selected for higher thermal tolerance. In the second, we test whether the RI 
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environment is acclimatizing colonies to higher temperatures due to its chronically warmer 

conditions, such that colonies have higher thermal tolerance when exposed to acute heat stress 

such as an ENSO. For example, a colony from the outer reef genetic group that grows up in the 

RI, experiences warmer temperatures throughout its lifetime compared to its outer reef 

counterparts, such that it may be preconditioned to heat and less likely to bleach under acute heat 

stress.  

 

To account for repeated measures of the same coral in 1998 and 2010, we used the ‘geepack’ 

(Halekoh, Højsgaard and Yan, 2006) R package to create generalized estimating equations 

models of stress band response with colony as the id (repeated measures) variable.  

 

Generalized estimating equations (GEE) models of stress band prevalence  

To test the first hypothesis – stress band prevalence is significantly different between genetic 

populations groups – we constructed two gee models:  

1. A null model for stress band prevalence by year: 

!"#$%%	'()* = 	,- + ,/010  

2. An alternative model for stress band prevalence as a function of year and genetic 

population group 

!"#$%%	'()* = 	,- + ,/010 + ,2-3_56789:;< + ,2-3_:=>?@>7<<A 

 

Both models used an exchangeable correlation matrix and sample ID as the clustering variable in 

the GEE to account for repeated measures. The zero-constraint version of the model was used 

such that the intercept value (	,-) corresponds to 1998 in the null model and 

1998&Pop_lightblue in the alternative model. The ‘anova( )’ function in R was then used to test 

for the significance of including population group in the model fit. Differences between each of 

the three subpopulations were tested in the same fashion with the GEE models run on three 

subsets of the data, one for each pair of populations in the comparison.  
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For the second hypothesis, we constructed a model using only the data from corals in the OR 

(light blue) genetic group: 

1. A null model including only year as a variable:  

!"#$%%	'()* = 	,- + ,/010   

2. An alternative model including region in which the coral was samples and year as 

variables  

!"#$%%	'()* = 	,- + ,/010 + ,DE    

 

The ‘anova( )’ function in R was then used to test for the significance of including region in the 

model fit.  

 

SNPs outlier analyses and environmental associations 

To detect loci that may be under selection between populations we used BayeScan v.2.1 (Foll 

and Gaggiotti, 2008). Allele frequencies were calculated by sampling site, and run with default 

parameters, but a higher number of pilot runs (50). Two replicates were run, and chain 

convergence was tested with the Gelman-Rubin statistic using the ‘coda’ R package. Results 

were processed using the distributed R scripts. A false discovery rate of 0.05 was set as the 

threshold for identifying outliers. We also repeated the analysis with allele frequencies calculated 

based on the samples’ corresponding microsatellite derived genetic subpopulation.  

 

Annotation of outlier and linked loci  

For the SNP loci identified as outliers we then extracted 500-base pair flanking regions (1000 bp 

segment) from the P. lutea reference genome that was used for initial SNP calling (see “RAD-

seq processing and SNP-calling” section above), using a custom bash script to produce a “.fasta” 

file with all the combined sequences. These sequences were then mapped to the NCBI ‘nt’ 

database using the ‘BLASTN’ option with default parameters on the NCBI BLAST webserver.  

 

  



 78 

RESULTS 
 

Symbiodiniaceae genotyping  

All samples (n=35) run on DGGE shared bands with C15 culture isolates. Some samples showed 

additional bands, however, BLAST results from most bands sequenced hit a representative C15 

isolate. A few samples had bands that hit more general uncharacterized Clade C isolates, but 

most of these samples contained bands that matched C15 as well (Table S2). Other studies have 

found that Porites both in Palau and across the Indo-Pacific host C15 with high fidelity 

(Fabricius et al., 2004; Strychar and Coates, 2004; Fitt et al., 2009). We, therefore, conclude it is 

more likely that host’s (coral’s) genetic divergence and adaptation is responsible for the success 

of RI colonies not differences in their Symbiodiniaceae genera or subtypes. Differences in sub-

genera physiology or diversity could play a role but are beyond the scope of the current study.  

 

The taxonomy of Symbiodiniaceae was recently updated by LaJeunesse et al. (2018). Clade C is 

now referred to as Cladocopium, however BLAST descriptions at the time of writing have not 

yet been updated, so the former “Clade” designations are maintained in the BLAST hit 

descriptions cited here.  

 

Genetic diversity and Hardy Weinberg Equilibrium (HWE) 

We found no clones under either setting of the multi-locus matching. As has been previously 

reported for coral populations, loci and populations can often be out of HWE, and heterozygote 

deficiencies are particularly common (Baums et al., 2012; Cros et al., 2016). HWE conditions 

were not met for every site/locus; however, no more than four loci were out of HWE per site 

(Table 2). All deviations from HWE were due to heterozygote deficiencies.  

 

The Shannon index for allelic diversity was similar across sites, and highest at Helen Reef – the 

southernmost site and the closest to the Coral Triangle, a hotspot of coral biodiversity (Table 2). 

Private allele frequencies were low across all sites (0.021±0.01 (SD)), and no significant 

differences were found in private allele frequency between RI and OR sites (Student’s T-Test, p 

= 0.4). G statistics by locus are reported in Table S3.  
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Inbreeding 

Inbreeding levels were low across all loci, with average GIS = 0.064, including some loci which 

showed signals of outbreeding (negative GIS values) (Table S3). Site-wise inbreeding 

coefficients ranged from 0.005 to 0.14, with the higher inbreeding values observed at Risong 

(0.14), Kayangel (0.1) and Ngerchelong (0.1) (Table S4). Nevertheless, these are relatively low 

inbreeding values, compared with other inbreeding values from corals in Palau or across the 

Pacific (i.e. Cros et al. 2017; Cros et al. 2016; Baums et al. 2012; Davies et al. 2014). INEST 

model runs also suggested low inbreeding between samples, with a higher Deviance Information 

Criteria (DIC), suggesting poorer model fit for the model runs including inbreeding that those 

without, DIC: 32827 v. 31840, respectively.  

 

Population structure  

Despite the small geographic scale of our sampling, genetically there is strong population 

differentiation. Global FST is 0.034 and F’ST is 0.203 (p<0.0001 for both). Between sites, 

pairwise FST values ranged from 0.009 to 0.083 (Table 3); -0.066–0.451 for F’ST; and 0.038–

0.419 for Jost’s D (Table S5), with the highest values corresponding to RI-OR comparisons and 

the lowest values corresponding to OR-OR sites (Table 3 and S5). PCA revealed similar 

structure with the first principal component (PC) separating RI reefs from OR and explaining 

30.1% of the variance, while the second PC further separated the RI into two clusters and 

explained 20.1% of the variance (Figure 3).  

 

The three main clusters seen in the PCA plot, were recapitulated in STRUCTURE output 

(Figures 3 and 4), which yielded an optimal K=3 by both the Evanno et al., (2005) method and 

the K estimators of Puechmaille (2016). Mecherchar (RI) was dominated by one genetic 

subpopulation group (light green) with several other corals from Risong (RI) also assigned to 

that group. Mecherchar corals remained strongly assigned to their own unique population for all 

higher values of K. Taoch and Ngermid Bay (both RI) were primarily composed of corals 

assigned to a second cluster (dark blue), while the OR sites were dominated by corals from a 

third group (light blue) (Figure 4).   

 



 80 

The other two datasets (A) with missing data interpolated and (B) with marker 340 removed, 

showed the same STRUCTURE patterns, however, the Evanno et al., (2005) method suggested 

an optimal K=2, with RI reefs separated from OR reefs in both datasets (Figure S1). TESS and 

INSTRUCT analyses showed similar clustering patterns as STRUCTURE (Figure S1). There 

was an optimal K=3 for the INSTRUCT data and K=4 for the TESS dataset using the Evanno et 

al., (2005) method.  

 

Inspecting the individual members of each inferred population across K for all datasets and 

structuring programs showed that above three ancestral populations (K=3), individuals in new 

populations groups switched back and forth between groupings and were assigned in decreasing 

proportion to new ancestral populations, further suggesting an optimal K=3. 

 

The UPGMA tree showed the same pattern as all other analyses, grouping Mecherchar and 

Risong, Taoch and Ngermid Bay, and the rest of the OR into three different distinct groups 

(Figure S2). At K=3, OBSTRUCT found that Mecherchar and Taoch were the most significant 

drivers of the inferred population structure (Table S6). 

 

The RAD-seq derived SNPs showed nearly identical STRUCTURE results as the microsatellites 

(Figure 5). The Evanno et. al. (2005) method also designated K=3 as the optimal K for the SNP 

dataset. Principal component analysis of SNP data (Figure 6A) showed similar patterns to that 

using microsatellites (Figure 3). In DAPC analyses, where the grouping variable was designated 

as the dominant microsatellite derived population group, clusters perfectly captured the 

microsatellite groups (Figure 6B). 

 

Isolation by Distance (IBD) 

Mantel tests for IBD were non-significant p=0.3, with negative regression coefficients (Figure 

S3). Removing the two furthest reefs (Helen and Kayangel) did not alter results (not shown). 

 

Relationships between phenotype and genotype 

A Mantel test between colony size and genetic distance had a low R2 = 0.003 and was 

statistically non-significant (p=0.1, one-tailed).  
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Generalized estimating equations (GEE) models showed significant differences in stress band 

prevalence among genetic population groups (p=0.025). The light blue population, which 

predominates on the outer reefs, showed the highest stress band prevalence (42.3%) across all 

years, while the green population, most common in Mecherchar and Risong (the warmest RI 

reefs), showed the lowest (16%). Pairwise tests between groups showed a significant difference 

between the light blue and green population (p=0.045). The dark blue population, most common 

in Taoch and Ngermid Bay, was marginally different from the outer reef, light blue population 

(42% vs 21%, p=0.06) and indistinguishable from the green population group (21% vs 16%, 

p=0.95) (Figure 7A).  

 

The GEE model testing if the OR’s light blue population group shows lower stress band 

prevalence in the RI was not significant (p=0.29). Odds ratio calculations, however, did show 

that OR genetic group colonies (light blue) were 3.7 times more likely to form a stress band in 

1998 if they were in the OR than in RI. In 2010, a milder heat stress event, the odds ratio was 

1.5. On the other hand, RI genotypes (dark blue and green in Figure 7A, and red in Fig 7B) show 

low frequency of stress bands regardless of habitat (Figure 7B). The error of the proportion of 

stress bands in all cases is plotted as the standard error of a proportion: !F = 	√(3(1H3)
A

) 

 

A Mantel test between genetic distances (F’ST /(1-F’ST)) and core growth data (density, 

extension, and calcification rates) was significant with an R2 of 0.21 (p=0.032, one-tailed, Figure 

7C). Correlation with phenotypic values (tissue thickness, percent of core volume bioeroded, and 

lipids) was also significant with an R2 of 0.48 (p=0.025, one-tailed test, Figure 7D). 

 

Outlier tests and annotations 

BayeScan identified 40 outlier loci when allele frequencies were provided by site, and 15 loci 

when allele frequencies were provided by microsatellite population groups, seven of which were 

shared. Top BLAST results were primarily predicted proteins from other coral genera (i.e. 

Acropora, Orbicella). Table 4 lists details for the top BLAST hit for each locus. Several of these 

sequences matched gene families that have been previously found to be differentially regulated 

in corals under heat stress (i.e. ubiquitin, zinc-finger domains, tumor necrosis factors, and ion 



 82 

transporters) (see for instance, (Barshis et al., 2013; Kenkel, Meyer and Matz, 2013; Palumbi et 

al., 2014).   
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DISCUSSION 
 

Inbreeding 

An oceanographic model developed in Golbuu et al., (2012) for recruitment of Acropora 

hyacinthus suggested that the RI are areas of high self-seeding. While the model suggested that 

the OR should be well-connected, inbreeding coefficients for A. hyacinthus across Palau’s OR 

are high: up to 0.67 (GIS) and 0.30 (FIS) (Cros et al., 2017). In contrast, we find much lower 

levels of inbreeding of Porites across both the RI and OR habitats, with a maximum GIS of 0.14.  

 

Results from INSTRUCT, which incorporates inbreeding, are nearly identical to those produced 

by STRUCTURE and TESS, which do not consider inbreeding. This further suggests that 

inbreeding is not driving the population structure of P. lobata across Palau’s RI. As genetic 

diversity within the RI was comparable to that in the OR (Table 2), the lack of inbreeding and 

clonality in Palauan P. lobata suggests sexual reproduction is the main contributor to the 

population gene pool, which is consistent with previous findings for P. lobata in other regions 

(Polato et al., 2010; Baums et al., 2012). Given the stark environmental differences between the 

RI and OR, selective pressures may instead be driving population differentiation through pre- or 

post-settlement selection on migrants within the RI and/or OR.  

 

Population structure 

Our study is the first to quantify the genetic connectivity of a coral species spanning the natural 

temperature and pH gradient of Palau’s RI and OR habitats. We find population structure that 

clearly and consistently separates the RI, Palau’s warmer and lower pH reefs, from OR sites 

using a variety of metrics and analyses. RI habitats are genetically isolated from the rest of 

Palau’s OR, which are well connected with each other and show either low (the maximum FST 

value between OR sites = 0.035) or statistically non-significant FST values. Differentiation 

between OR sites shows similar values of F’ST (-0.06 – 0.144) as found for A. hyacinthus in other 

outer reefs across Palau (-0.02 – 0.22) (Cros et al., 2017). Though care should be taken when 

comparing F’ST estimates as, unlike FST values, these are normalized to allelic diversity in the 

samples being analyzed.  
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A finer scale oceanographic model for Ngermid Bay, an RI site, detailed in Golbuu et al., (2016) 

found the majority of larvae released within Ngermid Bay can remain in bay waters for up to 70 

days, though areas closer to the channels are flushed more quickly. A trial of P. lobata settlement 

in Hawaii reported that larvae were viable past ~50 days (Cox, Krupp and Jokiel, 1998), but 

settled immediately when exposed to adequate substrate, indicating P. lobata larvae may settle 

quickly as soon they are viable, limiting longer range dispersal. We, indeed, find Ngermid Bay is 

genetically distinct from the outer reefs. Ngermid Bay, however, is the largest and most 

topographically complex of the RI sites, and as a result should have the strongest physical 

barriers to dispersal; yet out of the four RI sites we sampled, it shows the lowest differentiation 

from OR sites. This again points to factors other than physical dispersal influencing genetic 

structure in Palau.  

 

The Palau-wide model described in Golbuu et al., (2012) suggested that Mecherchar should be 

well connected with Palau’s OR; instead it is the most differentiated site. Mecherchar and 

Risong, which have the warmest temperatures and among the lowest pH, cluster together in PCA 

and STRUCTURE results, and have a low pairwise FST. Ngermid Bay and Taoch cluster 

genetically, even though Ngermid Bay is geographically closer to Risong. Mixed Outer, which 

contains samples only ~1km outside of Taoch (Figure 1), shows an FST of 0.079 (p<0.0001) with 

Taoch, comparable to those between Taoch and more distant OR sites (Table 3). This level of 

differentiation on small spatial scales suggests the environments within RI sites provide strong 

enough selective pressure that incoming migrants from OR are not able to adequately recruit 

despite their potential to physically arrive.  

 

In a reciprocal transplant experiment, Porites colonies from Ngermid Bay and Drop Off showed 

higher mortality and slower growth as cross-transplants than self-transplants.  Despite the 

warmer and lower pH environment of Ngermid Bay, 90% of colonies transplanted to the milder 

Drop Off environment showed total or partial mortality after 17 months, while all self-transplants 

survived; 73% of Drop Off corals transplanted to Ngermid Bay showed total or partial mortality, 

while 75% of self-transplants survived (Barkley et al., 2017). These results follow trademark 

patterns of local adaptation, such as groups doing better at home despite a lower quality 

environment (Kawecki and Ebert, 2004). These patterns are reinforced by our findings that 
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different genetic subpopulations show different bleaching histories that genetic distances 

between sites increase with diverging environmental conditions.  

 

Similar isolation-by-environment patterns (reviewed in Shafer and Wolf 2013; Wang and 

Bradburd 2014), have been reported in a variety of taxa, such as plants (Leimu and Fischer, 

2008), gastropods (Johansson, Quintela and Laurila, 2016), nematodes (McGaughran, Morgan 

and Sommer, 2014), three-spine sticklebacks (Gelmond, von Hippel and Christy, 2009; Weber et 

al., 2016), and even highly mobile species such as dolphin (Mendez et al., 2010). In the Great 

Barrier Reef, Lundgren et al., (2013) found that single nucleotide polymorphism frequencies in 

genes differentially regulated under experimental heat stress followed environmental gradients in 

wild populations of Pocillopora damicornis and Acropora millepora. Howells et al., (2016) 

found that Platygyra daedelae in the Persian/Arabian Gulf formed a distinct subpopulation from 

conspecifics in the adjacent but cooler Sea of Oman and they showed higher survival and 

antioxidant capacity under heat stress, suggesting local adaptation. 

 

Together, the high mortality observed in cross-transplants (Barkley et al., 2017) and the 

population structure patterns reported here across both microsatellite and SNP markers, support 

the hypothesis that RI corals are locally adapted to their more extreme environments, and that 

physical barriers are not the primary drivers of genetic differentiation across Palau.  

 

Genotype-by-phenotype interactions 

Corals living under stressful conditions can be more resilient or resistant to environmental 

extremes. An extensively-studied system of A. hyacinthus colonies from tidally isolated back 

reefs in American Samoa, has shown corals from a more thermally variable pool bleach less 

under experimental heat stress (Oliver & Palumbi, 2011). These corals also show different 

expression levels of genes commonly associated with heat stress compared to conspecific 

colonies from milder pools only a few meters away (Seneca & Palumbi, 2015). Transplants of 

corals into this variable pool, showed increased thermal tolerance after several months, albeit 

below that of the highly variable pool natives, suggesting both adaptation and plasticity play a 

role in generating the observed differences (Palumbi et al., 2014). Meanwhile, corals in the 
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Persian/Arabian Gulf can tolerate summer temperature peaks of 36°C, levels that would bleach 

and likely kill many corals around the world (D’Angelo et al., 2015; Howells et al., 2016).  

 

In 1998, ENSO temperature anomalies in Palau reached 12-degree heating weeks. The 2010 

event, while longer lasting, peaked at ~4-degree heating weeks (Barkley and Cohen, 2016). In 

situ temperature data show RI reefs are consistently warmer than their OR counterparts (Figure 

2A), and remain warmer during ENSO events. The diurnal range of temperatures in the RI is also 

larger than in the OR (Figure 2B). One could expect, then, that both the higher daily variability 

and the chronically higher temperatures experienced by RI corals may facilitate increased 

thermal tolerance.  

 

Indeed, Barkley & Cohen (2016) found Porites from the RI reefs had fewer skeletal stress bands 

– anomalously high-density bands formed during bleaching – than those in the OR. By 

combining core data with genetic data from the same colonies for the first time, we find 

prevalence of skeletal stress bands follows genetic groupings (Figure 7A). RI-associated genetic 

clusters (dark blue and green) show 21% and 16% stress band prevalence (overall) compared to 

42% in the OR-associated cluster (light blue) (Figure 7A).  

 

Within the RI, chronically stressful conditions both in temperature and pH, could have driven 

selection for thermally and low pH tolerant genotypes, leading to the strong population structure 

measured here. Colonies belonging to the RI genetic subpopulations show higher thermal 

tolerance even when they reside on the outer reefs (Figure 7B). Interestingly, corals from the 

outer reef genotypes living in the RI also show a trend towards higher thermal tolerance than 

their genetic counterparts in the OR (Figure 7B). This pattern could come about through several 

mechanisms: (1) the RI habitats provide environmental buffering to heat stress, perhaps due to 

higher turbidity or shading which may mitigate the irradiance-related stress that is often 

combined with heat stress in the open ocean, (2) strong selection of OR recruits that disperse into 

the RI may leave behind only the more tolerant of the OR gene pool, or (3) alternatively, 

acclimatization to the RI’s chronically warmer conditions may increase the tolerance of OR 

genotypes as they grow and develop. These are not mutually exclusive explanations, however, 

and it is perhaps more likely that all these factors are acting in combination.   
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Adaptation to stressful environments may come with other physiological or reproductive trade-

offs (Kawecki and Ebert, 2004). Rock Island corals have slower overall calcification rates than 

OR corals (Barkley and Cohen, 2016). Yet, under experimental conditions, fragments of Porites 

colonies from Drop Off (OR) and Ngermid Bay (RI) showed no significant declines from their 

baseline calcification rates under decreasing aragonite saturation. However, calcification 

declined dramatically in reciprocal field transplants (Barkley et al., 2017). This suggests that RI 

corals’ ability to tolerate chronic pH stress is limited outside of their habitat and that there are 

trade-offs associated with coping with other conditions present in the field. 

 

We find a significant correlation between genotype and skeletal growth rates, bio-erosion, tissue 

thickness, and lipid content (Fig 8C and 8D). Suggesting baseline levels of growth and other 

phenotypic parameters may have a significant genetic basis, but as results from Barkley et al., 

(2017) suggest, there is an important interaction between the genetic underpinning of coral’s 

resilience and the environmental conditions that facilitated it. Experimental work that examines 

these trade-offs in RI and OR corals under multi-stressor scenarios would further understanding 

of coral physiology and the limits of their potential for adaptation and acclimatization.  

 

Irrespective of the mechanism for their success, RI reefs harbor communities that tolerate 

temperature and pH conditions proven to be stressful for corals elsewhere (Fabricius et al., 2011; 

Langdon and Atkinson 2005). As the oceans warm and pH declines, outer reefs will begin to 

more closely resemble RI habitats. The RI may then serve as a source of high-temperature/low-

pH adapted corals.  

 

Outlier loci 

Many of the sequences identified as outliers could be related to genes that have been previously 

associated with stress responses in corals. While this is promising, the limited scope of this 

dataset can provide only very partial insight. The small number of individuals by site and 

population group can readily bias analyses that depend on allele frequencies to determine 

outliers. In addition, linkage disequilibrium analyses (not shown) suggest there are high levels of 

linkage between loci analyzed here. Therefore, loci flagged at outliers may simply be strongly 
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linked to another locus that could be more intimately involved in the physiological differences 

we see between sites and genetic subpopulations. Future RAD-seq studies on a larger number of 

samples would provide higher power and resolution to investigate a genetic basis for the 

environmental tolerance of RI corals. In situ gene expression studies of corals in Palau could also 

yield valuable understanding of why corals in the RI show higher thermal tolerance.  

 

Implications for management 

Our results show the RI habitats are genetically distinct from OR areas and that they harbor more 

tolerant genotypes. While Palau is a world leader in protecting its marine environment, having 

declared over 80% of its exclusive economic zone a no-take area in 2015 (Friedlander et al. 

2014), none of the RI sites in this study are part of established protected areas. Rising sea surface 

temperatures, declining pH, and the possibility of more frequent or more severe ENSO events, 

will place corals under increasing pressure (van Hooidonk et al., 2016). Protecting areas that are 

capable of withstanding substantial stress will help ensure that their abilities do not face 

additional challenges from overfishing, coastal development, and other stressors. We encourage 

the government of Palau to consider protecting RI habitats to the greatest extent possible to best 

ensure survival of these tolerant coral communities.  

 

CONCLUSION 
We present the first study of genetic connectivity of an important reef building coral, Porites 

lobata, across the Palauan archipelago, and the first to examine connectivity within Palau’s low 

pH, high temperature, RI reefs. We are also the first to combine genetic and coral core data from 

the same colonies. With this approach, we find genetically distinct groups show differential 

bleaching susceptibility. Genetic distances also correlate with coral growth rates and other 

phenotypic measures. The patterns described here indicate selection and local adaptation to the 

RI habitats, not physical isolation, are the primary drivers of population structure within Palau’s 

reef system. The resilient/resistant corals of Palau’s RI could serve as future sources of tolerant 

larvae for the rest of Palau’s reefs as temperatures rise and pH declines on the outer reefs, and 

these environments begin to mirror the current conditions in Palau’s RI. This study underscores 

the need to identify habitats harboring tolerant genotypes as genetic and physical connectivity 

between such reefs and vulnerable areas could facilitate recovery and strengthen affected reefs. 
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CHAPTER 3 FIGURES 

 

Figure 1. Map of sampling sites across Palau. (A) Palau’s location in the western Pacific. Land 
in white, ocean in grey. (B) Palauan mainland. Land is depicted in dark gray and the reef 
platform is drawn in coral pink with light gray contours. Circular markers denote outer reef (OR) 
sites, while triangular markers denote Rock Island (RI) sites. Blue crosses depict the two other 
sites that are grouped with Mixed Outer. (C) Close of up of RI region (D) Palauan mainland and 
Helen Reef (E) Close up of Helen atoll, marker shows sampling location.  
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Figure 2. In situ temperature data by site. All subplots follow legend in A, where Rock Island sites are in warmer colors, while 
outer reef sites are depicted in cooler colors. (A) Weekly averaged time series by site. Minor x gridlines are months, major x gridlines 
are years. (B) Temperature profile of a representative day at each site, calculated by averaging the temperature at each respective time 
of day over the course of each site’s time series using data filtered to remove longer term >36-hour variability. (C) Boxplot of monthly 
97th percentile temperatures by site. (D) Boxplot of maximum daily temperatures. (E) Boxplot of minimum daily temperatures. 
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Figure 3. Principal component analysis of microsatellite allele frequencies. PCA was 
conducted in GENODIVE. The Rock Islands (RI, red triangles) separate from the outer reefs (OR, 
blue circles) along PC1. Along PC2 the RI sites are further subdivided into two clusters. Percent 
of variance explained by each PC is in the axis label.  
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Figure 4. STRUCTURE output for K=3 using microsatellites. Results using twelve microsatellite markers with missing data 
included. Sampling locations from south to north with RI site labels in red (left) and OR in blue (right). Rock Island sites are 
dominated by the light green and dark blue groups, while the outer reefs are predominantly composed of their own population group 
(light blue).  
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Figure 5. STRUCTURE output for K=3 using RAD-seq derived SNPs. RAD results (bottom) 
compared to the results of the same samples using microsatellite data (top). The population 
assignments are highly consistent across samples. Only two samples (arrows), switch their 
dominant (>50%) assigned group. The RI-OR distinction is also evident from the RAD-seq 
derived results.  

 
 
 



 96 

 
 
 
 
 
 
 
 

 

 

 

 

 

Figure 6. Population structure using SNP data. (A) Principal component analysis. Site 
averaged PC coordinates are denoted by points, colored according to reef type, red triangles for 
RI and blue circles for OR. Site labels are next to each point. Percent of variance explained by 
each PC is labeled on the axes. (B) Discriminant analysis of principal components of SNP data 
using the microsatellite derived population groups (colors in Figure 4) as the grouping variable.  

 

B 
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Figure 7. Genotype-by-phenotype patterns. (A) Stress band prevalence by genetic group. 
Colors correspond to those in the K=3 STRUCTURE results (Figure 4). Significant differences 
between groups denoted by letters (see methods for details). Number of cores in each group 
detailed on each bar. (B) Stress band prevalence in 1998 and 2010 for corals by location and 
genetic background. The two RI genetic groups (dark blue and green) are combined into one (red 
lines). Years are ordered by increasing thermal stress, such that 2010 (a milder heat stress) is 
before 1998 (a more severe heat stress event). Correlation of genetic distances between sites and 
mean core growth values (C) or phenotype values (D). R2 and p values obtained from Mantel 
tests with 99,999 permutations, using Spearman’s rank statistic.  
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CHAPTER 3 TABLES 

Table 1. Sampling metadata by site. GPS coordinates are in decimal degrees. Mean 
depth and mean colony diameter by site are averaged over all the colonies sampled per 
site. Colonies from Risong were not measured. Sampling sites are shown in Figure 1.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

*Mixed Outer coordinates are for the location from which most samples in this group 
originated. The group contains samples from two other outer reef locations that had too 
few samples to be considered their own unit and so were pooled. See Figure 1 and 
methods for details. 
 

  

Site Latitude Longitude 
Depth (m) 

mean (SD) 

Diameter (m) 

mean (SD)  

No. of 

Colonies 

Rock Islands 

Mecherchar 7.161 134.349 3.73 (1.25) 0.51 (0.24) 41 

Taoch 7.267 134.387 2.61 (0.57) 0.68 (0.31) 40 

Risong 7.310 134.477 2.81 (3.02) - 17 

Ngermid Bay 7.333 134.507 3.01 (2.11) 0.49 (0.21) 39 

Mean 7.296 134.430 3.19 (1.19) 0.55 (0.26) 34 

Outer Reefs 

Helen Reef 2.933 131.776 1.47 (1.21) 0.63 (0.40) 58 

Mixed Outer* 7.272 134.381 4.44 (1.74) 0.76 (0.32) 18 

Drop Off 7.267 134.521 2.62 (1.15) 0.41 (0.15) 37 

Ngerdiluches 7.438 134.357 3.85 (1.63) 0.84 (0.34) 30 

Melekeok 7.517 134.635 0.93 (0.41) 0.68 (0.59) 17 

Ngerchelong 7.822 134.562 0.76 (0.26) 0.29 (0.06) 9 

Kayangel 8.039 134.690 5.67 (0.83) 0.53 (0.35) 26 

Mean 6.898 134.132 2.87 (2.05)  0.63 (0.39) 28 
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Table 2. Genotype frequencies. Results from GENALEXv.5.02. Numbers reported as mean (standard error). 
N – Average number of individuals with allele data across all loci. NA – Average number of unique 
microsatellite length alleles per population across all loci. NEFF – Number of effective alleles across all loci.  
I – Shannon’s diversity index for allelic diversity. HO – Observed heterozygosity. HE – expected 
Heterozygosity. uHE- unbiased expected heterozygosity (based on Nei’s correction). F– Fixation Index. 
#HWE – number of loci (out of 12) for which HWE hypothesis was not rejected (i.e. locus is likely in HWE). 
 

Site N NA NEFF I HO HE uHE F #HWE 

Rock Islands 

Mecherchar 39.25 (1.49) 12.25 (1.29) 5.52 (0.51) 1.95 (0.09) 0.79 (0.03) 0.80 (0.02) 0.81 (0.02) 0.02 (0.05) 10 

Taoch 27.33 (0.33) 11.50 (1.31) 6.30 (0.93) 2.00 (0.12) 0.82 (0.04) 0.81 (0.02) 0.82 (0.02) -0.01 (0.04) 11 

Risong 16.75 (0.74) 10.08 (1.03) 5.67 (0.73) 1.90 (0.11) 0.70 (0.04) 0.79 (0.03) 0.82 (0.03) 0.10 (0.06) 8 

Ngermid Bay 37.92 (0.36) 12.75 (1.44) 7.13 (0.94) 2.11 (0.12) 0.80 (0.03) 0.83 (0.02) 0.84 (0.02) 0.04 (0.04) 9 

Outer Reefs 

Helen 55.17 (0.73) 15.58 (1.62) 7.31 (0.83) 2.22 (0.10) 0.82 (0.03) 0.84 (0.02) 0.85 (0.02) 0.03 (0.03) 10 

Mixed Outer 16.83 (0.41) 9.17   (0.72) 4.80 (0.54) 1.78 (0.10) 0.73 (0.04) 0.76 (0.03) 0.78 (0.03) 0.05 (0.05) 12 

Drop Off 33.08 (0.43) 14.33 (1.50) 7.26 (0.91) 2.19 (0.11) 0.81 (0.02) 0.84 (0.02) 0.85 (0.02) 0.03 (0.03) 11 

Ngerdiluches 28.67 (0.41) 11.50 (1.00) 6.86 (0.89) 2.04 (0.12) 0.82 (0.04) 0.82 (0.03) 0.83 (0.03) -0.01 (0.04) 11 

Melekeok 16.58 (0.23) 9.08   (0.67) 5.37 (0.49) 1.87 (0.09) 0.77 (0.04) 0.80 (0.02) 0.82 (0.02) 0.04 (0.04) 11 

Ngerchelong 6.58   (0.23) 6.33   (0.59) 4.61 (0.55) 1.57 (0.15) 0.70 (0.07) 0.72 (0.05) 0.78 (0.06) 0.01 (0.07) 11 

Kayangel 23.58 (0.60) 10.92 (1.42) 6.46 (0.98) 1.97 (0.14) 0.74 (0.04) 0.80 (0.03) 0.82 (0.03) 0.08 (0.05) 10 

Total 27.43 (1.15) 11.23 (0.41) 6.12 (0.24) 1.96 (0.04) 0.77 (0.01) 0.80 (0.01) 0.82 (0.01) 0.03 (0.01) 10.4 
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Table 3. Pairwise FST. Significance values based on 9,999 permutations conducted in GENODIVE. FST values are color coded 
from the lowest to highest in increasing intensity of orange background in the lower triangular. Borders divide RI and OR sites. 
Significance is reported in the upper triangular:  *** p<0.0001, ** p<0.001, * p<0.005. The significance cut-off of p<0.005 was 
calculated based on Bonferroni correction for multiple testing.  
 
 

Mecherchar Taoch Risong Ngermid Helen Mixed 
Outer 

Drop 
Off 

Ngerdiluches Melekeok Ngerchelong Kayangel 

Mecherchar - *** * *** *** *** *** *** *** *** *** 
Taoch 0.074 - *** *** *** *** *** *** *** *** *** 
Risong 0.026 0.063 - *** *** *** *** *** *** ** *** 
Ngermid 0.044 0.020 0.033 - *** *** *** *** *** * *** 

Helen 0.060 0.045 0.054 0.026 - *** * *** ** ** * 
Mixed Outer 0.069 0.079 0.063 0.035 0.027 - n.s n.s n.s n.s *** 
Drop Off 0.044 0.051 0.039 0.022 0.010 0.009 - *** n.s n.s * 
Ngerdiluches 0.052 0.062 0.041 0.020 0.017 0.013 0.013 - * n.s n.s 
Melekeok 0.067 0.083 0.057 0.044 0.020 0.018 0.014 0.023 - n.s * 
Ngerchelong 0.067 0.083 0.054 0.044 0.035 0.010 0.016 0.021 0.013 - n.s 
Kayangel 0.067 0.047 0.043 0.022 0.012 0.025 0.014 0.013 0.027 0.034 - 
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Table 4. Top BLAST hits of outlier loci identified by BayeScan.  
 

Outlier in both analyses 

Locus Top Hit Max 
Score 

Total 
Score 

Query 
Cover E Value %Identity 

Sc0000002_1808782 
PREDICTED: Piliocolobus 
tephrosceles E2F transcription 
factor 7 (E2F7), mRNA 

50.0 50.0 4% 1.6E-01 86% 

Sc0000004_941259 
PREDICTED: Orbicella faveolata 
uncharacterized LOC110051032 
(LOC110051032), mRNA 

55.4 55.4 7% 4.0E-03 76% 

Sc0000012_1469480 
 Stylophora pistillata UV radiation 
resistance associated protein-like 
(LOC111325499), mRNA 

57.2 57.2 5% 1.0E-03 82% 

Sc0000365_27864 

PREDICTED: Stylophora pistillata 
probable G-protein coupled 
receptor 83 (LOC111322441), 
transcript variant X5, mRNA 

84.2 84.2 8% 8.0E-12 84% 

Sc0000031_359818 

PREDICTED: Orbicella faveolata 
zinc finger SWIM domain-
containing protein 6-like 
(LOC110062186), transcript variant 
X4, mRNA 

517.0 572.0 57% 4.0E-
142 82% 

Sc0000064_616885 

PREDICTED: Acropora digitifera 
zinc finger protein ZIC 4 
pseudogene (LOC107357869), 
misc_RNA 

600.0 600.0 86% 4.0E-
167 76% 

Sc0000086_404447 
PREDICTED: Acropora digitifera 
hemicentin-1-like (LOC107333929), 
mRNA 

59.0 59.0 14% 3.0E-04 69% 

Outlier in Site Analyses 

Locus Top Hit Max 
Score 

Total 
Score 

Query 
Cover E Value %Identity 

Sc0000008_1085486 
PREDICTED: Acropora digitifera 
proteoglycan 4-like 
(LOC107339856), mRNA 

347 347 63% 4.00E-
91 72% 

Sc0000008_1986686 

PREDICTED: Python bivittatus 
DNA-dependent protein kinase 
catalytic subunit (LOC103059879), 
partial mRNA 

48.2 48.2 5% 0.54 82% 

Sc0000009_2047435 
PREDICTED: Acropora digitifera 
neuropeptide Y receptor type 6-like 
(LOC107356465), mRNA 

136 208 24% 1.00E-
27 81% 

Sc0000010_560663 
PREDICTED: Orbicella faveolata 
histamine H2 receptor-like 
(LOC110042776), mRNA 

100 100 23% 1.00E-
16 69% 
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Sc0000013_1904394 
PREDICTED: Acropora digitifera 
histone-lysine N-methyltransferase 
2E-like (LOC107344526), mRNA 

122 191 13% 3.00E-
23 82% 

Sc0000029_1607797 
Homo sapiens vaccinia related 
kinase 2 (VRK2), RefSeqGene on 
chromosome 2 

50 50 3% 0.16 90% 

Sc0000048_242925 

PREDICTED: Acropora digitifera 
probable serine/threonine-protein 
kinase DDB_G0271682 
(LOC107347135), misc_RNA 

122 122 14% 3.00E-
23 80% 

Sc0000048_1207361 

Onchocerca flexuosa genome 
assembly O_flexuosa_Cordoba, 
scaffold OFLC_contig0020065 / 
PREDICTED: Austrofundulus 
limnaeus caM kinase-like vesicle-
associated protein 
(LOC106535498), mRNA 

51.8 51.8 4% 0.045 84% 

Sc0000048_1296913 
PREDICTED: Orbicella faveolata 
TNF receptor-associated factor 6-
like (LOC110050534), mRNA 

120 120 17% 1.00E-
22 76% 

Sc0000064_414274 

PREDICTED: Stylophora pistillata 
caprin-1-like (LOC111325449), 
mRNA / PREDICTED: Acropora 
digitifera rRNA 2'-O-
methyltransferase fibrillarin-like 
(LOC107353733), mRNA 

149 149 22% 2.00E-
31 75% 

Sc0000070_403199 

PREDICTED: Acanthaster planci 
DDRGK domain-containing protein 
1-like (LOC110982522), transcript 
variant X5, mRNA 

48.2 48.2 5% 0.54 82% 

Sc0000095_255618 
PREDICTED: Orbicella faveolata 
galanin receptor type 1-like 
(LOC110060465), mRNA 

107 107 18% 7.00E-
19 70% 

Sc0000150_835946 
PREDICTED: Orbicella faveolata 
protein kintoun-like 
(LOC110061044), mRNA 

313 361 36% 9.00E-
81 83% 

Sc0000158_194923 
PREDICTED: Orbicella faveolata 
histone acetyltransferase KAT8-like 
(LOC110060962), mRNA 

116 116 9% 1.00E-
21 87% 

Sc0000158_252182 

PREDICTED: Orbicella faveolata 
transcription elongation factor A 
protein 2-like (LOC110057360), 
mRNA 

224 224 22% 3.00E-
54 82% 

Sc0000160_494360 

PREDICTED: Stylophora pistillata 
solute carrier organic anion 
transporter family member 4A1-like 
(LOC111331304), transcript variant 
X2, mRNA 

68 68 13% 6.00E-
07 71% 

Sc0000184_305354 PREDICTED: Gossypium hirsutum 
putative disease resistance protein 53.6 53.6 4% 0.013 88% 



 103 

At4g11170 (LOC107889659), 
transcript variant X10, mRNA 

Sc0000185_215278 
PREDICTED: Orbicella faveolata 
aldo/keto reductase slr0942-like 
(LOC110059813), mRNA 

77 77 7% 1.00E-
09 84% 

Sc0000208_157852 
PREDICTED: Orbicella faveolata 
helicase ARIP4-like 
(LOC110049740), mRNA 

111 213 10% 5.00E-
20 84% 

Sc0000216_421008 

PREDICTED: Mus musculus A 
kinase (PRKA) anchor protein 17B 
(Akap17b), transcript variant X2, 
mRNA 

50 50 3% 0.16 89% 

Sc0000224_665614 

PREDICTED: Terrapene mexicana 
triunguis claudin 11 (CLDN11), 
transcript variant X1, mRNA / 
PREDICTED: Acropora digitifera 
DNA topoisomerase 3-beta-1-like 
(LOC107332980), mRNA 

50 50 5% 0.16 80% 

Sc0000234_485067 
PREDICTED: Orbicella faveolata 
tetratricopeptide repeat protein 28-
like (LOC110055387), mRNA 

114 114 12% 4.00E-
21 82% 

Sc0000288_382548 
PREDICTED: Acropora digitifera L-
fucose kinase-like 
(LOC107342267), mRNA 

102 102 10% 3.00E-
17 81% 

Sc0000498_280018 
PREDICTED: Acropora digitifera 
E3 ubiquitin-protein ligase TRIM71-
like (LOC107355040), mRNA 

73.4 73.4 7% 1.00E-
08 81% 

Sc0000772_1389 
PREDICTED: Orbicella faveolata 
monoacylglycerol lipase abhd6-A-
like (LOC110067629), mRNA 

51.8 51.8 4% 0.045 86% 

xfSc0000001_670424 
PREDICTED: Orbicella faveolata 
uncharacterized LOC110039944 
(LOC110039944), mRNA 

53.6 53.6 5% 0.013 82% 

xfSc0000006_574107 

PREDICTED: Orbicella faveolata 
ABC transporter G family member 
22-like (LOC110039874), transcript 
variant X3, mRNA 

95.1 166 19% 4.00E-
15 81% 

xfSc0000052_10605 

PREDICTED: Lepidothrix coronata 
RNA-directed DNA polymerase 
from mobile element jockey-like 
(LOC108493618), mRNA 

59 59 6% 3.00E-
04 78% 

xfSc0000133_24833 

PREDICTED: Stylophora pistillata 
D(2)-like dopamine receptor 
(LOC111339477), mRNA / 
PREDICTED: Orbicella faveolata 
uncharacterized LOC110069343 
(LOC110069343), ncRNA 

46.4 46.4 2% 1.9 96% 
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xfSc0000199_2705 

Acropora cytherea clone Ac0546 
microsatellite sequence/ 
Seriatopora hystrix/Symbiodinium 
mixed library clone ShD_E13 
mRNA sequence 

104 104 11% 8.00E-
18 81% 

xfSc0000199_2796 

Acropora cytherea clone Ac0546 
microsatellite sequence/ 
Seriatopora hystrix/Symbiodinium 
mixed library clone ShD_E13 
mRNA sequence 

104 104 11% 8.00E-
18 81% 

xpSc0007091_72977 
PREDICTED: Acropora digitifera 
serine-rich adhesin for platelets-like 
(LOC107357549), mRNA 

221 221 24% 4.00E-
53 80% 

xpSc0007141_61165 

PREDICTED: Acropora digitifera 
uncharacterized LOC107345598 
(LOC107345598), mRNA/ 
PREDICTED: Acropora digitifera 
radial spoke head 1 homolog 
pseudogene (LOC107343353), 
misc_RNA 

86 86 7% 2.00E-
12 84% 

Outliers in msat population analysis 

Locus Top Hit Max 
Score 

Total 
Score 

Query 
Cover E Value %Identity 

Sc0000160_515543 
Acropora millepora isolate LDH 
lactate dehydrogenase-like gene, 
partial sequence 

179.0 179.0 18% 1.0E-40 83% 

Sc0000353_323483 

PREDICTED: Acropora digitifera 
structural maintenance of 
chromosomes flexible hinge 
domain-containing protein 1-like 
(LOC107341445), mRNA 

370.0 370.0 46% 4.0E-98 78% 

Sc0000356_96465 

PREDICTED: Stylophora pistillata 
phytanoyl-CoA dioxygenase 
domain-containing protein 1-like 
(LOC111337078), mRNA 

66.2 66.2 8% 2.0E-06 78% 

Sc0000363_289605 

PREDICTED: Orbicella faveolata 
general transcription factor IIE 
subunit 1-like (LOC110052182), 
mRNA 

64.4 64.4 7% 7.0E-06 80% 

Sc0000383_198044 

PREDICTED: Acropora digitifera 
DCN1-like protein 1 
(LOC107336124), transcript variant 
X2, mRNA 

349.0 448.0 30% 1.0E-91 84% 

Sc0000437_215938 
REDICTED: Orbicella faveolata 
uncharacterized LOC110043069 
(LOC110043069), mRNA 

71.6 71.6 17% 5.0E-08 70% 
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Sc0000019_618304 
PREDICTED: Cicer arietinum 
probable boron transporter 7 
(LOC101514693), mRNA 

48.2 48.2 4% 5.4E-01 88% 

Sc0000027_511972 

PREDICTED: Acropora digitifera 
solute carrier family 35 member 
C2-like (LOC107336270), transcript 
variant X3, mRNA 

383.0 383.0 31% 6.0E-
102 88% 
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CHAPTER 3 SUPPORTING INFORMATION 
 

Presence of cryptic species 

Porites evermanni and P. lobata can appear morphologically similar in the field (Boulay et al., 

2014). We combined our microsatellite dataset with two prior studies using the same markers: 

(1) P. evermanni and P. lobata from the eastern Pacific (Boulay et al., 2014) and (2) P. lobata 

across the Pacific (Baums et al., 2012). To ensure differences in PCR or sample preparation 

between labs did not influence results, we validated three samples at Pennsylvania State 

University (where the two studies were conducted) and Woods Hole Oceanographic Institution 

(this study). We found no differences in allele calls between these samples.  

 

We ran covariance-standardized Principal Component Analysis (PCA) in GENODIVE v.2.0b27 

(Meirmans & van Tienderen 2004) using individuals to verify that our samples clustered with P. 

lobata. A ‘codom-allelic’ FST and F’ST based analysis of molecular variance (AMOVA) using 

GENALEX v.6.502 (Peakall and Smouse, 2012) was used to measure differentiation.  

 

Our genotypes did not cluster with any P. evermanni genotypes in PCA analyses. All Palauan 

genotypes clustered strongly with western Pacific P. lobata from Baums et al., (2012) (Figure 

S4). Pairwise FST and F’ST values between our samples and P. evermanni samples were high 

(0.27 and 0.82, respectively) and significant (p<0.001) (Table S7), much higher than any 

pairwise site values within our data set. Furthermore, FST and F’ST values between our samples 

and other western Pacific P. lobata from the Baums et al., (2012) dataset were comparable to 

values obtained between sites within Palau (Table S7 and Table 3). FST values among 

STRUCTURE clusters were also within this range (0.03-0.1). We also tested for the presence of 

cryptic species in our RAD-seq dataset. Four P. evermanni samples from the Phoenix Islands 

Protected Area (PIPA) in the central Pacific were included in the RAD dataset, none of the 

Palauan samples clustered near the four P. evermanni samples in a principal component analysis 

(Figure S5). Together, this suggests our Palauan genotypes are indeed P. lobata and not P. 

evermanni. 

 

However, in the RAD-seq SNP dataset there were 8 samples from several locations (Taoch–2, 

Helen–1, Kayangel–1, Drop Off–1, Ngerchelong– 3) that showed high divergence from the 



 107 

remainder of our samples in the PCA results (Figure S5), and were mostly fixed for the alternate 

alleles at nearly all loci (Figure S6). These 8 samples were denoted as possible cryptic species 

and removed from all other downstream analyses, in the microsatellite dataset and RAD datasets. 

The dDocent pipeline was re-run without these 8 samples and without the P. evermanni samples 

from the PIPA for final analyses.   

 

The population structure we found in the remaining samples showed a strong division between 

RI and OR corals. Furthermore, STRUCTURE plots (Figures 4 and 5) show little admixture 

between genetic groups; that is, each sample is strong assigned to only one genetic 

subpopulation. To ensure that the subpopulations we found were not representing other possible 

Porites species, we ran STRUCTURE analyses separately on samples from each of the genetic 

subpopulations. In other words, we divided the dataset into samples assigned to each of the K=3 

population assignments and ran STRUCTURE on those three subsets. Even within these subsets 

we find a distinction between corals sampled from the RI and those from the OR. Meaning 

patterns within genetic subpopulations match the overall patterns described in the main text. 

Therefore, even in the scenario where each of the genetic subpopulations we find across the 

whole dataset represent three cryptic species, those cryptic species appear to be experiencing the 

same genetic population structure across Palau’s environmental gradients. We conclude it is 

more likely these genetic subpopulations indeed represent separate populations only one species, 

P. lobata, that have undergone local adaptation through selection in the harsher RI habitats.   
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CHAPTER 3 SUPPLEMENTARY FIGURES 
 

 
 
Figure S1. Population structure results from three different algorithms. Each relies on 
different assumptions. Results are highly consistent across methods and levels of missing data.  
 

  

Mecherchar           Taoch       Risong              Ngermid Helen                 Mixed           Drop O�     Ngerdiluches      Ngerchelong
     Outer                                    Melekeok          Kayangel
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Figure S2. UPGMA tree of F’ST distances between sites. Rock Island sites are labeled in red 
and cluster separately from outer reef sites (blue). Numbers at each node represent the bootstrap 
percentage support for that node, based on 99,999 replications.  
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Figure S3. Isolation-by-distance. Correlation based on Mantel test of transformed F’ST and 
pairwise geographic distance between sites with 99,999 permutations. Helen, the furthest site 
(~500 km from all other sites), was removed for plotting purposes.  
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Figure S4. Principal component analyses comparing Palauan P. lobata (grey) with other 
possible Porites species. (A) P. evermanni (red) and eastern Pacific P. lobata (teal). Data from 
Boulay et al., (2014). (B) Pacific wide P. lobata (teal). Data from Baums et al., (2012). Our data 
cluster along with the western and central Pacific samples in this dataset, which fall mostly in the 
bottom right quadrant. The cluster to the left of PC1 corresponds to Hawaiian samples and the 
cluster to the top of PC2 corresponds to eastern Pacific samples.  
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Figure S5. Principal component analysis of RAD-seq derived SNP data. Individual coral 
samples are represented by points, colored according to sampling site. Site labels appear at the 
center of their respective inertial ellipses. None of the Palauan samples clustered with the four 
Porites evermanni samples from the Phoenix Islands Protected Area (PIPA, purple arrow). 
However, eight Palau samples from several sampling sites (black arrow), clustered far from the 
remaining Palauan samples. These were flagged as potentially cryptic species and removed from 
downstream analyses in both RAD and microsatellite datasets.  
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Figure S6. Genotype plot of each SNP locus across all samples. Each row is a coral sample 
and each column is a RAD locus. The color represents the genotype of that individual at that 
locus, homozygote reference in red, heterozygote reference in blue, homozygote alternate allele 
in yellow. The eight tentative cryptic samples (arrows) have two copies of the alternative allele 
for most loci and thus appear as rows of yellow.  

  

(2) 

(2) 
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CHAPTER 3 SUPPLEMENTARY TABLES 

Table S1. Filtering of RAD-seq derived SNPs. The ‘TotalRawSNPs.vcf’ file produced by 
dDocent was filtered to retain high quality SNPs with enough data for population genetics 
analyses. A final set of 4,188 SNPs was used for all downstream analyses.  

Filter # Remaining % Retained 
(from prior set) 

Initial # of loci 3,284,531  

Loci genotyped in at least 50% of individuals  1,406,244 43% 

Loci with minor allele count > 3  599,515 43% 

Loci with minimum quality of 30 590,973 99% 

Loci with minimum depth of 10 590,973 100% 
Filter out individuals with >25% missing data 
(67/87 Individuals retained) 590,973 100% 

Filter loci with > 10% missing data  
by population  511,424 87% 

Allele balance <0.25 or >0.75 
Maximum mean depth of 90 343,414 67% 

Convert variant calls to SNPs 394,113 115% 

Remove indels  374,418 95% 
> 90% data by population, minor allele 
frequency ³ 0.05 50,266 13% 

Only bi-allelic SNPs 48,059 96% 

> 95% of the data per locus  9,832 20% 

Only one SNP per locus 4,188 43% 
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Table S2. Symbiodinium genotyping results. BLAST hits of ITS2 sequences amplified from 
bands extracted from DGGE of the ITS2 region. All samples analyzed shared bands with the C15 
culture isolates. Additional bands were likely heterodimers, but were extracted and sequenced to 
verify clade identity. All results correspond to Clade C symbionts, primarily C15.  

 

Site Sample  
Other samples  

with same bands  
(from various sites) 

Hit 

Risong 14_1226/ 
Palau_034 

234, 266, 245, 242, 041, 112, 113, 
053, 294, 314 

Symbiodinium sp. C15 isolate POR3B 5.8S 
ribosomal RNA gene, partial sequence; 
internal transcribed spacer 2, complete 
sequence; and 28S ribosomal RNA gene, 
partial sequence 

Ngermid Palau_113 266, 034, 112, 041 

Helen Palau_171 213, 200, 176, 14_1254, 14_1253, 
14_1246, 14_1245, C15 

Mercherchar 
Palau_264 270,354, 268 

Palau_270 264, 293, 306, 308, 354, 268 

P. evermanni, 
PIPA PIPA_245 266, 034,112, 041 

Isolate 5 C15 Isolate 
All  

Isolate 7 C15 Isolate 

Mercherchar 
 Palau_270  

306,308,346,354 

Symbiodinium sp. C clone KB184RR_3 
5.8S ribosomal RNA gene, partial sequence; 
internal transcribed spacer 2, complete 
sequence; and 28S ribosomal RNA 

264,306,308,348 

Symbiodinium sp. clade C isolate Colony-
7D1 5.8S ribosomal RNA gene, partial 
sequence; internal transcribed spacer 2, 
complete sequence; and 28S ribosomal 
RNA gene, partial sequence  
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Table S3. G Statistics per locus. N – Number of alleles per locus across all populations. NEFF – 
Number of effective alleles per locus across all populations. HO – Observed heterozygosity. HS – 
Mean heterozygosity within populations. HT – Total expected heterozygosity across all 
populations. GIS – Inbreeding coefficient. GST – Fixation index. G’ST (Nei) – Fixation index with 
Nei’s correction. G’ST (Hed) – Fixation index with Hedrick’s correction G’’ST – Standardized 
fixation index with Meirmans & Hedrick’s correction. DEST – Index of population differentiation.  

 

Locus N NEFF HO HS HT H’T GIS GST G’ST (Nei) G’ST (Hed) G’’ST DEST 
340 19 4.002 0.720 0.776 0.817 0.821 0.071 0.051 0.055 0.243 0.247 0.202 
780 23 5.102 0.809 0.824 0.864 0.868 0.018 0.046 0.050 0.283 0.286 0.248 
905 33 8.902 0.751 0.916 0.949 0.952 0.180 0.034 0.038 0.447 0.449 0.428 

1357 52 7.856 0.813 0.896 0.930 0.934 0.093 0.037 0.040 0.385 0.387 0.361 
1370 19 3.395 0.706 0.727 0.763 0.766 0.029 0.047 0.051 0.185 0.189 0.144 
1483 27 5.964 0.823 0.854 0.873 0.875 0.036 0.022 0.024 0.162 0.163 0.143 
1551 15 5.500 0.885 0.837 0.855 0.857 -0.057 0.021 0.023 0.137 0.139 0.119 
1556 25 5.646 0.760 0.846 0.888 0.892 0.102 0.048 0.052 0.335 0.338 0.301 
1629 16 2.972 0.750 0.678 0.703 0.705 -0.106 0.036 0.039 0.118 0.121 0.085 
1868 25 6.585 0.834 0.870 0.885 0.887 0.040 0.018 0.019 0.146 0.147 0.131 
2069 15 3.698 0.562 0.752 0.776 0.779 0.253 0.031 0.034 0.134 0.136 0.106 
2258 48 7.873 0.829 0.897 0.928 0.932 0.075 0.034 0.037 0.360 0.362 0.337 

Overall 26.4 5.625 0.770 0.823 0.853 0.856 0.064 0.035 0.038 0.214 0.217 0.185 
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Table S4. G Statistics by site. N – Average number of alleles per locus. NEFF – Number of 
effective alleles per site. HO – Observed heterozygosity. HS – Mean heterozygosity within 
populations. HT – Total expected heterozygosity across all populations. GIS – Inbreeding 
coefficient.  

 
Site N NEFF HO HS HT GIS 

Mecherchar 12.25 5.52 0.785 0.814 0.814 0.035 

Taoch 11.50 6.30 0.818 0.822 0.822 0.005 

Risong 9.50 5.39 0.695 0.813 0.813 0.146 

Ngermid 12.75 7.13 0.798 0.845 0.845 0.056 

Helen 15.58 7.31 0.819 0.853 0.853 0.039 

Mixed Outer 9.17 4.80 0.726 0.787 0.787 0.078 

Drop Off 14.50 7.24 0.810 0.853 0.853 0.051 

Ngerdiluches 11.50 6.86 0.819 0.833 0.833 0.017 

Melekeok 9.08 5.37 0.766 0.823 0.823 0.069 

Ngerchelong 6.33 4.61 0.701 0.782 0.782 0.104 

Kayangel 10.92 6.46 0.736 0.823 0.823 0.106 
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Table S5. Pairwise F’ST values (below diagonal) and Jost’s D (above diagonal). Values are color coded from the lowest to highest 
with increasing intensity of grey (F’ST) or blue (Jost’s D) background. Borders separate the RI sites from OR sites.  
 

  
Mecherchar Taoch Risong Ngermid Helen Mixed 

Outer 
Drop 
Off Ngerdiluches Melekeok Ngerchelong Kayangel 

Mecherchar - 0.357 0.114 0.221 0.322 0.295 0.23 0.253 0.32 0.286 0.322 
Taoch 0.386 - 0.299 0.103 0.242 0.355 0.281 0.318 0.419 0.371 0.229 
Risong 0.037 0.307 - 0.167 0.287 0.270 0.203 0.197 0.276 0.232 0.205 
Ngermid 0.233 0.107 0.153 - 0.151 0.163 0.127 0.106 0.233 0.211 0.115 
Helen 0.328 0.261 0.271 0.16 - 0.131 0.057 0.096 0.108 0.172 0.061 
Mixed Outer 0.311 0.375 0.245 0.164 0.129 - 0.041 0.055 0.075 0.038 0.108 
Drop Off 0.242 0.302 0.194 0.132 0.052 0.019 - 0.071 0.073 0.078 0.072 
Ngerdiluches 0.264 0.340 0.177 0.105 0.094 0.027 0.063 - 0.114 0.093 0.062 
Melekeok 0.338 0.451 0.265 0.25 0.105 0.050 0.065 0.107 - 0.054 0.128 
Ngerchelong 0.221 0.380 0.058 0.198 0.144 -0.066 0.034 0.040 -0.002 - 0.152 
Kayangel 0.323 0.236 0.162 0.111 0.049 0.077 0.056 0.039 0.110 0.067 - 
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Table S6. OBSTRUCT results using STRUCTURE output for K=3. OBSTRUCT iteratively 
removes one user defined (in this case, geographic) population group and one inferred (in this 
case, STRUCTURE determined) population group from its correlative analyses and recalculates 
a R2 statistic for each subset of the data. This R2 statistic indicates the strength of the correlation 
between the factors of interest, i.e. geographical region and STRUCTURE-produced genetic 
population structure. If the R2 value increases when a group is removed, that group is 
diminishing the structure in the data, since removing it results in a stronger correlation between 
the geographic and genetic grouping. The opposite is true if the R2 value increases when a group 
is removed, it is adding structure. Mecherchar and Taoch are the strongest contributors to the 
structure seen in the dataset, i.e. they are the most genetically uniform groups.  

  
 

Overall R2  0.29 
p-value <0.0001 
R2 without Mecherchar 0.24 
R2 without Taoch  0.24 
R2 without Mixed Outer 0.27 
R2 Ngerdiluches 0.29 
R2 without Risong 0.29 
R2 without Ngerchelong 0.29 
R2 without Melekeok 0.3 
R2 without Drop Off 0.3 
R2 without Ngermid Bay 0.3 
R2 without Kayangel 0.31 
R2 without Helen 0.33 
R2 without inferred population 3 0.29 
R2 without inferred population 1 0.29 
R2 without inferred population 2 0.29 
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Table S7. Comparison of F’ST and FST values between Palauan samples and other Porites studies. 
Eastern Pacific comparisons are reported as Baums et al. 2012/Boulay et al. 2014 respectively.  

 

F’ST P. evermanni 
Eastern Pacific 

P. lobata 
Hawaiian P. 

lobata 
Western Pacific P. 

lobata 
Palauan 
Samples 0.802 0.448/0.491 0.659 0.110 

FST     
Palauan 
Samples 0.270 0.101/0.109 0.194 0.017 
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ABSTRACT 
 

Parental effects increase survivorship of offspring under environmental conditions similar to the 

parents’. Parents’ ability to match parental effects to new environmental conditions across 

temporal and spatial scales can facilitate rapid acclimatization and survival across generations. 

Here, we investigated parental effects in the estuarine anemone Nematostella vectensis by 

exposing parental populations to elevated temperatures and testing larval thermal tolerance 

across a gradient of temperatures. We find that parental exposure results in a consistent 0.3°C 

increase in larval LT50 (temperature at which 50% of larvae die). Subsequent larval cohorts 

return to baseline LT50 levels, indicating N. vectensis can quickly modulate parental effects to 

enhance larval survival in different environments. Paternal versus maternal effects could not be 

confidently discerned; however, exposure of mothers yielded larvae with higher thermal 

tolerance than controls for some cohorts, indicating maternal effects could be responsible for 

increased larval thermal tolerance. We also find LT50 of larvae from exposed Massachusetts 

parents is comparable to that of larvae from unexposed parents from North Carolina – a 

genetically isolated population with higher baseline thermal tolerance. Hybrid larvae show 

intermediate LT50s. North Carolina offspring also show increased LT50 following parental heat 

exposure, suggesting plasticity in parental effects is an inherent characteristic of N. vectensis. 

Together, these results indicate larval thermal tolerance is influenced by both long-term, 

adaptive, and short-term, plastic, responses. In N. vectensis, protective parental effects can 

provide substantial thermal tolerance to offspring. Further understanding the mechanisms behind 

such rapid increases in thermal tolerance can help elucidate the fate of thermally sensitive marine 

ectotherms in a rapidly changing thermal environment.  
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INTRODUCTION 
 

The ability of organisms to evolve and adapt to different environments is traditionally thought of 

as a slow process that requires selection over many generations. While studies of morphological 

and biogeographic changes from fossils often support this view, the ability of organisms to 

change quickly in response to human alteration of their habitats and to respond rapidly under 

artificial selection or experimental evolution suggests that the potential for rapid acclimatization 

and even adaptation is more easily harnessed than geological perspectives suggest (Reznick and 

Ghalambor, 2001). For instance, the iconic example of industrial melanism in England in the 

1970s demonstrated that shifts in the cryptic coloration of moths can quickly sweep through a 

population following a dramatic perturbation (Kettlewell, 1973).  

 

Melanism in moths is by no means an isolated example and many studies of experimental 

evolution, local adaption, invasions, and artificial selection show that organisms can quickly 

change even complex traits, such as life history, phenology, or morphology to better thrive in 

new environments. For instance, oceanic stickleback populations have adapted to and invaded 

freshwater habitats in fewer than 50 years (Lescak et al., 2015). Male guppies can change their 

coloration when moved to habitats without predators within 2-3 years (Kemp, Reznick, Grether, 

& Endler, 2009). The field mustard, Brassica rapa, can adjust flowering time following a strong 

summer drought in only two generations (Franks, Sim, & Weis, 2007). Populations of anole 

lizards show different thermal tolerance levels following acute selection events, such as cold 

snaps (Campbell-Staton et al., 2017). Canadian red squirrels have shifted their reproductive 

timing as temperatures have changed over the last 10 years (Reale, McAdam, Boutin, & 

Berteaux, 2003). Across a variety of taxa even changes in allelic distributions can occur within 

one to a few generations, much more quickly than the traditionally described timescales of 

evolutionary adaptation.  

 

In addition to the adaptive processes that might occur through the genetic shifts in a population, 

the range of phenotypic plasticity and the influence of parental or trans-generational effects can 

also quickly impact the reaction norms of subsequent generations. As an example of plasticity, 

copepods can reversibly adjust metabolic rates and fecundity in response to higher pCO2 levels 

(Thor & Dupont, 2015); and nematodes exposed to mild heat stress during early development 
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show higher survival under subsequent heat shock (Sikkink, Reynolds, Ituarte, Cresko, & 

Phillips, 2014). In corals, phenotypic plasticity in the form of hardening as well as trans-

generational effects may provide a buffer in response to both temperature and pH (Dixon et al., 

2015; Putnam & Gates, 2015; Putnam, Davidson, & Gates, 2016). Maternal effects have been 

observed in the three-spine stickleback, where mothers have been shown to influence the 

respiration rate of offspring in ways that promote growth under temperature conditions similar to 

their own (Shama, Strobel, Mark, & Wegner, 2014). Similarly, when exposed to stressful 

temperature conditions, damselfish parents and offspring that had been reared under milder, but 

still elevated temperatures maintained normal levels of respiration and aerobic scope, while fish 

reared under control temperatures showed sharp declines in aerobic scope under heat stress 

(Donelson, Munday, McCormick, & Pitcher, 2011). 

 

Parental effects encompass a wide range of mechanisms that aim to best prepare offspring for the 

conditions they may experience. For instance, parents can provide larvae with resources, such as 

RNA transcripts, energetic reserves (i.e. lipids), or modify the gestational environment, in order 

to enhance offspring survival and/or allow for faster acclimatization to environmental conditions 

(see reviews in Marshall & Uller, 2007 and Uller, 2008). In an era of rapid climate change, these 

short-term mechanisms may become indispensable for species survival (Galloway and Etterson, 

2007).  

 

If protective parental effects can provide substantial thermal resistance to offspring, then rapid 

acclimatization to environmental stressors can occur. In the context of temperature, the timing 

and duration of thermal stress relative to reproductive cycles, as well as the persistence of 

parental effects in future larval cohorts may facilitate the progression from acclimatization to 

adaptive processes, especially for thermally sensitive organisms (Putnam and Gates, 2015; 

Seebacher, White and Franklin, 2015). The ability of populations to respond to increasing 

temperatures will play a critical role in determining the distribution and persistence of species as 

global temperatures rise (Logan et al., 2013). 

 

The estuarine anemone, Nematostella vectensis (Stephenson, 1935), has emerged as a model 

cnidarian system as well as a highly tractable experimental organism for studying development 
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and ecophysiology (Darling et al., 2005). N. vectensis inhabits coastal salt marsh habitats along 

the eastern and western coasts of North America and parts of the United Kingdom, with 

populations from different locations showing strong genetic divergence as determined by AFLP 

markers (Reitzel et al., 2008). N. vectensis persists across a wide range of thermal environments 

over their latitudinal range, and populations from different latitudes also have different thermal 

tolerance thresholds during larval, juvenile, and adult stages, with individuals from more 

southern locations exhibiting faster growth and lower mortality at higher temperatures (Reitzel et 

al., 2013).  

 

Here, we explore the contribution of protective effects from parental thermal exposure to larval 

survival and compare these benefits to differences between locally adapted and genetically 

isolated N. vectensis populations from Massachusetts (MA) and North Carolina (NC). These 

experiments aim to assess the potential of acclimation, parental effects, and evolved genetic 

differences (adaptation) for increasing thermal thresholds using an important model organism.  
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METHODS 
 

Animal collection and husbandry 

All adult Nematostella vectensis used in experiments were laboratory populations of animals 

originally collected from the Great Sippewissett Marsh, MA (41.59 N, 70.63 W) or Fort Fisher, 

NC (33.95 N, 77.93 W). Animals were maintained at 18-20°C in filtered natural seawater diluted 

with deionized water to 15 psu. Water was changed and bowls were cleaned approximately every 

two weeks. Animals were fed freshly hatched brine shrimp nauplii larvae 4-5 times per week.  

 

Laboratory populations were kept in glass Pyrex™ (Corning Incorporated, Corning, NY, USA) 

containers in a 12:12 light, dark cycle. Animals used for experiments were placed under constant 

dark conditions at least two weeks prior to the start of experiments, in order to reduce any 

confounding effects associated with differences in light levels across treatments.  

 

Establishment of clonal lines 

N. vectensis is able to fully regenerate from a small segment, a process that it uses for asexual 

reproduction through physal pinching as well as to regenerate following injury (Stefanik, 

Friedman and Finnerty, 2013). To control for genetic variability between parents, experiments 

were conducted with clonal parental populations when possible (see individual experiment 

descriptions below). To create clonal lines, animals were repeatedly bisected transversely (across 

the body column), and allowed to regenerate completely until clonal lines reached 20-40 

individuals. Further details on the number of individuals per clonal line and the number of lines 

per experimental population are found in each experiment’s description and in Table 1.  

 

Heat stress regime 

Using two, Precision™ Dual Chamber 188 water baths (Thermo Fisher Scientific, Waltham, 

MA, USA), animals were transitioned from 20°C to 33°C, at a rate of 2°C/day, held at 33°C for 

four days (simulating maximum summer noon temperatures in the Sippewissett Marsh), and then 

returned to 20°C at the same rate prior to induction of spawning. A HOBO™ Tidbit logger 

(Onset Computer Corporation, Onset, MA, USA) was used to track treatment temperatures every 

half hour during experimental incubations. Representative in situ thermal profiles of the heat 
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ramp and control treatments are shown in Figure 1. Water changes were conducted every other 

day for both heat-exposed animals and their corresponding controls. Each bowl was fed the same 

per capita ration of brine shrimp nauplii. Parental populations exposed to elevated temperatures 

are hereafter to as the short-term heat stress (STHS) parental treatment group. Control animals 

were kept at 20°C in a Low Temperature Incubator (Thermo Fisher Scientific, Waltham, MA, 

USA), humidified to prevent evaporation. All animals were kept under constant dark conditions.  

 

Spawning  

Following the spawning protocols detailed in Fritzenwanker & Technau (2002), N. vectensis 

were individually fed mussel or oyster gonad tissue. After several hours, their water was changed 

and anemones were placed under a bright full spectrum light for 12 hours overnight. The 

following morning a half-water change was made and they were placed in the dark at 20°C. Egg 

bundles were distributed across 6-well culture plates for development in 15 psu water in an 

incubator at 20°C, in the dark. All gametes developed at the same temperature to avoid 

differences in larval thermal tolerance that could arise from developmental plasticity or 

temperature effects on metabolic rates. Under laboratory conditions N. vectensis can spawn 

gametes approximately every two weeks (Stefanik, Friedman and Finnerty, 2013). To help clear 

gametes and promote gametogenesis during experimental conditions, parents were also induced 

to spawn two weeks prior to the start of each experimental incubation.  

 

Protective parental effects experiment  

To investigate if parental heat exposure could increase larval thermal tolerance, we compared 

larvae from STHS parents to those from control parents. Nine paired, clonal parental populations 

were used in this experiment. Six of the clonal populations consisted of 4-6 female and 3-5 male 

genotypes from Massachusetts, with 2-6 clonal individuals per female/male genotype, such that 

each bowl had 16-25 reproductive adults, with identical genotype composition across each paired 

population. Three of the parental population pairs were genetically similar though not perfectly 

matched across treatments due to limitations in the number of actively reproductive individuals 

per clone line (see Table 1 for details).   
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Treatment populations were subjected to the STHS heat regime and cued to spawn as described 

above; larval thermal tolerance was assessed as described below. To test for the persistence of 

parental effects following STHS, three parental population pairs were placed in the 20°C 

incubator after the initial STHS exposure and re-spawned after two weeks. The same 

corresponding control population pairs were also respawned to account for any impacts to larval 

quality induced by multiple spawning.   

 

Sex-specific contributions experiment  

To investigate whether parental effects were predominantly paternal or maternal, six of the nine 

parental populations described above included additional female/male only clonal populations to 

enable reciprocal crosses of STHS and control males/females (see Figure 4A). Fertilization 

between STHS x control males/females was achieved by transferring eggs from female-only 

bowls into their opposite treatment male-only bowls. Female bowls were checked for the 

presence of new egg bundles every half hour, for five hours. For a breakdown of clone lines used 

for this experiment see Table 1.   

 

Local adaption vs. parental effects experiment 

To quantify how shifts in larval thermal tolerance from parental effects compared with adaptive 

differences we compared offspring from Massachusetts parents to those from North Carolina 

(NC) parents. We received 15 NC individuals from the Reitzel Lab at the University of North 

Carolina, Charlotte. Due to the small number of founding genotypes, this experiment was 

conducted differently than the two described above. NC animals were each bisected over several 

cycles to obtain a final population of 35 female individuals and 60 male individuals. These were 

used for a NC self-breeding population and to reciprocally cross with MA animals. Each parental 

combination had 14 females and 24 males. All four parental groups (MA, NC, MA female x NC 

male, NC female x MA male) were maintained under control conditions, spawned, and then 

baseline larval thermal tolerance was measured. After three weeks, the four groups were 

subjected to the STHS regime and re-spawned to measure larval thermal tolerance after parental 

heat exposure (see Figure 5A). Fertilization for MA x NC hybrids was conducted in the same 

manner described above for the STHS x control sex-specific crosses.  
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Larval thermal tolerance assays  

At 72 hours post fertilization (hpf), eggs that had developed into swimming planula larvae were 

individually pipetted into 0.2 mL PCR strip tubes (USA Scientific, Ocala, FL, USA) with 200 µl 

of 15 psu water. Using a Bio-Rad™ C1000 PCR thermocycler (Bio-Rad Laboratories, Hercules, 

CA, USA), larvae were exposed to a 39.8–42.3°C temperature gradient for one hour; full 

protocol: (1) 1 minute at 25°C, (2) 4 minutes at 30°C, (3) 4 minutes at 38°C, (4) 1 hour at the 

gradient temperature, (5) 4 minutes at 38°C, (6) 4 minutes at 30°C, and (7) infinite hold at 22°C. 

Each run consisted of two 48-well plates, such that larvae from treatment and control parents 

were always exposed simultaneously. The position of the plate of larvae from each group was 

alternated to minimize any possible variations among the PCR machine’s heating plates. For 

each offspring cohort x parental population x treatment combination, 192 larvae were assessed (4, 

48-well plates). 

 

Following the temperature gradient, larvae were maintained in the same PCR tubes and returned 

to the 20°C incubator. Mortality was scored 48 hours after each trial by examining larvae under a 

dissecting scope. By this time, dead larvae have begun to disintegrate and appear as fuzzy 

clumps. Larvae were successfully kept in PCR tubes for more than week, and showed 

metamorphosis during that time, suggesting additional mortality from remaining in the tubes for 

48 hours is highly unlikely. 

 

Statistical analysis of larval survival  

A logistic regression model using the ‘drc’ (Ritz et al., 2015) package in R (R Foundation for 

Statistical Computing, 2017) was used to calculate the temperature at which 50% of the larvae 

died (LT50) using four replicate plates for each larval cohort. The LT50 values for larvae from 

STHS parents were compared to those from control parents using paired T-tests for the MA 

parental effects and sex-specific trials. Differences in larval thermal tolerance in the MA x NC 

experiment were measured using the ‘anova’ function in R between the two logistic regression 

models for survival of each pair of parents. This method was used because there were a limited 

number of unique NC genotypes (15), therefore it would have been impossible to obtain 

independent replication at the level of parental groups between STHS and control treatments (see 

“local adaptation vs. parental effects experiment” section above).   
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Adult heat stress survival assays 

To test whether thermal preconditioning resulted in hardening of adult anemones to a subsequent 

heat shock, we exposed five bowls of 20 MA adult individuals from the general laboratory 

populations to the STHS ramp described above and maintained another five bowls of 20 

individuals at 20°C. The day following the end of the STHS ramp, all anemones were subjected 

to a 6-hour heat shock at 36°C, and then returned to 20°C. Mortality was assessed 48 hours 

following the acute heat shock. Adults that had ejected mesenteries, were decomposing, or were 

unresponsive to touch were scored as dead. Survival numbers were combined across bowls and 

differences between STHS and control groups were tested using Barnard’s test for proportions, 

using the ‘Barnard’ package in R (Erguler, 2016). The odds ratio between groups was calculated 

using the ‘MASS’ package in R (Venables and Ripley, 2002).  

 

Quantitative Polymerase Chain Reaction (qPCR) assays of larval gene expression 

To test if larvae from STHS parents exhibited differential expression of genes commonly 

involved in stress response pathways, we conducted a small pilot experiment to measure 

expression of three genes of interest (GOI): Heat Shock Protein 70 (HSP70), Magnesium 

Sodium-Oxide Dismutase 2 (MnSOD2), and Citrate Synthase. Gene accession numbers and 

primer sequences are listed in Table 2. HSP70 and MnSOD2 were chosen based on previous 

work on the response of N. vectensis to a variety of stressors, such as oxidative stress, UV, and 

pollutants (Tarrant et al., 2014; Helm, Martín-Díaz and Tarrant, 2018). Citrate synthase was 

chosen because activity levels are frequently used as a proxy for mitochondrial density, and 

changes in mitochondrial density and efficiency are important components of thermal 

acclimation in ectotherms (Pörtner, 2002; Gibbin et al., 2017; Hawkins and Warner, 2017). Four 

pairs of clonal parental populations were either subjected to STHS or maintained under control 

(20°C) conditions. Upon spawning, individual egg bundles were allowed to develop in individual 

wells of 6-well cell culture plates under at 20°C (See Figure 7A).  

 

At 72 hpf, 2-6 replicate pools of 200-300 swimming planula larvae from each parental 

population and treatment were pipetted into 1.5 mL microcentrifuge tubes. Tubes were spun 

down in an Eppendorf ™ Centrifuge 5424 (Eppendorf, Hamburg, Germany), using a quick spin 

for 10 seconds to concentrate larvae at the bottom and 15 psu water was removed until only 100 
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µl of water remained. For one parental population pair an additional subset of larvae (two 

replicates of 300 larvae from each parental treatment) was subjected to a 4-hour heat shock at 

35°C using a Fisher Scientific™ Isotemp heating plate (Thermo Fisher Scientific, Waltham, MA, 

USA). 

 

All larvae were immediately processed for RNA extraction using the phenol-chloroform based 

Bio-Rad™ Aurum Total RNA Fat and Fibrous Tissue Kit (Bio-Rad Laboratories, Hercules, CA, 

USA) with on-column DNase treatment. RNA yields were assessed using a NanoDrop One™ 

spectrophotometer, Thermo-Fisher™ (Thermo Fisher Scientific, Waltham, MA, USA), giving a 

mean yield of 44.9 ng/µl and a range of 12.8-132.2 ng/µl in a 15 µl total elution volume. For 

synthesis of complimentary DNA (cDNA) we used 200 ng of RNA per sample and the Bio-

Rad™ iScript DNA Synthesis kit and Bio-Rad™ C1000 PCR thermocycler (Bio-Rad 

Laboratories, Hercules, CA, USA) with the following protocol: (1) 5 minutes at 25°C (2) 20 

minutes at 46°C (3) 1 hour at 95°C, and (4) 4°C infinite hold.  

 

Primer sequences for Actin, 18S, L10, HSP70, and MnSOD2 were obtained from (Tarrant et al. 

(2014) and Helm et al. (2018) as these were previously successful in N. vectensis. The gene 

sequence for Citrate Synthase was determined by searching the N. vectensis genome on the JGI 

and selecting the eukaryotic-type Citrate Synthase annotated sequence. The full sequence was 

then submitted to the Primer3 web portal to generate the best primer sequence. Synthesized 

primers were obtained from Thermo Fisher Scientific (Waltham, MA, USA). Actin, 18S, and 

L10 were used as reference genes. Primer sequences used for each gene along with accession 

numbers are listed in Table 2. For each gene, samples were processed across two 96-well plates 

with two technical replicates per sample, and two across-plate replicated samples. Bio-Rad™ 

iTaq universal SYBR Green Supermix was used as the fluorescent dye. For qPCR we used a 

Bio-Rad™ CFX96 thermocycler (Bio-Rad Laboratories, Hercules, CA, USA) with the following 

protocol: (1) 1 min at 95°C, (2) 40 cycles of amplification [15 seconds at 95°C, 25 seconds at 

60°C], and (3) a final melt curve from 65°C to 95°C with a 0.5°C increase every 5 seconds. Raw, 

uncorrected fluorescence values were used to estimate the starting template concentration using 

LinRegPCR (Ramakers et al., 2003). Two samples were replicated across plates for calibration 

and correction. Cross plate variation was corrected using Factor_qPCR (Ruijter et al., 2015). To 
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obtain final expression values, the geometric mean of the reference genes was used to normalize 

expression of each GOI, by dividing the GOI’s estimated concentration by the geometric mean 

of the references. Comparisons between control and STHS expression values were calculated 

using one-tailed, Welch’s paired two sample T-tests.  

 

Egg size measurements  

To test if STHS mothers were producing larger eggs and potentially providing more energetic 

resources to their larvae, we examined egg bundles from all spawning females of four parental 

population pairs from the main experiment. We photographed eggs using a Zeiss™ Axio Cam 

1Cc1 camera and imaging software (Carl Zeiss AG, Oberkochen, Germany). A stage micrometer 

was photographed under the equivalent magnification for scale. The diameter of 10 eggs per 

bundle was measured using Image J software (National Institutes of Health, Bethesda, MD, 

USA). Differences in mean diameters between STHS and control mothers for each population 

pair were tested using paired T-tests.  
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RESULTS 
 

Protective parental effects 

Across the nine clonal parental population pairs we found a highly significant (p=2.2x10-7, one-

tailed, Welch’s two-sample, paired T-test) increase in LT50 (mean: 0.34°C, range: 0.22-0.46°C) 

in larvae from STHS parents (Figure 2B-D). By establishing clonal parental lines and controlling 

for genetic variability among parental cohorts, we had greater power to detect differences 

between the treatment groups, as there was considerable variation in LT50 estimates between 

parental cohorts within each treatment group. For instance, LT50 estimates for larvae from 

control parents ranged from 40.84 to 41.25°C, while those for larvae from STHS parents ranged 

from 41.16 to 41.65°C. We further found the persistence of parental effects was short-lived. 

Larvae from the three parental cohorts that were re-spawned after 2 weeks no longer showed 

higher thermal tolerance (p=0.57, one-tailed, Welch’s two-sample, paired T-test; Figure 3).  

 

Maternal vs. paternal effects  

We were not able to clearly conclude if the increase in larval thermal tolerance is predominantly 

driven by maternal or paternal effects (Figure 4). In some parental groups, larvae from STHS 

mothers showed higher LT50 (i.e. green and purple lines in Figure 4E). However, overall the 

LT50 of larvae from STHS mothers was not significantly different from larvae of control parents 

(p=0.14, paired T-test), nor were larvae from STHS fathers different from controls (p=0.37, 

paired T-test). None of the larval cohorts from STHS fathers showed higher thermal tolerance 

than controls, hinting maternal effects may be stronger; however, we see evidence for additional 

increases when both parents were exposed to STHS (i.e. blue, yellow, and black lines in Figure 

4E, suggesting there may be additive effects.   

 

Genetic effects: North Carolina and Massachusetts crosses 

As expected from previous studies, we found that NC purebred larvae had higher larval LT50 

than MA purebred larvae under control conditions (p=0.008, DLT50 of 0.18°C, logistic 

regression, Figure 5D). Hybrid larvae showed phenotypes intermediate between MA purebred 

and NC purebred larvae, suggesting differences in larval thermal tolerance between sites have a 

strong genetic basis. Exposure of MA parents to STHS, however, resulted in larvae that have 
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statistically indistinguishable LT50 values to purebred larvae from NC controls (p=0.17, logistic 

regression). This indicates plasticity in parental effects can quickly result in ecologically and 

evolutionarily relevant shifts in larval phenotypes.  

 

NC purebred larvae from STHS parents also showed a significant increase in larval LT50 

compared to the purebred controls (p= 0.001, DLT50 of 0.2°C, logistic regression). Hybrid 

larvae with a NC mother and a MA father showed a significant, though smaller increase 

following STHS (p=0.001, DLT50 of 0.17°C). Hybrids from a MA mother and NC father 

showed a trend towards higher LT50, but this difference is not statistically significant (p=0.09, 

DLT50 of 0.13°C). The smaller slope of change in hybrid larvae, however, suggests possible 

epistatic effects impacting the mechanisms responsible for these parental effects may arise when 

combining genotypes from two distinct populations.  

 

Pre-conditioning of adult anemones to heat stress  

One of the five trials showed much higher mortality in both the STHS and control groups. 

Including that trial in the analysis would have strengthened the observed patterns. This trial was 

removed from final analysis as we could not determine if there were any confounding factors 

that may have contributed to the higher mortality and did not wish to potentially overestimate 

effects.  

 

We found a significant difference (p=0.04, Barnard test) in survival following an acute, 6-hour 

heat shock at 36°C between STHS and control adult anemones. On average there was 80% 

survival in control anemones and 90% survival in STHS anemones, corresponding to an odds 

ratio of 2.25 (Figure 6). Error was calculated using the formula for the standard error of a 

proportion: !" = √(&('(&)* ). 
 

Larval gene expression  

Spawning success across parental cohorts used for this experiment were uneven, therefore, 

replication depth across different parental groups and larval treatments varied. Table 3 lists the 

total number of larvae and replicates used for final qPCR analyses.  
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In other taxa, such as corals, individuals that are more resistant/resilient to stressors have been 

found to show “front-loading” of some stress responsive transcripts (Barshis et al., 2013; 

Palumbi et al., 2014; Kenkel and Matz, 2016). We find a consistent trend towards higher levels 

of baseline expression of our genes of interest in larvae from STHS parents (Figure 7B), 

however, these differences are just below statistical significance at the 95% confidence level 

(p=0.06 for Citrate Synthase, p=0.1 for HSP70, and p=0.057 for MnSOD2; all one-tail, Welch’s 

two-sample T-tests). Limitations in the (a) success of spawning, (b) number of larval replicates 

analyzed per parental population/treatment, and (c) precise timing of development in larvae used 

in the experiments, may have contributed to the lack of power in resolving these patterns.  

 

For the parental pair with the highest spawning success, we subjected larvae to an additional 

acute heat shock (4 hours at 35°C). Within this cohort, we do find a significant difference in 

expression for all genes between larvae from control and STHS parents at baseline conditions 

(p=0.02 for Citrate Synthase, p=0.007 for HSP70, and p=0.01 for MnSOD2; all one-tail, 

Welch’s two-sample T-tests). We also see a non-significant increase in expression of HSP70 

after the additional heat shock in larvae from STHS parents (p=0.69, Welch’s two-sample T-test; 

Figure 7C). Meanwhile, larvae from control parents show a strong induction of HSP70 following 

heat shock (p=2.5x10-5, Welch’s two-sample T-test; Figure 7C). This pattern is consistent with 

front-loading of transcripts involved in stress response, and hints that maternal effects such as 

provisioning of transcripts to the egg may play a role in the increased thermal tolerance of larvae 

from STHS parents.  

 

Egg sizes 

We did not find any differences in the diameters of the eggs produced by control or STHS 

mothers (p=0.89, two-tailed, paired T-test) (Figure 8).  
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DISCUSSION 
 

In the context of global climate change, phenotypic plasticity has emerged as an avenue for 

organisms to persist through rapid environmental change, while the “slower” mechanisms of 

selection and genetic (mutation-based) adaptation catch up (Aitken and Whitlock, 2013; Reusch, 

2014; Donelson et al., 2017; Torda et al., 2017). For this reason, parental effects and 

transgenerational plasticity – usually epigenetic or other semi-heritable changes across 

generations – are being heralded as a safety net for vulnerable species.  
 

Here, we used Nematostella vectensis as a powerful system in which to examine the role of both 

phenotypic plasticity and adaption in temperature tolerance. We found the thermal tolerance of 

larvae from heat-exposed Massachusetts parents was comparable to that of larvae from control 

North Carolina parents (Figure 5D) – a genetically distinct population, locally adapted to its 

warmer, lower latitude temperatures (Reitzel et al., 2013).  This indicates parental effects can 

rapidly confer shifts in larval thermal tolerance of ecological and evolutionary relevance. 

Exposure of North Carolina parents also resulted in increased larval thermal tolerance (Figure 

5D), signifying responsive parental effects are not unique to Massachusetts populations, and 

may, instead, be an inherent characteristic of N. vectensis derived to suit its naturally variable 

estuarine habitat.  

 

Controlling for genetic variability, through the use clonal lines offered greater power to detect 

these shifts, as we found significant differences in larvae from different parental cohorts under 

both control and STHS parental conditions (Figures 2 and 4). Whenever possible, studies with 

other organisms should control for parental genotypes in order to better quantify subtle changes 

in organismal responses.  

 

Despite the increasing popularity of studies on parental effects and transgenerational plasticity, 

many studies only test the phenotypes of one cohort of offspring. For organisms that are capable 

of multiple reproductive cycles it is important to also test the persistence of such effects across 

subsequent breeding periods. In our case, we find that N. vectensis quickly readjusts after the 

heat regime ends and larvae from the parents’ next spawn return to baseline levels of thermal 

tolerance (Figure 3). This indicates reversible plasticity of parental effects in N. vectensis, given 
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its naturally fluctuating environment, is perhaps a more desirable trait that adjusting irreversibly 

in any one direction (Beaman, White and Seebacher, 2016). Our results underscore the need to 

test for reversibility or persistence across breeding periods, in order to better understand how 

such mechanisms may (or may fail to) help organisms keep pace with global climate change.  

 

It is also important to determine what degree of parental exposure or stress yields beneficial 

results for offspring. In Massachusetts, N. vectensis experience a wide diel (approximately 15-

degree range during summer months), and seasonal range in temperatures (approximately 40 

degrees between winter and summer temperatures). In a pilot trials for this work (not shown), we 

tested a longer parental exposure condition that kept parents at 30°C for four weeks. Offspring 

from these parents still showed higher thermal tolerance than controls but the effects were 

substantially lower than when parents underwent the STHS regime, suggesting chronic 

conditions may limit the ability of parents to adequately provision larvae. Experiments that use 

variable temperature conditions that more accurately reflect N. vectensis’s natural environment 

may also show different results than those using static temperature conditions.  

 

We were unable to attribute shifts in larval thermal tolerance to either maternal or paternal 

effects. In our experiment, reciprocal STHS/control males and females were kept in separate 

bowls in their respective treatments. They were also spawned in those same, separate bowls and 

eggs were in-vitro fertilized by transferring eggs upon release into the bowls containing only 

males of the opposite treatment. It is possible, therefore, that variations in the fertilization 

success and developmental timing between crosses may have led to the variable results seen 

here. Future studies with N. vectensis should combine anemones from both sexes before 

spawning or in other ways ensure that fertilization timing is entirely consistent across all parental 

crosses. Testing individual male-female clonal pairs instead of mixed clonal populations, may 

also offer further insight into potential mechanisms by further controlling for genetic variability 

within and between treatments.  

 

Uncovering the mechanisms behind these effects can also improve understanding of organismal 

physiology under changing conditions. Preliminary results from pilot trials for this study (not 

shown) yielded a substantially smaller increase in thermal tolerance for juveniles (7 dpf) from 
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STHS parents, suggesting that gamete provisioning mechanisms (such as increased lipid content 

or transcript loading) may be more likely as these would enhance the fitness of early larval stages 

but wane as development continues. The timing of gametogenesis in relation to stress exposure 

may also play an important role. For our trials, we attempted to clear the gametes by spawning 

animals prior to the start of the experimental heat ramps. However, we cannot be certain that all 

the viable gametes were released during the pre-spawn. In fact, unpublished histological work 

from other groups indicates N. vectensis to do not release all viable gametes during spawning. It 

is possible, therefore, that some of the effects described here arise from a combination of 

parental effects and developmental plasticity as the timing of gametogenesis cannot be entirely 

constrained to the experimental period (see Torda et al. 2017 for a comprehensive review of 

timing of experimental conditions and the associated mechanisms of phenotypic and 

transgenerational plasticity). We found eggs from STHS parents were not larger than those from 

control parents, suggesting energetic resources, such as lipids, likely did not differ between 

STHS and control eggs.  

 

Gene expression patterns between larvae from STHS and control parents showed trends 

consistent with front-loading of genes often associated with stress response pathways (Figure 

7B). For the larval cohorts that were exposed to an acute heat shock, we found further evidence 

to suggest that front loading of HSP70 in larvae from STHS larvae may play a role in their 

thermal tolerance (Figure 7C). Future transcriptomics studies, however, may reveal more 

complex patterns and identify other candidate genes involved in increasing larval thermal 

tolerance.  

 

Exposure of N. vectensis to elevated temperatures also substantially increased survival of adult 

anemones to acute heat shock (Figure 6), suggesting N. vectensis can rapidly modulate adult 

physiology to match thermal conditions as well. A recent study of adult thermal acclimation to a 

range of temperatures (6 - 33°C) suggests N. vectensis rapidly adjusts respiration rates before 

adjusting mitochondrial density when exposed to different temperatures, implicating changes in 

mitochondrial efficiency as a possible mechanism mechanisms of short-term thermal acclimation 

(Brinkley et al, in prep). Further studies that focus on mitochondrial physiology in adults and/or 
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larvae may help elucidate the mechanisms responsible for N. vectensis’ rapid acclimation to 

different thermal regimes.  

 

While plasticity both of adult physiology and their parental effects can enhance short-term 

survival, there are also potential trade-offs. For instance, heritable transgenerational changes that 

increase offspring’s aerobic scope have been described in spiny damselfish (Ryu et al., 2018), 

but F2 generation fish maintained at warmer temperatures were unable to breed, suggesting a 

strong trade-off between thermal performance and reproduction (Veilleux, Donelson and 

Munday, 2018).   

 

We find that parental effects on thermal tolerance in N. vectensis are both short-lived (limited to 

the early larval stage) and quickly reversible (subsequent cohorts lose protection) suggesting N. 

vectensis responds quickly to its current environment and may take advantage of parental effects 

without long-term trade-offs. Studies that follow multiple generations of N. vectensis through 

parental heat exposure and track offspring growth and eventual reproduction could elucidate any 

potential trade-offs associated with increased thermal tolerance early in life. A parental strategy 

that favors short-term gamete provisioning over longer-term epigenetic changes may be better 

suited to N. vectensis’ highly variable yet predictable (seasonal and tidal) environment.  

 

Studies of N. vectensis reproduction in the field are scarce. Only one study, to our knowledge, 

describes gravid gonads in field collected individuals from Nova Scotia, and only during August 

and September (Frank and Bleakney, 1976). A handful of other studies suggest reproduction is 

mainly asexual under natural conditions, given the high levels of clonality observed in field 

collected anemones (Hand and Uhlinger, 1994; Eckelbarger, Hand and Uhlinger, 2008; Reitzel et 

al., 2008). Dedicated studies of N. vectensis’ reproductive cycle in the field would offer greater 

understanding of its parental strategies. 

 

Overall, N. vectensis offers a robust organismal system in which to study cnidarian thermal 

responses due to their wide thermal range, easy husbandry, fast development, ease of spawning, 

ability to generate clonal lines, as well as their well-developed genomic resources. Here we show 

N. vectensis is capable of quickly modulating parental effects to increase larval thermal 
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tolerance. In a northern population, shifts from parental effects result in larval thermal limits that 

are comparable to those of a southern, more thermally tolerant, population. These patterns point 

to both a genetic and plastic basis for thermal tolerance in N. vectensis. Given our rapidly 

changing global thermal environment, studies that aim to uncover the mechanisms responsible 

for these rapid shifts in thermal performance can provide insights into the sensitivity, 

acclimation, and adaptation potential of vulnerable species such as marine ectotherms.  
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CHAPTER 4 FIGURES 
 

 

Figure 1. Representative in situ temperature profile of parental exposure conditions. 
Temperature in degrees Celsius over course of experimental heat ramp (in days). Control 
treatment is shown in blue, short-term heat ramp (STHS) treatment is shown in red. Loggers 
recorded temperatures every half hour.  
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Figure 2. Parental exposure experiment (A) Experimental design. Each bowl represents 4-5 
female genotypes and 2-3 male genotypes with 2-6 clonal individuals per genotypes. Bowls of 
the same color share genetically similar groups of adult anemones. See Table 1 for a detailed 
breakdown of parental populations (B-D) Survival of larvae from control and STHS parents  
(B-C) Survival curves of two of nine paired clonal cohorts. Mean ∆LT50 denoted by the black 
arrows (D) LT50 for all, n=9 clonal cohorts, each depicted in a different color. LT50 values for 
each cohort/treatment were calculated from a logistic regression model of survival data (as 
shown in B and C). Error bars denote 95% confidence interval of predicted LT50 value from 
logistic model. Mean shift in LT50 is 0.34°C (p= 2.25x10-7, paired T-test).  
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Figure 3. Persistence of parental effects. Larval LT50 for n=3 parental pairs that were re-
spawned approximately 2 weeks after the first experimental spawn (results in Fig 2). Paired T-
test for differences in LT50 between parental treatments were non-significant p=0.57, indicating 
parental effects wear off by the subsequent spawn.  
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Figure 4. Sex-specific contributions experiment. (A) Experimental design (B-D) Survival 
curves of 3/6 cohorts, illustrating different patterns. (B) Larvae from STHS mothers show the 
lowest LT50, black line in E (C) Larvae from both STHS parents and STHS mothers show 
similar LT50, yellow or purple lines in E (D) Larvae with STHS fathers show lower LT50 while 
those with STHS mothers show similar LT50 to controls, blue line in E (E) LT50 shifts for all 
n=6 parental groups, each depicted in a different color. Paired T-tests showed non-significant 
results between larvae from control parents and those with STHS father (p=0.37), as well as 
between controls and those with a STHS mother (p=0.14).  
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Figure 5. Massachusetts and North Carolina hybridization experiment. (A) Experimental 
design. Animals from NC are shown in red, from MA in blue. Note that unlike for MA-only 
experiments (Figures 2-4), controlling for parental genotypes was achieved temporally instead of 
through the use of cloning. The same groups of parents were spawned under control conditions 
and then after the STHS treatment (B-D) Survival of larvae from different populations and 
crosses (B) Larval survival curves from parents under control conditions (C) Larval survival 
curves after parents underwent STHS ramp (D) ∆ LT50 for each parental cohort and cross. 
Under control conditions, NC larvae had significantly higher LT50 (p=0.008, logistic 
regression). After STHS, LT50 of larvae from MA parents is comparable to that of NC larvae 
from parents under control conditions (p=0.17, logistic regression).  
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Figure 6. Survival of adults following a 6-hour shock at 36°C. Adults (n=80 per treatment) 
exposed to the STHS regime showed significantly higher survivorship following the acute heat 
shock, 90% vs 80% (p=0.04, Barnard’s test). Odds ratio of survival between Controls and STHS 
is 2.25.  
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Figure 7. Larval gene expression experiment (A) Experimental design. Colors of parental 
bowls indicate genetically identical parental populations. Filled shaped indicate STHS parents 
and their larvae. Larvae from one parental pair were also subjected to an acute heat shock, 
bottom trajectory. These larvae are outlined in red. (B-C) Larval qPCR results, all data are scaled 
such that control baseline expression is equal to 1, remaining values are relative expression (fold-
change) to the control baseline. Error bars depict standard error. (B) Expression of three genes of 
interest in 72 hpf larvae across four control (blue) and STHS (red) clonal parental populations 
(C) Gene expression patterns of larvae from one parental population pair, at 72 hpf baseline (blue 
outlines) and after being exposed to a 4-hour heat shock at 35°C (red outlines). Asterisks denote 
significant differences (p<0.05) between bracketed means.   
 

* 

* 

* 

* * 
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Figure 8.  Egg diameter by parental treatment. Clonal parental pairs (n=4) are shown in 
different colors. Points are diameter mean, error bars represent one standard deviation. There is 
no significant different in sizes of eggs by parental treatment (p=0.89, two-tailed, paired T-test).   
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CHAPTER 4 TABLES 
 
Table 1. Enumeration of clonal lines for each clonal parental population group.  
 

Group 
ID Treatment  Sex Clone ID n   

Group 
ID Treatment  Sex Clone ID n 

P1 

Control 

Female 

AAA 4   

P4 

Control 

Female 

GG 4 
CC 4   HH 4 
FF 4   MM 4 
JJ 4   PP 4 

Male  
D 3   

Male  
A 3 

E 3   GG 3 
S 3   VV 3 

STHS 

Female 

AAA 4   

STHS 

Female 

GG 4 
CC 4   HH 4 
FF 4   MM 4 
JJ 4   PP 4 

Male  
D 3   

Male  
A 3 

E 3   GG 3 
S 3   VV 3 

P2 

Control 

Female 

II 4             
LL 4             
QQ 4             
YY 4             

Male  
B 3             

KL 3             
KK 3             

STHS 

Female 

II 4             
LL 4             
QQ 4             
YY 4             

Male  
B 3             

KL 3             
KK 3             
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Group 
ID Treatment  Sex Clone ID n   

Group 
ID Treatment  Sex Clone ID n 

G1 

Control 

Female AA 1   

G2 

Control 

Female 

A1 2 
  DD 2   B1 2 
  EE 1   C1 1 
  NN 1   D1 3 
  MM 2   GG 2 
  UU 3   

Male  

H 1 
Male  C 2   N 1 

  F 2   P 1 
  J 2   D 2 

STHS 

Female AA 1   E 1 
  DD 2   

STHS 

Female 

A1 2 
  EE 1   B1 2 
  NN 1   C1 1 
  MM 2   D1 3 
  UU 3   GG 2 

Male  C 2   

Male  

H 1 
  F 2   N 1 
  J 2   P 1 

Control-
Female 

Female AA 1   D 2 
  DD 2   E 1 
  EE 1   

Control-
Female Female 

A1 2 
  NN 1   B1 2 
  MM 2   C1 1 
  UU 3   D1 3 

STHS-
Male 

Male  C 2   GG 2 
  F 2   

STHS-Male Male  

H 1 
  J 2   N 1 

STHS-
Female 

Female AA 1   P 1 
  DD 2   D 2 
  EE 1   E 1 
  NN 1   

STHS-
Female Female 

A1 2 
  MM 2   B1 2 
  UU 3   C1 1 

Control-
Male 

Male  C 2   D1 3 
  F 2   GG 2 
  J 2   

Control-
Male Male  

H 1 
            N 1 
            P 1 
            D 2 
            E 1 
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Group 
ID Treatment  Sex Clone ID n   

Group 
ID Treatment  Sex 

Clone Line 
ID n 

G3 

Control 

Female 

BBB 2   

G4 

Control 

Female 

A1 2 
E1 2   B1 2 
RR 2   C1 1 
WW 2   D1 3 
HH 2   GG 4 

Male  

O 1   G1 6 
Q 1   

Male  

H 1 
RR 1   N 1 

I 1   P 1 
B 2   D 2 

STHS 

Female 

BBB 2   E 1 
E1 2   C 3 
RR 2   

STHS 

Female 

AAA 4 
WW 2   CC 4 
HH 2   FF 4 

Male  

O 1   JJ 4 
Q 1   

Male  
D 3 

RR 1   E 3 
I 1   S 3 
B 2   

Control-
Female Female 

A1 2 

Control-
Female Female 

BBB 2   B1 2 
E1 2   C1 1 
RR 2   D1 3 
WW 2   GG 2 
HH 2   J5 5 

STHS-
Male Male  

O 1   R1 3 
Q 1   

STHS-
Male Male  

H 1 
RR 1   N 1 

I 1   P 2 
B 2   D 3 

STHS-
Female Female 

BBB 2   E 1 
E1 2   J 1 
RR 2   

STHS-
Female Female 

OO 12 
WW 2   JJ 1 
HH 2   L1 3 

Control-
Male Male  

O 1   YY 2 
Q 1       

RR 1   Control-
Male Male  

F 2 
I 1   I 5 
B 2   KL 3 
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Group 
ID Treatment  Sex 

Clone Line 
ID n   

Group 
ID Treatment  Sex 

Clone Line 
ID n 

G5 

Control 

Female 

AA 1   

G6 

Control 

Female 

AA 4 
DD 5   DD 4 
EE 1   EE 4 
NN 1   NN 4 
MM 4   

Male  
CC 3 

UU 3   FF 3 
XX 3   JJ 3 

Male  

C 2   

STHS 

Female 

GG 4 
F 2   HH 4 
J 2   MM 4 
H 2   PP 4 
N 1   

Male  
A 3 

STHS 

Female 

II 4   GG 3 
LL 4   VV 3 
QQ 4   

Control-
Female Female 

AA 1 
YY 4   DD 2 

Male  
B 3   EE 1 
KL 3   NN 1 
KK 3   MM 2 

Control-
Female Female 

BBB 2   UU 3 
E1 2   PP 8 
RR 2   MO 2 
WW 2   

STHS-Male Male  

O 3 
HH 4   Q 1 
ZZ 5   RR 1 
PP 1   I 1 

STHS-
Male Male  

H 1   B 4 
N 1   STHS-

Female Female 
TT 5 

P 1   MO 6 
D 2   MP 7 
E 1   Control-

Male Male  
S 5 

C 2   E 3 
F 3   G 2 

STHS-
Female Female 

SS 2             
II 3             

TT 8             
MO 5             

Control-
Male Male  

KL 2             
E 5             
A 3             
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Larval Gene Expression Experiments  
Group 

ID Treatment  Sex 
Clone Line 

ID n   
Group 

ID Treatment  Sex 
Clone Line 

ID n 

R1 

Control 

Female 

AAA 4   

R3 

Control 

Female 

AA 4 
CC 4   DD 4 
FF 4   EE 4 
JJ 4   NN 4 

Male  
D 3   

Male  
CC 3 

E 3   FF 3 
S 3   JJ 3 

STHS 

Female 

AAA 4   

STHS 

Female 

AA 4 
CC 4   DD 4 
FF 4   EE 4 
JJ 4   NN 4 

Male  
D 3   

Male  
CC 3 

E 3   FF 3 
S 3   JJ 3 

R2 

Control 

Female 

II 4   

R4 

Control 

Female 

GG 4 
LL 4   HH 4 
QQ 4   MM 4 
YY 4   PP 4 

Male  
B 3   

Male  
A 3 

KL 3   GG 3 
KK 3   VV 3 

STHS 

Female 

II 4   

STHS 

Female 

GG 4 
LL 4   HH 4 
QQ 4   MM 4 
YY 4   PP 4 

Male  
B 3   

Male  
A 3 

KL 3   GG 3 
KK 3   VV 3 
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Table 2. qPCR primer sequences and accession information. 
 

Gene name Accession Number Forward Primer Reverse Primer 
Amplicon 

Size 

MnSOD2 JGI - 94316 5’- CCATGTCCCCAAACCCAAAG -3’ 5’- ACATGCTGAAGTTGCCATGG -3’  90 

Citrate Synthase JGI - 211386 5’- AGATCACGAGGGTGGTAACG -3’ 5’- GGCCAGACCATTCATACCAG -3’  103 

HSP70 JGI - 234533 5'- TCATCCAGCACTGAAGCAAG -3’  5'- CTCGGCTGATTTTCGTCTAG -3'  76 

L10 JGI - 237425 5’-GATGTGTTTGTCCCTGCTGG -3’  5’-CAATCTTGGTGGGAATGGCC -3’  85 

Actin JGI - 234494 5’- TGGACTCTGGTGATGGTGTC -3’  5’- GACTCAACACGGGGAAACTC -3’  108 

18S 
GenBank - 

AF2454382.1 5’- GACTCAACACGGGGAAACTC -3’  5’- AACTAAGAACGGCCATGCAC -3’  103 
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Table 3. Larval cohorts for qPCR experiment. Number of larval samples used for qPCR 
analysis for each parental population and treatment combination. Group ID represents the 
parental population (see Table 1). Baseline refers to samples from which RNA was extracted at 
72 hpf without any additional manipulation. Acute heat shock refers to samples that were 
exposed to 35°C for four hours prior to RNA extraction.   
  

  Baseline Acute Heat Shock 
Group ID Control Parents STHS Parents Control Parents STHS Parents 

R1 3 2     
R2 5 5 2 2 
R3 2 2     
R4 5 2     
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Life on our planet has changed dramatically since its inception, from the first simple, solitary 

cells to the complex multicellular organisms and ecosystems we see today – all intricately 

dependent on one another throughout space and time. The Anthropocene presents a novel phase 

for our planet, one of rapid environmental deterioration and modification unlike any Earth has 

previously experienced (IPCC AR5 Working Group I, 2013). The health and survival of the 

human species will depend on the maintenance of the many ecosystem services we need to 

produce natural resources, grow food, and enable our lifestyles (Costanza et al., 2014). A healthy 

ocean is crucial to the strength and functioning of the planet, as well as to our wellbeing (Worm 

et al., 2006). How species, communities, and ecosystems across the world will adjust over the 

decades to come is one of the most pressing concerns in modern biology.  

 

This thesis aimed to understand the limits and potential of corals and anemones to respond to 

thermal stress over different timescales. In the central Pacific, which experiences strong 

interannual variability from ENSO, corals show resilience to repeated bleaching. Examining the 

population connectivity in this region, I sought to answer how reefs may recover following 

severe bleaching and mortality. In Palau, where inner reefs are consistently warmer than the 

outer reefs, I combined genetic and phenotypic data to ask whether corals in the innermost reefs 

had genetically adapted to higher temperatures. Lastly, I turned to salt marshes, where 

Nematostella vectensis experiences vast daily and seasonal temperature fluctuations. Here, I 

focused on their next generation, to better understand how parents might prepare their offspring 

for survival in such a variable environment. In all three cases, I find that there is still some hope 

for these organisms to withstand temperature fluctuations and even severe stress, but their limits 

may be quickly breached without enough action to curtail global climate change.  

 

The key reef-building coral species, Porites lobata, can live for hundreds of years. For colonies 

living on reefs that are heavily impacted by ENSO such as Jarvis or the northeast Phoenix 

Islands, this means tolerating a thermal environment that fluctuates strongly every few years. El 

Niño episodes can lead to severe heat stress and cause widespread bleaching, yet these reefs have 

maintained healthy coral cover for many decades. Whether corals in this area are more tolerant 

of high temperature, remains an open question, although stress band analyses such as those 

detailed in Mollica et al., (in review) suggest they have a higher bleaching temperature threshold. 
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Evolutionary theory predicts that selection and subsequent directional adaptation towards one 

particular trait should be more difficult in highly variable environments, where plasticity should 

be favored instead (Chevin, Lande and Mace, 2010; Chevin and Hoffmann, 2017).  

 

Given that in Chapter 2 I find that the genetic composition of these reefs is heterogeneous and 

shows high genetic diversity, the higher bleaching thresholds of corals in this region may be a 

result of acclimation and plasticity or environmental conditions that help mitigate warming 

during non-El Niño years instead of a result of genetic adaptation. The isolation-by-distance 

patterns we see in the central Pacific, though, suggest that dispersal between reefs is limited. This 

isolation may also facilitate a small degree of adaptation by limiting gene flow from more distant 

and less thermally variable regions. Recovery following severe bleaching mortality events in the 

past, however, has happened fairly quickly (Mangubhai et al., 2015). Perhaps less distant coral 

environments, such as seamounts which are common in the region, may be facilitating recovery 

and maintaining genetic diversity. Alternatively, individual colonies may be more adept at 

recovering from large amounts of partial mortality than previously thought, for instance, a 

Porites lobata colony at Jarvis Island that appearing dead in 2016 had actually regrown nearly all 

of its tissue by 2017 (Barkley et al., 2018).  

 

Future studies that seek to identify possible mechanisms behind the resilience of corals in the 

central Pacific could provide invaluable insights into coral physiology, thermal stress response, 

as well as improve predictions of coral reef futures. ENSO intensity and frequency may increase 

in the near future; furthermore, ENSO anomalies will be superimposed on increasing mean 

temperatures driven by climate change (Collins et al., 2010; Liu et al., 2016). The ability of these 

reefs to withstand or recover from ENSO, climate change, and their interactions will soon be 

tested. The most recent (2014-16) El Niño, in fact, generated the longest and most severe 

temperature stress recorded to date at Jarvis Island (Barkley et al., 2018). Jarvis, unfortunately, 

suffered severe bleaching (>95%) and mortality (nearly 100% for many genera, >90% overall) 

during this time (Barkley et al., 2018). In 2017, however, scientists on a return expedition saw 

promising recruitment of new corals, as well as regrowth of colonies that had appeared nearly 

dead, such as the one described above (Barkley et al., 2018). While Jarvis may be better suited 

for tolerating or recovering from these disturbances, the latest El Niño serves as a glaring 
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warning that anthropogenically induced warming may even push corals that have tolerated some 

of the most extreme temperature stress past their limits. Understanding how they may have dealt 

with ENSO extremes in the past, for instance whether increased heterotrophy can help them 

subsist in a bleached state (Grottoli, Rodrigues and Palardy, 2006; Fox et al., 2018), can help us 

better forecast reef health under future climate scenarios and prioritize more vulnerable areas for 

conservation, assisted evolution efforts, or preservation of genetic diversity (van Oppen et al., 

2015).  

 

P. lobata’s spherical growth morphology enables us to look into its past, and learn about its 

physiology and the environment it has inhabited by analyzing its previously deposited skeleton. 

In Chapter 3, I sought to investigate the genetic basis for the higher thermal tolerance of P. 

lobata corals in Palau. Here, I find that Palau’s warmest reefs (Rock Islands), harbor unique 

subpopulations of P. lobata and that these subpopulations suffer from less bleaching, as 

measured by stress band prevalence in skeletal cores. By using high throughput sequencing data, 

I am also able to begin searching for genes under selection in corals that inhabit Palau’s warmer 

Rock Islands habitats. While my dataset is limited due to our small sample size, it begins to point 

us in possible directions. Outlier analysis identified several gene families that have been 

previously implicated in coral thermal responses under experimental manipulations, such as 

tumor necrosis factors, heat shock proteins, and ion transporters (Kenkel et al., 2011; Barshis et 

al., 2013; Palumbi et al., 2014). Future work which compares Rock Islands and outer reef corals 

under experimental conditions and tracks gene expression dynamics to heat stress would provide 

more nuanced information regarding the potential mechanisms of thermal tolerance in RI corals. 

Gene expression plasticity itself should also be examined as it has been found to be a useful 

strategy for promoting bleaching tolerance in a similar offshore-inshore gradient in Florida corals 

(Kenkel and Matz, 2016).  

 

My results indicate that corals in Palau have genetically adapted to the chronically warmer 

temperatures of Palau’s Rock Island habitats. Corals from tolerant genetic populations still show 

higher thermal tolerance when they have settled, developed, and lived, on the cooler, outer reefs. 

This finding reinforces the hypothesis that the thermal tolerance of Rock Island corals has a 

genetic basis. It also provides hope for the future of Palau’s coral reefs, as it indicates that 
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genotypes from the Rock Islands are capable of surviving in outer reef habitats. Previous 

reciprocal transplants between the Rock Islands and outer reefs, resulted in >60% mortality in 

cross transplants (Barkley et al., 2017). Together, these results imply that although Rock Island 

genotypes can survive on the outer reefs it may only be possible when the dispersal occurs 

during larval stages, and subsequent growth and development takes place in the reef of residence. 

Future research that investigates these dynamics further and determines if similar patterns apply 

to other species/locations could greatly aid assisted evolution and coral nursery efforts (Aitken 

and Whitlock, 2013; van Oppen et al., 2015).  

 

The natural temperature gradient from Palau’s outer reefs to the Rock Island environments is 

thought to have stabilized in the last few hundred years (Golbuu et al., 2016). This chapter, then, 

represents a promising example of the ability of coral to rapidly adapt to a different environment. 

The small spatial scales over which this genetic divergence has occurred also underscores that 

coral communities can locally adapt despite potential gene flow. Adaptation, however, generally 

comes with trade-offs for other characteristics (Hereford, 2009). Investigations that seek to find 

and quantify trade-offs that Rock Island corals may have due to their higher thermal tolerance, 

would help contextualize the eventual fate of Rock Islands corals both within their native 

habitats and if dispersal into the outer reefs increases in the future. These patterns could also 

mirror trade-offs in other corals or regions and help us better understand what we stand to lose in 

a future where corals may become more thermally tolerant. For instance, if growth and 

calcification are profoundly affected, the combined future stress of increased ocean acidification 

may mean that even if corals are strong enough to tolerate higher temperatures, reefs will be 

unable to stay in a net calcifying state.  

 

Corals around the world are facing a myriad of threats from coastal development to disease, and 

as scientists we are running out of time to fully understand these majestic creatures before more 

of them perish. Worldwide, we have already lost at much at 50% of coral cover in the last few 

decades (Bruno and Selig, 2007; De’ath et al., 2012; Hughes et al., 2017). Threats continue to 

emerge, for example a new coral disease has been spreading through the Florida reef tract and 

decimating populations of massive corals such as Orbicella and Diploria 

(https://floridadep.gov/fco/coral/content/florida-reef-tract-coral-disease-outbreak). The urgency 
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surrounding coral reef conservation has never been greater, yet much remains to be learned about 

coral physiology and its limits to adjust to a rapidly changing world. The use of model organisms 

such as Exaiptasia pallida, Nematostella vectensis, or Hydra can provide more mechanistic 

insights into cnidarian physiology than direct work on corals which have a longer life cycle, are 

difficult to reproduce in the lab, and are also highly susceptible to experimental manipulations 

(Weis et al., 2008).  

 

In my last chapter, I use the estuarine anemone and model organism, Nematostella vectensis, to 

investigate responses to short term heat exposure across a generation. N. vectensis experiences 

dramatic fluctuations in temperature on a daily and seasonal basis, providing a powerful model 

with which to investigate physiological plasticity in response to short term changes in 

temperatures. With this in mind, I set out to quantify how parental effects influence larval 

thermal tolerance in N. vectensis and compare these to adaptation-derived differences in thermal 

tolerance between populations. Using anemones from Massachusetts (MA) and North Carolina 

(NC), I found that exposing MA parents to elevated temperatures over a short time period led 

them to produce larvae with similar thermal tolerance to control NC larvae. Furthermore, after 

MA parents were returned to control conditions, they produced larvae with baseline thermal 

tolerance, that is they re-adjusted the thermal tolerance of the new cohort of larvae to match the 

current (now control) conditions. NC parents were also able to increase the thermal tolerance of 

their larvae when subjected to the same temperature exposure, indicating that plasticity in 

parental effects is not unique to MA populations. MA-NC hybrid larvae showed intermediate 

thermal tolerance, which points to a genetic basis for larval thermal tolerance in N. vectensis, in 

addition to phenotypic plasticity that can modulate thermal tolerance in the short term.  

 

Relatively rapid responses, such as parental effects, transgenerational plasticity, and phenotypic 

plasticity are currently being studied as potential avenues that could facilitate species survival 

under rapid change (Merilä and Hendry, 2014). My results highlight the highly plastic thermal 

physiology of N. vectensis, which they can harness to enhance their own survival as well as that 

of the next generation. These results also underscore the potential for parental effects to enhance 

offspring survival in the short term. In fact, in N. vectensis parental effects produce similar 

thermal tolerance to long-term adaptation to different thermal regimes (i.e. MA larvae from 
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exposed parents have the same thermal tolerance as control NC larvae). The high plasticity of N. 

vectensis may be a consequence of the natural thermal variability in their native environments 

(salt marshes). Experiments that compare wild or field-acclimated anemones, would provide a 

deeper understanding of the role of parental effects in N. vectensis ecology. More generally, 

similar studies with species from more stable environments may help elucidate the role of 

environmental variability in inducing parental effects.  

 

The tractability of N. vectensis as a laboratory model as well as its well-developed genomic 

resources can enable a detailed exploration of the potential mechanisms underlying parental 

effects. For instance, is the potential front-loading of HSP70 that we see in larvae from exposed 

parents due to physical transcript loading or an epigenetic modification that enhances gene 

expression early on? What are the mechanisms behind the enhanced survival of adults to heat 

shock when they experience a milder heat stress beforehand? What might be some of the genetic 

differences that are responsible for the higher baseline thermal tolerance of NC animals? 

Answering such questions in model organism like N. vectensis can be more efficient and 

successful than in less well-developed systems such as corals. Once a promising mechanism, for 

instance a particular gene target, is identified it can be tested in corals to better understand if (a) 

the same mechanisms are at play and (b) how that mechanism may enhance the future survival of 

corals and reef environments. Using model organisms to develop a more detailed molecular and 

physiological understanding of stress responses can provide insights into both the model 

organism itself as well as substantially speed up possible discoveries in other systems. Given the 

rapid rate of decline in many of the planet’s ecosystems, this approach can provide some hope 

towards an understanding of our world’s future.  

 

This thesis presented three different ways in which corals and anemones can respond to 

temperature changes and thermal stress. Central Pacific corals show resilience and persistence 

under a highly variable environment driven by ENSO dynamics. In Palau, my results indicate 

that corals can adapt to heat stress over ecologically relevant time scales. Using N. vectensis, I 

find parental effects and phenotypic plasticity show promise in increasing survival of larvae and 

adults. Nevertheless, the benefits from these can be short-lived, making them less useful in the 

light of long-term climate change. Trade-offs, such as lower reproductive output or slower 
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growth, which can be associated with both adaptation and plastic responses may also hinder their 

overall benefit and lead to unforeseen consequences for species or ecosystem health in the long 

run. Even the most tolerant organisms will soon be faced with (or are already facing) 

unprecedented temperatures that can surpass their limits. 

 

Life can often surprise us with its tenacity and persistence. The same can (un)fortunately be said 

for human will. Many species and ecosystems around the globe have already been irreversibly 

impacted by our existence. Natural selection cannot be expected to undo unnatural disturbance. 

My research adds new knowledge (and limited hope) regarding the prospects for one of the 

world’s most vibrant and important ecosystems – coral reefs. The rest of this century will present 

a tumultuous challenge for the planet and the human species. I sincerely hope that the 

manifestation of our will and collective efforts is towards ensuring the health and survival of our 

planet’s vital ecosystems which is the best way to safeguard the survival of our own species.  
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SYNOPSIS 
  

This appendix describes an experiment using Porites astreoides as a model to help elucidate how 

intensity of coral bleaching affects the resulting skeletal stress bands formed in reef building 

corals. The results from the experiment were inconclusive and highly variable, partially due to 

logistical complications. Methods and results are described here along with caveats and lessons 

learned. 

 

METHODS 
 

Sample collection and preparation 

Small coral cores (“nubbins”) were collected on May 14–16, 2015 from ten adult colonies 

(mean: 16-inch diameter) from a patch reef in Bailey’s Bay and a barrier reef called Hog Reef. 

Nubbins were taken from each colony using a diamond tipped 1-1.5-inch diameter core bit 

attached to a drill powered by the compressed air from a SCUBA tank. Core holes were plugged 

using underwater epoxy, and colonies were tagged using plastic cow tags attached to the reef 

substrate with zip ties for future identification and monitoring. Cored colonies were later 

inspected in June 2015 and no mortality was observed. See Table 1 for further sampling details. 

 

All samples were collected under permit #150503 from the Bermuda government and a Limited 

Impact Research permit from the Bermuda Institute of Ocean Sciences (BIOS).  

 

Four to seven nubbins were collected per colony (92 total) and transported to BIOS for 

preparation. Each nubbin was cut to have a flat bottom using a Dremel™ shaping wheel 

attachment and then affixed to a plastic mount using underwater epoxy. Mounted nubbins were 

secured in plastic egg-crate cages and returned to their reef of origin to recover from the coring 

procedure. Two egg-crate cages were created per site, with nubbins randomly distributed 

between the two cages (Figure 1). Cages were affixed to cement cinderblocks and placed on bare 

rocky portions of the reef. Cages were cleaned periodically to remove algal overgrowth and 

prevent shading of the nubbins. The nubbins were left on the reef in their cages until collection 

on June 5, 2015. Cages deployed on Hog Reef suffered from surf damage, which caused a 

portion of the egg crate cage to break free from the cinderblock and tumble underneath the reef 
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edge. A severe storm passed through Bermuda approximately one week prior to collection, and 

likely caused this damage as cages were intact during a cleaning three weeks earlier. Seven 

nubbins were lost from this site as a result.  

 

Upon collection nubbins were returned to BIOS and thoroughly cleaned of any algal or 

encrusting epibionts using tweezers and a razor blade. Nubbins were placed in a large tank with 

flow-through seawater and natural light to recover from transport for several days before 

beginning the experiment. Shade cloths were used to modulate natural light intensity in the tank.  

 

Prior to the start of the experiment, nubbins were stained on June 12, 2015 by incubating nubbins 

for ~ 5 hours in alizarin red at a concentration of 10 mg/l following similar protocols in the coral 

literature (Davies, 1989; Todd, Sidle and Lewin-Koh, 2004).  

 

Nubbins were divided for two experimental purposes: a skeletal stress band experiment, for 

which the results are described here, and a tissue isotope experiment conducted by the Sigman 

Lab from Princeton University. Nubbins used for the isotope experiment were included in the 

monitoring aspects of this study but not analyzed for final stress bands.   

 

The stress band experiment cohort had six colonies from Bailey’s Bay (26 nubbins, 4-7 clonal 

replicates per colony); and five colonies from Hog Reef (17 nubbins, 3-4 clonal replicates per 

colony). The tissue isotope experiment had five colonies Bailey’s Bay (25 nubbins, 4-7 clonal 

replicates per colony) and three colonies from Hog Reef (12 nubbins, 4 clonal replicates per 

colony). For nubbins assigned to the tissue experiment, a randomly chosen nubbin from each 

clonal set (total n=8) was preserved shortly after collection to provide baseline measurements for 

isotope analyses. The remaining nubbins were treated in the same fashion as the stress band 

experiment corals until the end of the experiment when they were also preserved. All tissue 

isotope nubbins were frozen at -80°C and shipped in liquid nitrogen to the Sigman Lab at the 

University of Princeton. Resulting tissue isotope data was used as part of separate project and 

will not be presented here.  
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Nubbins were exported under export and CITES permits provided by the Bermuda government 

(CITES permit # 15BM0002 and 16BM0001; Bermuda export permits #151202 and 160302).  

Experimental Set Up 

Nubbins were subjected to three temperature treatments: 

• A control treatment maintained at 28°C throughout the experiment 

• A mid temperature stress treatment that reached a peak of 32°C for three days 

• A high temperature stress treatment that reached a peak of 33°C for five days 

 

Temperatures were ramped up ~ 1°C every 2-3 days for both temperature stress treatments. All 

temperatures treatments maintained a natural daily cycle in temperatures around their set means. 

Temperatures were checked daily using an Omega™ HH506RA thermometer as well as 

monitored continuously using HOBO Tidbit™ temperature loggers (Onset Computer 

Corporation, MA), set to record every 5 minutes.  

 

Light levels were measured using a LICOR light meter placed at the level of the nubbin stands 

within a cup. Cups were arranged within each treatment so as to achieve the most uniform light 

levels possible across cups.  

 

Nubbins were each placed on a stand made of PVC pipe fragment and egg crate and put within a 

900 ml Solo™ clear, deli container. Temperature within each treatment was regulated by a 

seawater bath controlled with aquarium heaters and chillers. Filtered (1µm) seawater from a 

large header tank flowed into each individual cup at a flow rate of ~ 10 ml/min. Such a rate 

allowed the water in the cups to thermally equilibrate with the water baths. Corals were kept on a 

12:12 light–dark cycle using Reef-LED™ Coral lights. Nubbins were fed freshly hatched brine 

shrimp larvae every other day.  

 

Clonal nubbins (cores from the same colony) were evenly distributed across treatments to control 

for genotype x treatment effects. Within each treatment, nubbins were assigned randomly to a 

cup. See Figure 2 and 3 for more details.  
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Water quality monitoring  

To ensure that water chemistry changes within the cups did not negatively impact coral health 

and calcification, we measured nutrients, pH, small volume alkalinity, and salinity on a regular 

basis.  

 

Nutrient sampling 

Nutrient samples were taken once per week from all cups. Samples were taken from each cup 

using a large syringe previously rinsed with deionized water. Samples were filtered through a 

0.45 µm Millipore™ syringe filter, and frozen immediately. Samples were analyzed at Woods 

Hole Oceanographic Institution Nutrient Analytical Facility for nitrate, ammonium, phosphate, 

and silicate concentrations using a four-channel segmented flow AA3 HR Autoanalyzer. 

 

Spectrometric pH 

Analysis of pH followed methods described in (White et al., 2013). Briefly, water samples from 

half the cups were taken once per week for pH analysis using an Ocean Optics USB4000 

Spectrometer™ with 100 mm flow cell. Water samples (45 mL) were taken from cups using a 

DI-rinsed syringe and filtered through a 0.45µm Millipore™ syringe filter. For each sample 

50µL of previously prepared 2 mM m-cresol purple dye was added. Temperatures for the 

spectrometric pH reading were taken using an Omega™ HH506RA thermometer. Output from 

the instrument was processed using at MATLAB™ script and MS Excel™ spreadsheet 

following conversions developed by Liu et al. (2011).  

 

Small volume alkalinity (SVA) 

Similarly, half the cups were sampled for SVA analyses each week. A 20 mL glass scintillation 

vial was filled directly with water from the coral cups. Immediately, the sample was poisoned 

with 5 µL of saturated mercuric chloride (HgCl2). Samples were kept at 4°C in the dark until 

they there transported back to WHOI at the end of the experiment. Triplicate readings of 1 mL 

samples were measured using a Metrohm 808 Titrando™ titration instrument and 730 Sample 

Changer. Sample were re-run until two of the three results agreed within 5 umol/kg of total 

alkalinity. A known alkalinity seawater sample previously calibrated using the certified reference 
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standards distributed by the Dixson Lab (Scripps Institute of Oceanography) was measured every 

10 samples and used to standardize alkalinity results.  

 

Aragonite saturation, total CO2 and other carbonate chemistry parameters were calculated from 

SVA and pH values using the MS Excel™ macro CO2SYS (v. 2.1) developed by D. Pierrot 

based on the code detailed in Lewis & Wallace (1988). Calculations were done using the  

Mehrbach (1973) constants with the Dickson & Millero (1987) refitting.  

 

Salinity 

Salinity in all cups was measured daily using an YSI EcoSense 300A™ conductivity meter. 

Bottled water samples were taken periodically and analyzed by the Wellwood lab at WHOI to 

confirm YSI readings. These were found to have an R2 = 0.95, and a mean difference of 0.2 psu.  

 

Coral Monitoring 

Buoyant weight 

To track coral growth throughout the experiment, all corals were weighed once per week using a 

Sartorius GC803S™ lapidary scale. A reference weight, with known weight and density was 

weighed every 10 coral samples and used to correct coral measurements. Nubbin dry weight was 

calculated according to methods established in Jokiel, Maragos, & Franzisket (1978), using an 

aragonite density of 2.93 g/cm3.   

 

Nubbins were cleaned using tweezers and razor blades to remove algal growth. Nubbins were 

cleaned weekly on the same day as buoyant weighing; a subset of corals were weighed before 

and after cleaning to estimate the effect of cleaning on weight measurements. 

 

Coral bleaching 

All nubbins were photographed twice per week using a compound light microscope. Three 

individual photographs per nubbin were taken for each timepoint. We had planned to use the 

protocol in Winters, Holzman, Blekhman, Beer, & Loya (2009) to quantify symbiont density and 

coral bleaching status. However, shading across the photographs caused by the bumpiness of 
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Porites astreoides morphology, as well as the lack of a full white-gray calibration scale for each 

individual photograph, rendered the analyses uninformative. Results are therefore not reported.  

 

Calcification (pH and alkalinity anomaly) incubations 

To track changes in calcification due to treatment effects, a subset of nubbins was incubated in 

filtered seawater for at least four hours. SVA and pH samples were taken at the beginning and 

end of the incubation period. Salinity, temperature, and water volumes were also measured at the 

beginning and end of the incubation period. A total of three incubations were conducted 

throughout the experiment. Alkalinity anomalies for all nubbins were measured during the third 

and final incubation at the end of the experiment. Small volume alkalinity and pH were measured 

using the same methods described above for water quality monitoring. 

 

Calcification rates were calculated from changes in alkalinity following the alkalinity anomaly 

method described in Chisholm & Gattuso (1991). Only calcification was assumed to impact 

alkalinity changes, while changes in pH were interpreted as the net balance between 

photosynthesis, calcification, and respiration. Three combined pH and SVA incubations were 

conducted throughout the experiment. Control cups, without coral in them, were also measured 

to quantify baseline biological activity in the water used.  

 

PAM fluorometry  

A Diving-PAM™ (Walz, Germany) was used to measure a nubbin’s photosynthetic efficiency. 

PAM measurements were taken for all nubbins twice a week along with photographs. 

Unfortunately, a malfunction with the DIVING-PAM instrument invalidated all measurements 

taken during the experiment. No PAM data are presented here as a result.  

 

Computerized Tomography (CT) scanning 

Nubbins were allowed to recover for up to eight months following the conclusion of the 

experiment. They were kept at BIOS in two 20-gallon aquaria in flowing unfiltered seawater and 

natural light and cleaned periodically using a toothbrush and tweezers to prevent algal 

overgrowth. Nubbins were dried in an oven overnight and transported to WHOI. CT scanning of 
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nubbins was done at the WHOI Marine Research Facility and the University of North Carolina – 

Chapel Hill.   

 

Annual growth bands were manually identified in each core and analyzed for density, extension 

and calcification rates using coralCT a MATLAB program described DeCarlo et al. (2014). A 

modified version of the code developed by N. Mollica of the Cohen lab, WHOI, was used to 

produce a continuous density profile along the core to more accurately quantify stress band 

formation. A stress band was defined as a density anomaly more than two standard deviations 

from the mean density for that core.  

 

General maintenance 

Cups and stands were cleaned every 4-5 days to prevent algal overgrowth and biofilm buildup. 

Water and air flow into each cup were checked every morning. Temperature and salinity in each 

of the treatment baths, header tank, and coral cups was checked every morning. Nubbins were 

also visually inspected every morning to note any major changes in nubbin color or overall 

appearance.  

 

Status of aquarium heaters and chillers were also checked every morning. Water filters for the 

header tank were cleaned using high water pressure every other day and replaced every week or 

when water flow into the header tanks began to slow, whichever occurred first.  

 

Statistical analyses 

Statistical analyses and plotting were conducted in R (v. 3.3.2) (R Foundation for Statistical 

Computing, 2017) for water quality and coral monitoring metrics. CT scans were analyzed using 

MATLAB (v. R2015a) density data was imported into R with which subsequent analyses and 

plotting were conducted.  

 

Water quality monitoring that was measured several times over the experiment was analyzed 

using repeated measures ANOVA with the date of sampling as the repeated measures (error 

term) and treatment as the variable of interest. Nutrient and light data were analyzed using a one-

way ANOVA with treatment as the variable of interest.  
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Alkalinity and pH anomalies were analyzed using generalized linear mixed effect models with 

the colony as a random effect, to account for similar responses between nubbins from the same 

colony. Stress band prevalence was analyzed using a binomial generalized linear model. 

Including coral as a random effect did not affect model results, as such the simpler (no random 

effect model) was used.    
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RESULTS  
 

Water Quality Monitoring 

We find significant differences between treatments for pH, CO2, and aragonite saturation, though 

only during certain timepoints (Figure 4, Table 2). However, measurements were not always 

taken directly from the experimental water – some were taken as starting values for new filtered 

seawater that was used for alkalinity or pH anomaly incubations. The timepoints for which 

measures were directly from experimental water (7/14, 7/24, and 7/26) show different variability 

between treatments than timepoints that used different water. The 7/28 timepoint also appears to 

have been heavily influenced by a strong storm that passed through Bermuda at that time (Figure 

4).  

 

Nutrient values in our experimental water were higher than previously measured on Bermuda’s 

reefs in situ (Cook, Muller-Parker and Orlandini, 1994; Bates, Amat and Andersson, 2010). 

Ammonium for instance, normally falls within a range of 0.2-0.9 µmol/L in field, while within 

our experiment levels were >1.4 µmol/L. In addition, ammonium, silicate, and phosphate, were 

significantly different between treatments (p<0.0001, one-way ANOVA), except for nitrate 

(p=0.45, one-way ANOVA) (Figure 5). These high nutrient levels were likely due to 

infrastructure reasons outside our control. At BIOS, running seawater is pumped from the reach 

outside the station where the water and sediments are frequently agitated by passing boats and 

the large research vessel that docks there. Further the water is then pumped, unfiltered, to an 

open holding tank. Our cups also had substantial algal growth in them, likely driven by the high 

nutrient and light levels.  

 

Light values were also significantly different between treatments (p=0.01, one-way ANOVA), 

with the control treatment showing the highest light levels, perhaps because the basin was in 

between the other two treatments and received some additional light (Figure 6).   

 

Temperature treatments followed the desired regime and showed some natural diel variability, 

with peak temperatures near noon (Figure 7). This is to be expected as water was coming directly 

from inflow holding tanks that are exposed to ambient temperatures.  
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Given the variability in water chemistry, light, and nutrients across treatments and timepoints, 

these differences may have impacted coral responses in addition to any effect of the temperature 

treatments.  

 

Buoyant weight  

Buoyant weight results showed the largest decline in corals from the high temperature treatment 

(p=0.006, mixed effect linear model) (Figure 8). However, across all treatments, corals showed 

weight loss in at least some weeks. The effect of cleaning the corals likely affected/biased 

results. A subset (n=15) of nubbins that were weighed before and after cleaning during one of 

the weeks, showed an average weight change of 0.04 grams before and after cleaning, which was 

about the average weight change in the ambient treatment across all weeks. Cleaning, therefore, 

significantly impacted the patterns we saw. The high temperature corals had some of the most 

biofouling, and correspondingly more aggressive cleaning, which may have been responsible for 

the larger decrease seen in this group. It is therefore, not possible to draw relevant biological 

conclusions from this dataset.  

 

Alkalinity and pH anomaly incubations 

There were several complications in running these incubations. First, cups that were incubated 

with no corals in them showed comparable levels of pH and alkalinity changes to cups 

containing corals, suggesting high biological activity in the seawater that was used for the 

incubations. In most cases the signal in control cups was negative, indicating dissolution. The 

slow growth of Bermudian corals, combined with the significant signals in the control, no coral 

cups, made it difficult to distinguish signal from noise (see following paragraph). Possible 

chemical interaction with the cup itself are also possible. Secondly, different source water was 

used for each incubation experiment (in part to try to troubleshoot the large signal observed in 

the control, no coral, cups). Lastly, water was equilibrated to experimental temperatures for the 

incubation, and may have affected the biological processes occurring in each of the control cups 

differently as well as affected the coral’s responses.  
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Depending on the kind of correction that was used (whether all control cups were used to 

normalize data, or just the control cups at the corresponding temperatures for each treatment, or 

the raw data are used) we see net calcification or net dissolution in some of the results, thereby 

making interpretation of this dataset difficult (Figure 9A-C). Overall, there appears to be a trend 

towards lower calcification with increasing temperatures, which also holds statistically, along 

with a decline in all treatments throughout the course of the experiment (generalized linear 

mixed effects model, for data using all control cups to correct measurements). However, the 

significance of these contrasts and trends vary depending on the correction used.  

 

For pH incubations, we find a consistent increase in pH across the incubation trials for all 

treatments, suggesting net photosynthesis (Figure 9D), by either the coral endosymbionts, algal 

overgrowth on the coral nubbins and stands, or phytoplankton in the water source. For pH 

values, however, a single pH measure was taken from the control cup for each treatment at the 

start of the incubation as the baseline value, as opposed to starting alkalinity which was 

measured for each individual cup. The use of a common baseline may have muted any larger 

variability in pH changes among the cups.   

 

Stress band prevalence  

Twenty-one nubbins did not survive the post experiment growth period and were not included in 

stress band analyses. A total of 50 nubbins were included in the final stress band analysis. 

Accounting for the clonal genotypes across treatments yielded identical model results as ignoring 

them, so the simpler (no genotype effect) model was chosen). We saw a slight increase in the 

prevalence of stress bands for nubbins that were subjected to the mid and high temperature 

stress, but these were not statistically different (p=0.07, p=0.3, respectively, generalized linear 

model) (Figure 10).  
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LESSONS LEARNED  
 

The scientific question motivating this experiment, namely how much bleaching is needed for a 

coral to form a stress band, would offer important insights in to coral thermal stress responses as 

well as help inform the reconstruction of historical bleaching records using coral cores. I strongly 

recommend that a similar experiment be conducted to better address this question and obtain 

more conclusive results.  

 

There were several setbacks and complications during the experiment described here. Given 

these obstacles I recommend the following considerations for any future experiment attempting 

to address this question:  

1. Use a faster growing coral species/location. Bermudian corals are among the slowest 

growing corals in the Caribbean. This slow growth makes analyzing cores more difficult 

as it becomes challenging to pinpoint the start of the experimental conditions within the 

coral core. It also makes any potential stress band that is formed as a result of heat stress 

extremely narrow in width and therefore more difficult to detect. Slow-growing corals 

also require a longer post-experiment recovery time in order to ensure the living tissue 

has grown past the skeleton accreted during the experiment. Longer post-experiment 

care risks higher mortality. Only three of our nubbins died during the actual experiment, 

the remaining 18 died in the post-experiment recovery phase. Although effects of 

temperature on slow-growing corals are important, studies using faster growth 

species/location may provide more easily interpretable data than can then be used to 

inform and refine experiments that target slower growing species/locations.  

2. The slower growth of Bermudian corals also made calcification signals more difficult to 

quantify. For instance, calcification measured in coral cups ranged from ~ -1.0 to 2 mg 

CaCO3 per hour. These fall in range of Porites astreoides calcification rates measured in 

the field (~0.9 mg CaCO3 per hour) (Venti, Andersson and Langdon, 2014), but given 

the complications with the control, no coral cups, described above, the interpretation of 

these rates became uninformative. In contrast, similar incubations conducted with 

Palauan Porites showed calcification of up to 6 mg CaCO3 per hour (Barkley et al., 

2017), which would provide stronger and more easily quantifiable signal.  
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3. Use a milder series of temperatures over a longer period of time. The short duration of 

this experiment required a very fast ramp-up of temperatures. There is a lag between 

temperature stress and visible bleaching by the corals, so by the time we were ramping 

down the temperatures again the corals were finally starting to bleach. Having a slower 

experimental ramp that allows corals to remain sub-lethally bleached for a longer period 

would facilitate stress band formation and identification as well as minimize mortality.  

4. Provide a temperature stress that more closely matches a natural bleaching event. As 

Bermuda is a high latitude reef and very rarely experiences natural bleaching, our strong 

stress as well short time frame may have exacerbated mortality. This experiment may be 

more informative, ecologically relevant, and successful in a lower latitude reef where 

corals have seen natural bleaching in the past.  

5. Use nutrient depleted and preferably sterilized, experimental water, especially during pH 

or alkalinity incubations. Also pre-soak any container for incubations before use. The 

high variability we saw in our incubations as well as the astonishingly high signal in our 

no-coral, control cups suggest high biological activity in the water being used. This 

activity limits the ability to detect the coral signal in the parameters measured. 

Furthermore, the algal overgrowth seen in our cups, stands, and coral fragments due to 

high nutrient levels, required more cleaning and confounded our buoyant weight 

measures.  

6. If using photographs for quantifying bleaching, opt for photographs of the full coral 

fragment (no microscope close ups), under even and consistent lighting, and include a 

full white-gray scale color block for calibration and analyses of images. If possible, 

measure symbiont densities directly from small tissue sample through the experiments.  

7. Maintain lower irradiance levels. Our control nubbins showed observable paling of the 

coral nubbins potentially due to the higher irradiance in this treatment. Ideally, match 

experimental irradiance levels to a comparable field measured light level. True 

replication of light conditions across conditions would also help reduce confounding 

effects of irradiance on coral bleaching and overall health.  
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I hope that future experiments can learn from our limitations and errors. Science can sometimes 

(usually) follow a windy and uneven road to success. However, these detours allow us to learn 

from and improve upon previous limitations.   
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APPENDIX FIGURES 
 

 
Figure 1. Coral coring and nubbin deployment. (A) Cores of Porites astreoides, the mustard 
hill coral, were taken using a drill powered by a SCUBA tank. Core holes were plugged using 
underwater epoxy, visible in bottom left of second panel (B) Nubbins (small cores) of colonies 
were arranged on an egg crate rack and attached to the cinderblocks already secured to the reef. 
An egg-crate cover (not pictured) enclosed the nubbins to protect from predation.  
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Figure 2. Schematic of experimental set up. (A) Coral nubbins were attached to a PVC-egg 
crate stand and placed inside a 900 mL plastic cup with individual air and water inflows and 
outflows. Filtered (to 1 µm) natural seawater was distributed to all cups from a header tank at 
ambient temperature. Cups were submerged in temperature-controlled water bath. Nubbins with 
the same numbered label represent cores taken from the same colony and are genetic clones of 
one another. Diagram shows only few nubbins/genotypes. Refer to methods section for 
description of the number of genotypes and replicates used in full design (B) Daily averaged 
temperature profiles rounded to the nearest degree for each treatment. See Figure 7 for higher 
resolution data.   
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Figure 3. Experimental set up. (A) The three temperature treatments correspond to the three 
rectangular basins pictured. Cups are arranged under light sources. Aquarium chillers and heaters 
maintain water bath temperatures. (B) Close up of treatment basin (C) Close up of nubbin on its 
stand.   
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Figure 4. Water chemistry time series across treatments. All subplots show mean ± standard 
error. Colors correspond to temperature treatments. (A) pH values (B) Total alkalinity (C) 
Salinity in PSU (D) Aragonite saturation (omega) (E) Total carbon dioxide in micro moles per 
kg of seawater. A storm passed through Bermuda on 7/27-7/28 likely affecting the chemistry of 
the incoming water.  
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Figure 5. Nutrient concentrations across treatments. All subplots show mean ± standard 
error. Colors correspond to temperature treatments. (A) Nitrate (B) Ammonium (C) Silicate (D) 
Phosphate. 
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Figure 6. Light levels by treatment. Error bars show standard error. There is a significant 
difference among treatments, with the controls experiencing the highest light levels. Some of the 
paling observed in control nubbins may have been due to this high irradiance.  
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Figure 7.  In situ four-hour average temperatures by treatment over the experimental time 
course. All treatment show diel cycling of temperatures around their set means.  
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Figure 8. Boxplot of change in coral buoyant weight by week. Solid horizontal bars represent 
group mean, with rectangle edges showing interquartile range, outliers are showing as solid 
points. The last data group represents the overall weight change from the start of the experiment 
to the end. Colors correspond to temperature treatments. All treatments show average negative 
growth in at least one of the timepoints. Cleaning of nubbins appears to have impacted 
measurements.  
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Figure 9. Estimated calcium carbonate precipitated. (A-C) Calculated from alkalinity 
anomaly measurements (A) Using all control cup values for corrections (B) Using only 
corresponding temperature treatment control cup value for correction (C) Without correction for 
control (no coral) cup activity. (D) pH anomaly over the same incubation trials. 
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Figure 10. Prevalence of stress bands in nubbins after experimental bleaching stress. Points 
represent percentage of nubbins showing stress bands by treatment, error bars show standard 
error of a proportion. Although there is a trend towards higher prevalence in nubbins that were 
exposed to elevated temperatures, the difference is not significant. N values for each group are 
14, 16, and 14, respectively.  
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TABLES 
 

Table 1. Geographic information for the two coral sampling sites.  

Location Reef Type Latitude Longitude Depth Nubbins 

(n) 

Colonies 

(n) 

Bailey’s Bay Flatts Patch 32 22.323 N 64 44.518 W 7 m 52 10 

Hog Reef Barrier 32 27.453 N 64 50.098 W 11 m 40 10 
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Table 2. Analysis of variance (ANOVA) results. Each water chemistry variable monitored 
across the different experimental treatments with sampling timepoint as the repeated 
measures/error term. Significant (alpha<0.05) p values are bolded.  
 

ANOVA Results 
pH 

Within 
Degrees of 
Freedom  

Sum of 
Squares Mean Squares F value Probability (>F) 

Date 2 0.06232 0.031159 7.434 0.0688 
Residuals 3 0.01257 0.004191     

Within            
Treatment 2 0.00456 0.0022789 4.975 0.00779 
Residuals 200 0.09161 0.0004581     

Salinity  

Within 
Degrees of 
Freedom  

Sum of 
Squares Mean Squares F value Probability (>F) 

Date 2 10.78 5.388 0.575 0.615 
Residuals 3 28.11 9.37     

Within            
Treatment 2 0.64 0.3198 2.356 0.0971 
Residuals 221 30 0.1357     

CO2 

Within 
Degrees of 
Freedom  

Sum of 
Squares Mean Squares F value Probability (>F) 

Date 2 91738 45869 6.542 0.0805 
Residuals 3 21033 7011     

Within            
Treatment 2 9309 4655 3.065 0.0489 
Residuals 198 300743 1519     

Alkalinity 

Within 
Degrees of 
Freedom  

Sum of 
Squares Mean Squares F value Probability (>F) 

Date 2 7700 3850 0.252 0.792 
Residuals 3 45876 15292     

Within            
Treatment 2 5225 2612.4 2.748 0.0662 
Residuals 222 211053 950.7     

Aragonite Saturation (Omega) 

Within 
Degrees of 
Freedom  

Sum of 
Squares Mean Squares F value Probability (>F) 

Date 2 4.668 2.334 1.548 0.345 
Residuals 3 4.524 1.508     

Within            
Treatment 2 3.035 1.5174 45.56 <2e-16 
Residuals 197 6.561 0.0333     
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